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ABSTRACT

Polymeric anion exchange materials can be key components for forming membranes for
use in several electrochemical applications. Polyketones seem particularly promising as
materials for making anion exchange membranes (AEMSs), not only because the starting
monomers, carbon monoxide and ethylene, are relatively inexpensive (pointing to the
feasibility of producing polyketone at a more competitive cost than other membranes), but
also because the presence of 1,4-dicarbonyl units along the backbone is an important
chemical feature for the purposes of chemically modifying these polymers. It allows for
post-manufacturing functionalization through the so-called Paal-Knorr reaction, which
introduces N-substituted pyrrole units along the polymer backbone. An anion exchange
membrane (AEM) was made with a modified polyketone using a solvent casting method,
followed by iodomethylation and ion exchange with KOH (PK-PDAPmM). Every step in
the synthetic process was confirmed by Fourier Transform InfraRed spectroscopy (FTIR).
Nuclear Magnetic Resonance (NMR) spectroscopy was also used to characterize the
structure of the modified polyketone in detail. The results obtained revealed the formation
of a pyrrole ring along the polyketone backbone. Polyamines modified in this way are
amenable to structural rearrangements to form N-substituted pyrrole crosslinked with
dihydropyridine units. Scanning electron microscopy, differential scanning calorimetry,
and X-ray diffraction techniques were also used to study the morphological, thermal, and
structural characteristics of the modified polyketone, as well as the membranes derived
therefrom. Thermogravimetric analyses demonstrated the thermal stability of the material
up to 200°C, with no significant mass loss or degradation. The conductivity of the AEM
was studied at temperatures up to 120°C, and the highest value of 9x10* S.cm® was
reached at 120°C for the ionic conductivity of the membrane in iodide form, with values
of the same order of magnitude (10 S.cm™) for the membrane in OH form.

Polyamine (PA-SiNH2)m, membranes containing silica formed by sol-gel reactions
of 3-aminopropyltriethoxysilane (APTES) in hydrolytic conditions were prepared by
solution casting, followed by methylation and an ion exchange process, in an effort to

improve the properties of the AEM. FTIR and NMR were used to investigate the chemical
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features of the silica and its interaction with the polyamine polymer. The influence of
amino-functionalized silica (Si-NH,) on the properties of the membrane obtained was
investigated. The results demonstrated: a significant improvement in thermal stability up
to 300°C, and an increase in water uptake and ion exchange capacity by comparison with
the AEM (PK-PDAPm) containing no silica. The maximum conductivity obtained for
(PA-SiNH2)m-1 and (PA-SiNH,)m-OH was 2.4 x10* S cm™ at 130°C, and 4.8 x10* S cm
lat 120°C.

These details may serve as an initial guide to the use of the above-described AEM

in electrochemical applications.
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Foreword

A high hydroxide conductivity and excellent stability of anion exchange membranes
(AEMs) are essential in electrochemical applications. lon-exchange membranes are used
in a wide range of industrial applications involving separation processes [1,2], and ion-
selective transport in many electrochemical processes and solid-state devices. The most
famous membrane separation systems rely on electrodialysis, electrolysis, diffusion
dialysis, pervaporation, and reverse osmosis, which operate on the basis of a
concentration, potential, or pressure gradient serving as a driving force. There are also
electrochemical devices that use ion exchange membranes in the alternative energy field,
including fuel cells, batteries and sensors [3-7].

Numerous works in the literature describe the development of different AEMs, but the
resulting membranes usually suffer from poor stability under humidified conditions after
incorporating anionic sites by chloromethylation and quarternization. Degradation causes
the loss of anionic exchange groups, a drop in ionic conductivity, and an increase in
production costs. In order to be able to use membranes on a large and commercially-viable
scale, inexpensive and non-toxic starting materials need to be used in simple reactions.
With the collaboration of Prof. Vito Di Noto, who has conducted an abundance of
remarkable scientific research in the field of electrolytes for energy conversion and
storage devices, we used polyketone (PK) as the host polymer for three main reasons: 1)
ease of modification; 2) high thermal and mechanical stability; and 3) low cost of the
starting materials. This thesis aims to give an account of the use of polyamine (PA)
obtained from modified aliphatic polyketone in this setting. PA emerges as a suitable
candidate AEM for electrochemical applications. Modified silica was also incorporated in
the PA to obtain a membrane with improved thermal stability and electrochemical

properties.
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Outline of the thesis

This thesis illustrates the main outcomes of the research conducted by the author during
her PhD activities. It is divided into three main topics, for a total of three chapters, as

briefly outlined below.

Chapter 1 provides a detailed introduction to the main electrochemical
applications of membranes, and discusses fuel cells, types of membranes, and ionic

mechanisms.

Chapter 2 describes the synthesis of an anion exchange membrane (AEM) based
on modified polyketone. Particular attention is paid to the pathway reactions, proposed on
the strength of the 'H NMR, UV-Vis, and FTIR results. The membranes obtained are
characterized in terms of their thermal properties, conductivity, water uptake, and ion
exchange capacity. Scanning electron microscopy, and X-ray diffraction techniques were
used to study the morphological, and structural characteristics of the modified polyketone,
as well as the corresponding membrane. The main results were reported in two
publications titled: ‘A polyketone-based anion exchange membrane for electrochemical
applications: synthesis and characterization’. [8] and ‘Chemical modification and

structural rearrangements of polyketone-based polymer membrane’. [9].

Chapter 3 deals with the surface modification of silica using 3-
aminopropyltriethoxysilane (APTES), followed by the preparation of AEMs with the
addition of this modified silica. The influence of the amino-functionalized silica (Si-NH>)
on the properties of the membranes obtained was investigated, and many details of their
characterization are provided. The main results were reported in the publication titled:
‘Properties of anion exchange membrane based on polyamine: effect of functionalized

silica particles prepared by sol-gel method’. [10].

This thesis ends with a summary of the main conclusions and future prospects.
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Chapter 1

1. Introduction

1.1 Anoverview on alternative energy sources

Traditional fossil energy sources, such as fossil fuel, natural gas, coal and oil, are
ultimately limited, and the widening gap between increasing demand and decreasing
supply will overlap at some point in the future. With an expanding world population, a
globalized economy, and advances in civilization, the global demand for energy is
growing at an alarming rate, prompting various efforts around the world to explore
alternative energy sources. More efficient and cleaner alternative energy sources are
strongly preferable due to a heightened awareness of the need to safeguard the
environment. Electrochemical power generation is one such alternative energy option that
is attracting considerable interest due to its sustainability and environmental friendliness
[11]. Fuel cells (FC) are one of the principal systems for converting chemical energy into
electrical energy. The chemical processes occur at the electrodes and the flows of
electronic and ionic species are separated by an electrolyte. FC derive their power from
the fuel supplied, which can be replenished almost instantaneously when exhausted. The
FC is therefore an excellent energy system that can be refilled and ready to go without any

prolonged downtime [11-13].

1.2 lon exchange membranes

A membrane is a selective barrier that separates and/or unites two adjacent phases, and

enables or promotes the exchange of matter, between them [14]. It is known as an ion



exchange membrane when the barrier carries charged groups. lon exchange membranes
can be divided into three categories:

1) cation exchange membranes;

2) anion exchange membranes; and

3) amphoteric ion exchange membranes.

Cation exchange membranes contain negatively-charged groups, such as -SOs’, -COO,
-PO3*, -POsH", and CsH4O", fixed to the membrane’s backbone, which enable the transfer
of cations, but not of anions. Conversely, anion exchange membranes (AEMs) contain
positively-charged groups, such as -NHs", -NRH2*, -NR:H", -NRs*, -PR3*, and -PR",
attached to the membrane backbone, and allow for the passage of anions, but retain
cations. The matrix of cation and anion exchangers are shown in Figure 1.1. Amphoteric
ion exchange membranes consist of two polymer layers carrying both negatively and
positively charged groups that randomly distributed within the polymer matrix of the
membrane [3,14,15].
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= +
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Figure 1.1: Schematic of the chemical structure of a cation exchanger (left), and an anion
exchanger (right) [3]

lon exchange membranes can also be classified according to their structure and

preparation procedure as:



1) heterogeneous membranes, in which the charged groups are physically mixed with
the membrane matrix;
2) homogeneous membranes, in which the charged groups are chemically bonded to

the matrix.

An example of a heterogeneous membrane is poly(ethylene oxide) (PEO) with
oxyethylene chains, discovered by Fenton et al. [16], and Armand et al. [17]. Complexes
of PEO with a salt combine the mechanical properties of the polymer with the
electrochemical properties of the salt, resulting in a good ionic conductivity (1x 10 Scm-
1). With increasing salt concentrations, PEO tends to crystallize, however, and this leads to
a decrease in the membrane’s ionic conductivity [18]. Poly(benzimidazole) (PBI) doped
with KOH has been used in alkaline FCs for its high thermal and chemical stability, even
though this polymer is not water-soluble [19-21]. lonic conductivities between 5x10°
Scm? and 1x10* Scmt were obtained for PBI with KOH at a concentration of 6 M at 70-
90°C [21].

Homogeneous membranes exhibit good electrochemical properties, but their
mechanical strength is limited, whereas heterogeneous membranes have a good

mechanical strength and a comparatively poor electrochemical performance [3-5,22].

Homogeneous ion exchange membranes can be prepared by:

1) polymerizing or polycondensing monomers, which usually contain a specific
functional group capable of forming anionic or cationic exchange groups. AEMs
based on the copolymerization of vinyl pyridines and divinyl benzene are best
known in the literature for their applications in electrodialysis or desalination [23].
Sata and coworkers [24] developed poly(vinyl pyridinium) membranes, but these
membranes are unsuitable for use in alkaline fuel cells (AFCs) because of the

instability of pyridinium in alkaline conditions [25];

2) adding anionic or cationic moieties to a preformed solid film. Fluorinated films

like poly (fluorinated ethylene propylene) (FEP) [26,27],



poly(tetrafluoroethylene-fluoroethylenepropylene)  (PTFE-FEP) [28], and
poly(ethylene-co-tetrafluoro ethylene) (ETFE) [29] have been used as AEMs. The
reported method for synthesizing ETFE involves irradiating the film with an
electron beam, then immersing it in vinyl benzyl chloride solution. The resulting
grafted poly(vinyl benzyl chloride) copolymer film is soaked in trimethylamine
solution to obtain quaternary ammonium groups. The last step consists of an
alkaline exchange process obtained by dipping the membrane into KOH solution
[30]. The same method has been used to obtain AEMs from FEP and PTFE-FEP;

3) adding anionic or cationic moieties to a polymer, then dissolving the polymer and
casting it into a film [30,31]. Chitosan-based membranes have been used as novel
polyelectrolytes in AFCs. These membranes contain the quaternary ammonium
groups attached to the chitosan matrix, and exhibit a conductivity that comes close
to 10 Scm™[32].

Heterogeneous ion exchange membranes can be made by incorporating powdered ion
exchange resin in sheets of rubber, poly vinyl chloride (PVC), acrylonitrile copolymers, or
some other matrix, and processing the resulting material by means of extrusion or molding
[33].

The materials for ion exchange membrane can be further divided into three broad classes:
1) high-molecular-weight membranes based on polymers containing ionic moieties;
2) inorganic membranes; and

3) hybrid membranes composed of organic/inorganic materials [3,34].

The chemical and thermal stability of the membrane depends largely on the nature of the
functional group capable of transporting the hydroxyl anions, and partly also on the nature
of the backbone. AEM degradation is due to hydroxide ions being excellent nucleophiles,
and attacking the bound cationic groups to create a neutral polymer. Examples of
functional groups in the ‘-onium’ class of AEMs are shown in Figure 1.2. Among these



different groups, the quaternary ammonium groups are chemically and thermally more
stable than the quaternary phosphonium or tertiary sulfonium groups [35,36]. The stability
of the backbone is just as important as the stability of the ion exchange sites because the
membrane’s mechanical properties, and conductivity in particular, can be reduced if it is
damaged [37].

Polymer Polymer Polymer
+
~— N \s

N S,
R \R R/\R R/

Figure 1.2: “-onium” class AEMs: (from left to right) ammonium, phosphonium and

sulfonium

1.3 Fuel cells

Fuel cells are galvanic cells in which the free energy of a chemical reaction is converted
directly into electrical energy, promising a highly-efficient power generation with a low
environmental impact [12]. The basic physical structure of a FC consists of an electrolyte
layer in contact with an anode and a cathode on either side, as first demonstrated by Sir
William Grove in 1839. Their first major application came when the NASA used
hydrogen-powered FCs to produce electricity and water for the Gemini space missions
[38]. FC technology has evolved since then, but the fundamental components in a modern
FC remain the same [11-13].

In a typical FC, fuel is fed continuously to the anode (negative electrode) and an
oxidant (often oxygen from air) is fed continuously to the cathode (positive electrode).
The electrochemical reactions taking place at the electrodes produce an ionic current
through the electrolyte, while driving a complementary electric current that performs work

on the load [12]. Batteries and FCs are similar in nature: in both devices, the chemical



processes occur at the electrodes, and the flows of electronic and ionic species are
separated by an electrolyte. Batteries are energy storage devices, however, in which all the
available energy is stored inside the battery itself (or the reductant at least). Batteries will
stop generating electrical energy when the chemical reactants have been consumed (i.e.,
discharged). FCs, on the other hand, are energy conversion devices to which fuel and
oxidant are supplied continuously, so they continue to generate power as long as there is a
supply of fuel [11,12].

FCs are used in a variety of products, ranging from the very small FCs in portable
devices such as mobile phones and laptops, through mobile applications like cars, delivery
vehicles, buses, ships and space craft, to heat and power generators in stationary
applications in the domestic and industrial sector [11-13,38,39]. They are classified by
choice of electrolyte and type of fuel, which determine the electrode reactions and the type
of ions that convey the current across the electrolyte. The general categories are: solid
oxide fuel cells (SOFCs) [39]; molten carbonate fuel cells (MCFCs) [39]; alkaline fuel
cells (AFCs) [39]; phosphoric acid fuel cells (PAFCs) [39]; and proton exchange
membrane fuel cells (PEMFCs) [39].

SOFCs work at temperatures around 600-1000°C, high enough to enhance the
oxygen reduction kinetics, and this leads to a reduction in the loads of precious catalysts
required. It has a solid oxide or ceramic material as the electrolyte for conducting negative
oxygen ions from the cathode to the anode to form oxygen gas and generate electrons for
the external circuit. SOFCs are among the most efficient FCs, thanks to their high
operating temperature, but this high operating temperature also demands longer start-up
times [12,13,38,39].

MCFCs are highly efficient too, again because of their high operating
temperature. They use a molten lithium or potassium carbonate salt suspended in a porous
ceramic matrix as the electrolyte. They were developed for industrial and military
applications. The major disadvantage of the MCFC technology concerns the durability of



the electrolyte as the high temperatures involved accelerate its breakdown and corrosion,
reducing the FC’s life [12,13,38,39].

PAFCs work with liquid phosphoric acid as the electrolyte. The operating
temperature is in the range of 150-200°C. The water expelled can be converted into steam
for building and water heating purposes (in combined heat and power applications),
raising these FCs’ energy efficiency by up to 80%. One of the drawbacks of PAFCs,
however, lies in the use of an acidic electrolyte, which promotes the corrosion or oxidation
of its components. PAFCs are also expensive due to the use of platinum catalysts
[12,13,38,39].

PEMFCs work at low temperatures, between 60°C and 120°C, and use a
polymeric proton exchange membrane as an electrolyte, platinum as the catalyst, and
hydrogen as fuel. They are generally used in transportation systems and portable devices
[12,13,38-41].

1.4 Alkaline fuel cells

The initial development of AFCs dates back to 1960, when they were used to provide
electrical power on board the Apollo space vehicle. Since then, they have met with
considerable success in space-related applications [41]. AFCs are the most efficient of all
FC technologies. They use potassium hydroxide (KOH) solution as a liquid electrolyte.
Unlike PEMFCs, AFCs convey hydroxide ions from cathode to anode. The oxygen
reduction reaction is faster under alkaline conditions than in acidic conditions, and this
enables the use of a broad choice of non-noble catalysts (e.g., Ni, metal oxides, spinels),
as well as noble metals [42,43]. AFCs are consequently attractive from a cost perspective.
On the other hand, carbon dioxide (CO,) - present in both hydrogen and air - reacts with
potassium hydroxide to form potassium carbonate, which precipitates on the electrodes,
blocking the surface, and reducing the cells’ efficiency. This makes it necessary to use
very pure H; as fuel [44,45]. The leakage problem due to the use of a liquid electrolyte



also limits the development of AFCs. Alkaline anion exchange membrane fuel cells

(AAEMFCs) were recently developed to tackle the problems with liquid electrolytes.

AFCs and AAEMFCs have similar functions, the difference lying in that the solution of

potassium hydroxide used as the electrolyte is replaced with a polymeric anion exchange

membrane. The main types of FC and their characteristics are summarized in Figure 1.3.
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Figure 1.3: Main types of fuel cell and their characteristics

AEMs have attracted a lot of attention for use in filtering applications because they are

stable in water and impermeable to positive ions, and they can be tailored to make them

selective for specific ions [46]. In filtering applications, AEMs act as barriers between two

phases. The membranes filter on the basis of molecular (or particle) size, retaining

constituents larger than their pores. Depending on the pore size of the membrane, the



filtering process may be classified as microfiltration, ultrafiltration, nanofiltration, or

reverse osmosis [47-50].

1.6 Electrodialysis

Electrodialysis is a process that uses direct current electric power to move ions from one
solution to another, giving rise to a concentration of ions in order to retrieve them later
[51,52]. This technique is widely used in applications such as recovering acids or bases
from industrial wastewater, concentrating or deionizing aqueous electrolyte solutions [53-
55], desalinating saltwater to make it suitable for drinking, and purifying the resulting
brine for us as salt [50]. Electrodialysis can also be used to separate acidic gases with the
aid of a carrier [56,57].

1.7 Batteries

Vanadium redox flow batteries (VRFB) are a type of rechargeable flow battery that
exploits vanadium ions in different oxidation states to store chemical potential energy and
generate electricity [58]. AEMSs can be used in such batteries to separate the cathode and

anode solutions, preventing vanadium crossover, and a decline in capacity [59].

1.8 Hydroxide conduction mechanisms in anion exchange membranes

The initial idea of ionic conduction in a polymer electrolyte dates back to the 1970s, when
long polyethylene oxide (PEO) chains were thought to wrap around cations. lon hopping
between vacant sites should result in ionic conduction. Although there is a similarity
between the cation conduction mechanism and that of conventional solid-state ionic
conductors, the findings reported by Berthier et al. (1983) [60] gave the impression that
ion conduction in a PEO-based electrolyte was taking place in the amorphous phase.
Although the actual mechanism of hydroxyl transport through an AEM is still being
debates, more recent literature on proton exchange membranes (PEMs) has clarified the



mechanism behind hydroxyl formation. The transport in PEMs can be described on the
grounds of two main mechanisms: proton hopping (or the Grotthuss mechanism), and

diffusion (or the vehicle mechanism of water) [61-63].

In proton hopping, a proton (H*) hops across the membrane, from one hydrolyzed
ionic site to another, based on the mechanism proposed by Theodor von Grotthuss in 1804
[64]. The proton formed in the oxidation reaction of hydrogen gas at the anode adheres to
water molecules and forms a short-lived hydronium ion. Then another proton from the
same hydronium ion hops onto the neighboring water molecule. This mechanism prompts
the formation of ionic clusters that swell in the presence of water. That is how the proton

percolation mechanism can take effect [61, 64].

In the vehicle mechanism, the hydrated proton is transferred in the form of a
hydrated ion by the carrier species spreading through the electrolyte. The protons thus
attach themselves to a vehicle such as water and spread through the medium. The rate of
this transport process depends on whether there are free volumes in the polymer chains,

and also on the rate of diffusion of the vehicle [62-65].

Proton conductivity generally depends on environmental conditions, such as
relative humidity, temperature and pressure. Anion conductivity depends on much the
same parameters, so some researchers assume that proton and hydroxyl are both carried by
similar mechanisms [66]. Hydroxide transport in AEMs is influenced by the Grotthuss
(proton hopping) mechanism. Like protons, OH" exhibits Grotthuss behavior in aqueous
solutions, [67-69]. As a result of this mechanism, the excess negative charge for hydroxide
is shuttled through a chain of water molecules by means of a series of O-H bond-breaking
and bond-forming processes [69]. The vehicle mechanism is just as important as the
Grotthuss mechanism in hydroxide ion transport. Surface diffusion is one of the
mechanisms by which the hydroxide ion spreads, by hopping between strongly-interacting
groups in the polymer chain [70]. Figure 1.4 shows a schematic representation of the
Grotthuss and vehicle mechanisms in AEMs.
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Convective transport results from a pressure gradient and/or from a species being
carried by a net ionic concentration subject to an electrostatic potential gradient [71].
Hydroxyl anions hop over surface site on quaternary ammonium groups present on the
membrane, and recognized as being of secondary importance. In this mechanism, the
water in the system acts as a permanent dipole, interacting with the fixed charges of the
membrane. This strong coordination of water molecules around the ammonium groups

makes their interaction with ionic species less likely [71-73].
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Figure 1.4: Schematic of hydroxide transport mechanisms in AEMs [70]
1.9 Polyketone (PK)

The first study on the copolymerization of ethylene with carbon monoxide was conducted
in the 1940s. Dintses [74], and researchers at the Farbenfabriken Bayer [75] demonstrated
that harsh conditions (200-250 MPa and 290-310°C) were needed for the free-radical
copolymerization of ethylene and carbon monoxide. Following their research, studies
were conducted on copolymerization under milder conditions (20 MPa and 200°C) [75-
78]. A considerable effort focused on developing catalysts derived from Group VIII

transition-metal complexes, and capable of producing linear, perfectly-alternating
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copolymers [79,80]. Then Drent and co-workers at Shell went on to develop an alternating
PK of carbon monoxide with olefins using a highly-efficient homogeneous palladium
catalyst (Figure 1.5) [81].

Aliphatic PK copolymers are semicrystalline materials that crystallize in a planar zig-zag
conformation with an orthorhombic unit cell. Two crystalline structures known as o and
B have been identified. They have an identical backbone conformation, the only difference
being in the chain packing mode: the carbonyl groups are closer together in the o form
than in the B form [79,82-84]. PKs are insoluble in common organic solvents, and only
dissolve in highly polar and acidic solvents, such as hexafluoroisopropanol and m-cresol.
They have a high melting point (250-260°C), which reflects the strong contribution of the

polar group resulting from a great regularity in an arrangement of repeating units [85].

One of the most crucial points in the field of AEMs for large-scale production
concerns the cost of the membrane, as well as its good thermal stability. The main interest
in PKs thus relates to: (a) the cost of the starting materials; (b) their versatility, or

modifiability; and (c) their excellent thermal and mechanical properties.

1.10 Polyketone preparation

Carbon monoxide and simple olefins are abundantly available and inexpensive. PK is a
polar polymer that has a set of desirable properties, including excellent mechanical
strength, and pressure and heat resistance [86], chemical resistance to acids, bases and
solvents [87], amenability to chemical modification, great stiffness, impact strength, and
stability against electrolytic corrosion [88]. PK synthesis procedures have been improving
constantly in terms of selectivity, productivity, environmental impact, and economy
[79,85]. The unique properties of PK make it a suitable candidate for use in a broad range
of applications in engineering, barrier packaging, fibers, film coatings, adhesives and
blends [83,89,90].

12
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Figure 1.5: Polyketone formation by alternating CO/ethylene copolymerization.

1.11 Polyketone modification

Chemical modification is important in the preparation of functional polymers [91].
Polymer modifications have been used to combine different desirable properties in a new
(modified) material [92-94], enhancing its thermal stability, stiffness, flexibility,

compatibility, degradability, biological resistance, and/or impact resistance [94].

PKs have polar carbonyl groups as part of their backbone. Typical chemical
reactions applied to single ketone molecules could provide a simple means for modifying
PKs to extend the portfolio of new materials. Huge industrial and academic interest has
led to the generation of a vast number of derivatives. To give an example, there have been
reports of ketone groups being converted into: furans [95], pyrroles [96], thiophenes [95],
oximes [97,98], cyanohydrins [95], acetals [99], hemiacetals [100], amines [101], a-
hydroxy-phosphonic acids [102], methylenes [103], thiols [104] and amides [105], among
others (Figure 1.6).
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The conversion of carbonyl to pyrrole groups (known as the Paal-Knorr reaction) seems to
be one of the easiest modification reactions achievable in PKs [106-109]. The Paal-Knorr
reaction has aroused a great deal of interest in the world of synthetic chemistry, for the
preparation of pyrrole, pyrazoles, and their derivatives, as naturally-occurring organic

compounds and intermediates for synthetic pharmaceuticals [109,110].

In a typical Paal-Knorr reaction, the 1,4-dicarbonyl moiety of the PKs reacts with
a primary amine function, yielding a pyrrole unit as shown in Figure 1.7. This route
consists of a two component/one-pot reaction in the absence of any catalyst or organic
solvent, with water as the only by-product, and mild conditions throughout the process. It
is a good example of a simple, low-cost, straightforward approach to the preparation of

polymeric amines, that is easy to apply on an industrial scale [111-113].

With the conversion of PK into polyamines we have a dual functionality: the N-

substituted 2,5-pyrrole-diyl group incorporated in the polymer backbone; and a substituent



with an amino functionality, which can be primary, secondary, or tertiary, and either

aliphatic or aromatic [111-116].

Figure 1.7: Paal-Knorr reaction of polyketone with primary amine
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Chapter 2

A Polyketone-based Anion Exchange Membrane for Electrochemical Applications:

Synthesis and Characterization

2.1 Introduction

Anion exchange membranes (AEMs) have promising features for the purpose of
overcoming some of the problems associated with cation exchange membranes [36, 117-
121], and they are already key components of various electrochemical devices. Among
their potential applications, electrochemical energy conversion [122], storage systems
[123], electrolyzers [124], and even electrodialysis for water desalination [125], are some

of the most important and best known.

The selective transport by anionic charge carriers, lower crossover of cationic
redox couples, and trouble-free reaction kinetics in AEM energy conversion processes
stem mainly from the density and distribution of the positively-charged functional groups,
associated with a macromolecular polymer backbone. There has consequently been a
growing demand for the development of AEMs that are more selective, with a higher
chemical stability and conductivity, and a great deal of work has been done in this area.
Good mechanical properties, good dimensional stability, and a high hydroxide
conductivity and stability are key properties for an AEM, but efforts to manufacture high-
performance AEMs have shown that it is very difficult to maximize all of them at the

same time.

The polymer electrolyte membrane is usually made of positively-charged groups
fixed to the backbone of the polymer (typically a quaternary ammonium functional
group), which enables the transfer of anions such as I, CI, Br and OH". The challenge

lies, however, in developing an AEM [126-130] that has not only excellent thermal and
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mechanical properties, but also an OH" ion conductivity comparable with that of H* in a
proton exchange membrane (PEM). This means that the ion-conducting groups (which are
usually quaternary ammonium groups) attached to the main chain of the polymer suffice
to achieve a high hydroxide conductivity. Quaternary ammonium ion groups are less
dissociated than sulfonic acid ion groups, and hydroxide ions have a lower diffusion
coefficient, giving rise to a lower conductivity than that of PEMs. For AEMSs to achieve

results similar to those obtained with PEMSs, a higher concentration of OH" is required.

Various types of membrane have consequently been developed, using
polymerization [131], chemical grafting [27], radiation-induced grafting, and
copolymerization [132,133]. Another suitable way to obtain AEMs is by inducing
chemical changes in a polymer [32]. The last of these solutions gives rise to a structure
tailored so as to improve certain properties for a specific application. This has to be
achieved without negatively affecting other characteristics of the pristine polymer. The
main issue with this method is how to introduce the functional group, and chloromethyl
methyl ether is often used in this approach [134].

The aim of the present study was to prepare a new polyamine-based AEM.
Polyketone (PK) was obtained from the reaction of ethylene with carbon monoxide in the
presence of a palladium catalyst [135]. This procedure was first described in 1941 [75],
and PK production subsequently became popular in academic and industrial circles, partly
thanks to the low cost and availability of ethylene and carbon monoxide [79,81]. The costs
of polymerizing PK are much lower than for the quaternary ammonium-functionalized
radiation-grafted poly(ethylene-co-tetrafluoro ethylene) (ETFE) [26]. The production of
such membranes on a large scale is expensive and physically impracticable due to the use
of electron beam technology for irradiation. On the other hand, this polar polymer has a
set of desirable properties, including an excellent mechanical strength, pressure and heat
resistance [86], chemical resistance to acids, bases and solvents [87], high stiffness and
impact resistance, and stability against electrolytic corrosion [88]. Another reason why PK
is so appealing is because its functional properties can be modulated by changing the
carbonyls into a great variety of other functional groups [136-139]. In the present study,
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the reaction of 1,4-dicarbonyl moieties of PK with primary amine led to the formation of
N-substituted pyrrole units which is known as Paal-Knorr condensation. This occurred
under mild reaction conditions, without using any solvents. Chemical modification is a
simple way to create a new polymer with a stable pyrrole ring along the backbone, and a
reactive pendant amino functional group [91,111,140], which allows for the introduction
of quaternary ammonium cation groups with iodomethane, followed by OH" ion exchange
processes. The composition of the membrane and starting materials was characterized
using elemental analysis. The chemical structure of the modified PK was studied using
NMR, UV-Vis, and FTIR analyses. The thermal, structural, and morphological
characteristics of the prepared membrane were assessed using thermogravimetric analysis,
differential scanning calorimetry, X-ray diffraction, and scanning electron microscopy.
The membrane’s conductivity was measured after appropriate ion exchange treatments.
This work serves as a proof of concept that amination of an inexpensive polymer, PK,
gives rise to a new type of membrane family with an exceptional thermal and chemical
stability, and potentially suitable for use in a variety of applications, such as
electrodialysis for water desalination [125], alkaline water electrolysis [141], and

vanadium redox flow batteries [142].

2.2 Experimental

2.2.1 Reagents

1,2-diaminopropane  (99%), 1,1,1,3,3,3,-hexafluoroisopropanol  (99%), 1,3-bis
(diphenylphosphino) propane [dppp] (97%), diethyl ether (99.8%), methanol (99.8%),
petroleum ether (95%), and trimethylamine (99%) were purchased from Sigma-Aldrich.
Potassium hydroxide was obtained from VWR. p-toluene-sulfonic acid [p-TsOH] (99%)
was purchased from ACROS. Ammonium hydroxide (28-30%) was obtained from JT
Baker, and iodomethane (99%) was purchased from ABCR GmbH. Carbon monoxide
(N37) (99.97%) and ethylene (N25) (99.5%) were supplied by Air Liquide. Bi-distilled

water was used in all procedures. All reagents and solvents were used as received.
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2.2.2 Polyketone synthesis

PK was synthesized at the Department of Chemical Sciences at the University of Padova,
thanks to the cooperation of Prof. Gianni Cavinato. The reaction was conducted in a 250
mL Hastelloy C stainless steel autoclave equipped with a self-aspirating turbine using a
150 mL Pyrex glass beaker to avoid contamination from metallic species. The
instrumental setup for PK synthesis is shown in Figure 2.1. The [Pd(p-TSO)(H20)(DPPP)]
p-TSO catalyst was prepared as described in the literature [143,144]. Ten mg of catalyst
[Pd(p-TSO)(H-0)(DPPP)] p-TSO (0.011 mmol), 20 mg of p-TsOH (0.10 mmol), 0.3 mL
of deionized water, and 80 mL of methanol were mixed in a 150 mL Pyrex glass beaker,
then placed in the autoclave. The autoclave was sealed and the contents were degassed by
flushing with a 1/1 mixture of CO/C.H4 at 0.5 MPa, followed by depressurizing to
atmospheric pressure; this was done three times. The autoclave was then brought to 90°C
before ethylene (pressurized to 2.25 MPa) was added, followed by carbon monoxide (2.25
MPa). The pressure in the reactor was maintained at 4.5 MPa throughout the reaction by
supplementing the reactor from a CO/C;H4 reservoir. The reaction ran for 1 hour at a
stirring rate of 700 rpm. After cooling to room temperature, a solid product was collected,
filtered and washed three times with methanol and petroleum ether. The resulting white
powder PK was dried in a vacuum for approximately 1 hour before it was placed in an

oven at 70°C for 5 hours.
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Figure 2.1: The instrumental setup for polyketone synthesis
2.2.3 Polyketone amination

In a 100 mL round-bottomed flask equipped with a reflux condenser (Figure 2.2), 1,2-
diaminopropane (1.53 mL, 0.018 mol) and triethylamine (6.97 mL, 0.05 mol) were added
to a suspension of 1.0 g of PK in 50 mL of methanol. The reaction mixture was brought to
reflux and then left for 25 days at 100°C. The product was then filtered and washed with
methanol and diethyl ether to remove the residual solvent and amine. Then it was dried in
a vacuum for 5 hours at 102 mbar and ambient temperature. The final product (PK-PDAP)
was a light brown powder. The polyamine thus prepared proved to be insoluble in water
and common organic solvents, except for 1,1,1,3,3,3-hexafluoroisopropanol (HFIP).
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Figure 2.2: The instrumental setup for polyketone amination

2.2.4 Membrane casting

After adding 0.3 g of PK-PDAP to 7 mL of HFIP and stirring for 30 minutes at 40°C, 120
mL of ammonium hydroxide vapor was bubbled directly into the solution using a syringe.
The solution was homogenized in an ultrasonic bath (TRANSSONIC 460/H) for 45
minutes at 40°C, and stirred overnight at 40°C. The solution was then poured onto a Petri
dish. A homogeneous membrane (PK- PDAPmM) was obtained, as shown in Figure 2.3,
which was dried in a vacuum at 40°C for 24 hours. The average thickness of the
membrane was about 100 um (thicker membranes can be prepared in the same way,

simply by increasing the amount of polyamine).
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Figure 2.3: Photo of the polyamine membrane

2.2.5 Methylation

The PK-PDAPmM was immersed in an excess amount of iodomethane at room temperature
for 24 hours under a fume hood. The methylated membrane was removed from the
remaining iodomethane, then washed thoroughly with deionized water and dried at 40°C
in a vacuum for 24 hours to obtain PK-PDAPmM(I).

2.2.6 Anion exchange

Anion exchange was induced under a nitrogen atmosphere by soaking the methylated
membrane (PK-PDAPM(I)) in a solution of 1 M KOH for 1 hour; this step was repeated
three times, using a fresh KOH solution each time. The PK-PDAPmM(OH) membrane was
then washed with distilled water and stored under a nitrogen atmosphere. To assess its
stability, the PK-PDAPmM(OH) was immersed in a 2 M NaOH solution and kept at 80°C,
taking samples of membrane after 24, 40 and 64 hours, and analyzing them using HR-
TGA.
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2.2.7 Water uptake

The water content of the PK-PDAPm(I) and PK-PDAPmM(OH) membranes was
ascertained by measuring the change in the weight of the membrane before and after its
immersion in distilled water. The membrane samples were first washed with distilled
water, then immersed in distilled water for 24 hours. They were then removed from the
water and the humidified membranes were weighed immediately after blotting to remove
free surface water. They were then dried at 40°C for 6 hours and weighed again. The water

content was calculated based on the following formula:
WU = [(Mwet - Mdry)]/Mdry] X 100% (21)

where Mue: iS the mass of the wet membrane, and Mayy is the mass of the dry membrane.
The water uptake was 34% for the PK- PDAPm(I), and 38% for the PK-PDAPmM(OH).

2.2.8 lon exchange capacity

The PK-PDAPmM(OH) membrane was washed several times with distilled water to remove
any traces of KOH solution, then immersed in 30 mL of 0.01 M HCI solution for 24 hours
at room temperature. The solution was then titrated with 0.01 M NaOH solution, using
phenolphthalein as an indicator. The ion exchange capacity (IEC) was 1.11 mmol/g based

on the following equation:

IEC = [(Vonaon — VNaOH)C]/mdry (2.2)
where Vonaon and Vnaon are the volumes of NaOH solution consumed for back titration

without and with the membrane, respectively, C is the concentration of NaOH solution,

and mqry is the mass of the dry membrane.
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2.2.9 Instrumental methods

The elemental analysis was done with a LECO-CHNG628 instrument (Michigan, USA),
which uses a combustion technique. The samples were ground and homogenized. About
0.1 g of sample material was accurately weighed, encapsulated, and placed in the
instrument’s furnace. The sample was burned in an excess of oxygen, and several traps
collected the products of combustion (carbon dioxide, water, and nitric oxide). The masses
of these products of combustion were used to calculate the composition of the sample. The
iodine content of the PK-PDAPmM(OH) was ascertained using inductively-coupled plasma
atomic emission spectroscopy (ICP-OES), with an ICP SPECTRO Arcos and an
EndOnPlasma torch. The analyses were run using the emission lines of 178.276 nm for
(D).

Fourier transform infrared spectroscopy (FTIR) was conducted using a Nicolet
FT-IR Nexus spectrometer, averaging 1000 scans with a resolution of 4 cm? in the
wavenumber range between 400 and 4000 cm™.

NMR spectroscopy was done on a Bruker 400WB spectrometer (Billerica,
Massachusetts, USA) at room temperature under the following conditions: *H NMR with a
frequency of 400.13 MHz, a n/2 pulse of 10 us, and a delay of 10 s, obtaining 128 scans
using 1,1,1,3,3,3-hexafluoro-2-propanol-d2 as the solvent, and a BBO 5 mm liquid probe;
Cross-Polarization - Magic Angle Spinning (CP/MAS) *C NMR with a frequency of
100.49 MHz, a =/2 pulse of 3.5 us, a contact time of 2 ms, and a decoupling pulse of 6.2
us, for 3000 scans. Samples were spun at 11 kHz in'a 4 mm zirconia rotor, double-channel
4 mm CP/MAS probe. Adamantane was used as a secondary external standard for the
chemical shift.

UV-Vis measurements were obtained using a Perkin Elmer spectrometer (Lambda
40). All absorption spectra were collected under identical conditions, i.e. scanning from
200 to 600 nm at a rate of 120 nm/min.

Differential scanning calorimetry (DSC) was done to obtain the thermal
properties, with a DSC92 SETARAM (Caluire, France) equipped with a liquid N2 cooling
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system. The data were collected in the temperature range between -100°C and 400°C, with
a heating rate of 10°C min. The measurements were obtained by loading a weighed
amount of sample inside a closed aluminum pan. Further DSC analysis was done on
membranes, in both the iodide and the hydroxide forms to get more detailed thermal
properties within the working temperature. This analysis was done with a DSC 2920
Differential Scanning Calorimeter (TA Instruments) equipped with the LNCA low-
temperature attachment operating under a helium flux of 30 cm®/min. Data were collected
in the temperature range from -150 °C to 150°C, at a heating rate of 3°C/min. The
measurements were obtained by loading 3 mg of membrane sample in a watertight
aluminium pan.

High-resolution thermogravimetric analysis (HR-TGA) was conducted with a
high-resolution modulated TGA 2950 (TA Instruments) thermobalance, and a working N2
flux of 100 cm®min. Thermogravimetric measurements were collected from room
temperature up to 850°C, using open platinum pans. The heating rate was adjusted
dynamically over the ramp, based on the derivative of the weight change, from 50 to
0.001°C/min. Sensitivity was set for changes in weight from 0.1% to 2% per minute. The
balance has a resolution of 1 mg.

X-ray diffraction (XRD) measurements were obtained with an X’TRA
diffractometer (Thermo ARL, Ecublens, Switzerland), based on conventional powder
geometry, and with a solid-state Si-Li detector using Cu Ko radiation. The data were
collected at a diffraction angle 26 ranging from 1° to 60°, and at a scanning rate of 0.0258
s'. For scanning electron microscopy (SEM), a Philips SEMTMP (Eindhoven,
Netherlands) XL30 was used, with magnifications of 2000x and 5000x, and the
microanalysis was conducted with a Falcon-EDAX, with a carbon-uranium detector
connected to the microscope. The membranes were quenched in liquid nitrogen and
manually fractured immediately after removal from the quenching liquid. The fractured
surface was coated with gold, and the fractured surfaces and cross-sections of the
membrane were analyzed. The samples were prepared by putting a fine powder of PK and
PK-PDAP on the smooth surface of the sample holder and coating it with gold.
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Conductivity was measured using broadband electrical spectroscopy (BES) in the
range of frequencies from 30 mHz to 10 MHz using a Novocontrol Alpha-A Analyzer,
over a range of temperatures from -100 to 120°C. The temperature was controlled using a
home-made cryostat operating with a N, gas jet heating and cooling system. The
membranes were sandwiched between two circular platinum electrodes inside a sealed

cylindrical cell, which was placed inside a glovebox filled with nitrogen.

2.2.10 Quantum mechanical calculations

The geometries and infrared spectra of the models for PK and PK-PDAP were ascertained
using the methods of density functional theory (DFT), based on an all-electron code, using
the double numerical plus polarization basis set and gradient-correlated (GCA) BLYP
functions of the DMol3 program (San Diego, California, USA) [145]. The internal modes
were identified by animating the atomic motion of each mode calculated, with the aid of
the features available in the Materials Studio package (San Diego, California, USA).

2.3 Results and discussion

2.3.1 Elemental analyses

Table 2.1 shows the chemical composition of all the samples, as emerged from elemental
analysis (CHNS) and ICP-OES (iodine). The composition of the PK synthesized in the
present study is consistent with the theoretically expected stoichiometry. The negligible
differences in the amounts of C, H and O are due to the presence of traces of water. PK
amination at 374 K and 1 Pa was obtained under different reaction times, after 10 (PK-
PDAP-10), 15 (PKPDAP-15), and 25 days (PK-PDAP-25). The results indicate that the
amination increased with longer reaction times, meaning that the reaction time is an
essential factor influencing the amount of conversion. The amination process was

expected to take place as a result of two adjacent carbonyl groups of the polymeric chain
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reacting with amine to form a pyrrole ring. The reaction mechanism of 1,4-dicarbonyl

with 1,2-diaminopropane is shown in Figure 2.4.

In the absence of any catalyst, this type of (Paal-Knorr) reaction can occur to a small
extent with much longer reaction times, producing some pyrrole units. PK amination gave
rise to a product (PK-PDAP) with about 5.3 wt% of nitrogen. This N content is quite low,
and suggests that a fraction of the ketone groups remained unreacted in the functionalized
PK (PK-PDAP). Judging from the elemental analysis, the structure of the PK-PDAP could
be as hypothesized in Figure 2.5, with x/y about 5. In the light of the experimental results
(discussed in the next section), and the theoretical chemical formula derived from the
elemental analysis, there is also a six-atom ring. This type of N ring can form as a result of
the mechanism shown in Figure 2.6. The experimental evidence discussed below also
suggests that amination is hindered by some degree of crosslinking. The six-atom ring can
account for crosslinking being favored by long reaction times and high temperatures, and
possibly following the mechanism shown in Figure 2.6. Of course, the occurrence of
crosslinking gives rise to a stiffer structure. The percentage of nitrogen remained more or
less the same in the polyamine membranes (PK-PDAPM), suggesting that the preparation
conditions prevented any decomposition or loss of amine groups. The low N content
would also account for the low degree of PK-PDAPm(I) and PK-PDAPmM(OH)
methylation. In fact, only 10% of the N contained in the material was functionalized as
quaternary groups (see Table 2.1). These anionic membranes consequently have a low
concentration of mobile anion, even though the experimental IEC of PK-PDAPmM(OH), as
measured by back titration, was 1.11 mmol/g, and therefore comparable with that of
commercially-available AEMs (Neosepta AMX; ASTOM Corp., Tokyo, Japan)
[146,147].
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Table 2.1: Composition of the samples.

Sample %C* %H* %O0# %N* %l nC nH nO nN nl nH/nC nO/nC nl/nN
Theoretical PK 64.27 7.19 2854 |/ / 3.00 4.00 1.00 / / 1333 0333 /
PK 61.83 7.17 31.00 / / 515 7.11 194 |/ / 1.382 0.376 /
PK-PDAP-10 6485 7.62 2401 3.49 540 755 150 / / 1.398 0.277 /
PK-PDAP-15 63.58 7.22 2521 3.99 530 721 157 |/ / 1360 0.296 /
PK-PDAP-25 62.00 7.34 2532 534 / 516 7.28 158 0.381 / 1411 0307 /
PK-PDAPmM 60.57 8.07 2555 581 / 504 801 160 0415 / 1588 0.317 /
PK-PDAPmM(I) 6201 754 1941 596 508 516 748 121 0426 0.04 1.449 0.235 0.094

PK-PDAPmM(OH) 60.73 792 2563 572 / 506 7.86 1.60 0.408 1554 0.0317 /

*ascertained from elemental analyses and 8 ICP measurements: # %O is obtained as the difference with respect to 100. PK-
PDAP-10, -15, and -25 refer to different reaction times, i.e. 10, 15, and 25 days, respectively. PK-PDAPmM is the membrane
obtained from PK-PDAP-25.
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2.3.2 FTIR studies

FTIR spectra were obtained for PK, PK-PDAP, PK-PDAPm, PK- PDAPm(I) and PK-
PDAPmM(OH), as shown in Figure 2.7 (a and b). Peaks were assigned using the correlative
method, and are shown in Table 2.2. The vibration spectra of PK gave rise to a strong
peak, observed at 1688 cm™, corresponding to the stretching vibration frequency of the
carbonyl (C=0) group [144,148,149]. The various modes (stretching, bending, wagging,
and rocking) attributed to CH, are apparent at 1405, 1331, 1258,1055, 831, 810 and 666
cm? [144,148-152]. Bands at 591, 543 and 466 cm ! correspond to the vibration of
(CC=0) along the PK chain and the (CCC) polymer chain [144,150-152]. The bending
vibration of CHs, due to the PK terminal group, is detectable at 1351 and 1427 cm?
[150,153]. The peaks at 2911 and 2947 cm™ in Figure 2.7(a) correspond respectively to
the symmetrical and asymmetrical vibration of CH, [144,148-150,152,153]. The peak at
3390 cm? relates to the stretching of OH as a result of keto-enol tautomerism
[114,143,150,152]. This is consistent with the presence of the shoulder at 1662 cm™,
attributable to the stretching vibration of C=C. The modification of PK by amine leads to a
lower intensity of the carbonyl (C=0) group at 1689 cm, while new peaks occur: (a) a
broad band at 754 cm, corresponding to the out-of-plane vibration of C-C in the pyrrole
ring; (b) a broad peak at 1567 cm, which corresponds to the C=C stretching vibration
[154] and is attributable to the presence of pyrrole; (c) a peak at 919 cm™, due to the out-
of-plane bending vibration (=C-H) in the ring [137,148,149,151]; and (d) two shoulders at
1296 and 1076 cm?, attributed to the C-N stretching vibration of the rings [153]. This
analysis led us to conclude that the reaction of 1,2-diaminopropane with PK leads to the

formation of an N-substituted pyrrole ring along a chain containing carbonyl groups.

In PK-PDAPmM, the main PK-PDAP peaks remain unchanged, but new features
emerge as an effect of the molecular rearrangement and crosslinking occurring during the
membrane’s preparation as shown in Figure 2.8. These novel features include: (a) a new
peak at 726 cm™ due to CH; bending of the long-chain band [153]; (b) new peaks at 1173
and 1217 cm™ corresponding to the C-N stretching vibration mode [152,153]; and (c) a
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shift in the (=C-H) out-of-plane bending vibration from 919 cm™ to a higher wavenumber
(954 cm?). The formation of a six-atom ring (Figure 2.8) can account for the NMR
results, as discussed in the next section, in accordance with the proposed mechanism,
shown in Figure 2.6. A small amount of six-atom ring may be formed during the long
reaction time at high temperatures, promoting not only crosslinking between two PK

chains, but also other rearrangements, even in the absence of a catalyst.

In the PK-PDAPm(I) spectra, where a new carbon-amine bond has formed as a
result of the amine attacking the electrophilic carbon of CHsl due to the methylation
reaction, the C-N stretching vibration gives rise to a new peak at 684 cm?, and to two
weak shoulders at 1095 and 1291 cm™ [152,153]. Some other new peaks are apparent in
the PK-PDAPm(I) spectra, including: (a) peaks at 890 and 970 cm™, due to the (=C-H)
out-of-plane bending vibration in the ring; and (b) a (C=C) shift of the aromatic ring (1567
cm?) to a higher wavenumber (1590 cm™). The IR spectra of PK-PDAPmM(OH) show that
the peaks due to the C-N stretching vibration at 890 and 1095 cm* in the PK-PDAPm(I)
spectra shift to 917 and 1089 cm, and this accounts for the anion exchange processes.
Details of the assignment of the spectra for the materials proposed here are summarized in
Table 2.2.

/|
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H

Figure 2.8: Rearrangement of the 1,4-dicarbonyl group with 1,2-diaminopropane.
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Figure 2.7: IR spectra of pristine PK, PK-PDAP, PK-PDAPM, PK-PDAPmM(1) and PKPDAPmM(OH): (a) in the range of 3700-2750 cm™; and (b) in the range of
1750-400 cm * (v: stretching; &: bending; w: wagging; p: rocking; b: broad; oop: out-of- plane; asym: asymmetric mode; sym: symmetric mode).
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Table 2.2: FTIR peaks for pristine PK, PK-PDAP, PK-PDAPm, PK-PDAPm(I), and PKPDAPmM(OH). Assignments were made correlatively.

Wavenumber (cm™) & intensity Band assignments References
PK PK-PDAP PK-PDAPmM PK-PDAPmM(I) PK-PDAPmM(OH)
466 (vw) 466 (vw) 462 (vw) 463 (vw) 462 (vw) d(CCC) [144,152]
543 (vw) 541(vw) 539 (vw) 539 (vw) 538 (vw) 3 (CC=0) [144,150,152]
591 (w) 590 (w) 592 (vw) 592 (vw) 592 (vw) 3(C=0) in-plane [144,150,152]
666 (vw) 665 (vw) 663 (vw) 665 (vw) 668 (vw) v (CHy) [150]
684 (vw) 684 (vw) v (C-N) [153]
726 (vw) 726 (vw) 725 (vw) d (CH>) long-chain band [153]
754 (vw) 770 (vw) 774 (vw) 768 (vw) (C-C) oop of ring [140,152,154]
810 (vw) 808 (vw) 808 (vw) 807 (vw) 807 (vw)
831 (sh,vw) 831(sh,vw) 833 (shww) 836 (sh,vw) 830 (sh,vw) }p (CHz) [144,150,151]
919 (vw) 890 (vw) 917 (vw)
954 (vw) 954 (vw) 952 (vw) [153]
d (=C-H) oop
970 (vw) 970 (vw)
1055 (w) 1056 (w) 1054 (vw) 1054 (vw) 1054 (vw) w (CH>) [144]
1076 (sh,vw) 1072 (sh,vw) 1072 (sh,vw) 1070 (sh,vw) v (C-N) [152,153]
1095 (sh,vw) 1089(vw) v (C-N) [152,153]
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Wavenumber (cm?) & intensity

PK PK-PDAP  PK-PDAPm  PK-PDAPm(I)  PK-PDAPmM(OH) Band assignments References
1173 (vw) 1174 (vw) 1175 (vw) v (C-N) [152,153]
1217(vw) 1213 (vw) 1216 (vw) v (C-N) [152,153]
1258 (vw) 1259 (vw) 1258 (vw) 1258 (vw) 1258 (vw) d (CHy) [144,148,149,151]
1296 (sh,vw) 1282 (sh,vw) 1291 (sh,vw) v (C-N) [152,153]
1331 (w) 1330 (w) 1330 (v) 1331(vw) 1331(vw) w (CHy) [148-150]
1351 (sh,vw) 1353 (sh,vw) 1351(sh,vw) 1352(sh,vw) 1351(sh,vw) 6(CHs) sym [153]
1405 (w) 1405 (w) 1405 (vw) 1405 (vw) 1405 (vw) v (CHy) [148-150]
1427 (sh,vw) 1427(sh,vw) 1426 (sh,vw) 1426 (sh,vw) 1424 (sh,vw) S(CHa) [150]
1567 (b,vw) 1557 (vw) 1558 (vw) 1559 (vw)
1590 (vw) 1590 (vw) }V (C=C) of ring [154]
1662 (sh,vw) 1662 (sh,vw) 1663 (sh,vw) 1662 (sh,vw) 1662 (sh,vw) v (C=C) [144,152]
1688 (vs) 1689 (m) 1689 (vw) 1689 (w) 1689 (vw) v (C=0) [144-149]
2911(vw) 2912 (vw) 2910 (vw) 2910 (vw) 2908 (vw) v (CH2) sym [144,150,152]
2947 (sh,vw) 2966 (sh,vw) 2951 (sh,vw) 2951 (sh,vw) 2946 (sh,vw) v (CH,) asym [144,152,153]
3390 (vw) 3386 (vw) 3360 (vw) 3387 (vw) 3381(vw) v(OH) [114,144,150,152]

Relative intensities are shown in brackets: vs: very strong; s: strong; m: moderate; w: weak; vw: very weak; sh: shoulder. v: stretching; &: bending;

w: wagging; p: rocking; b: broad; oop: out-of-plane; asym: asymmetric mode; sym: symmetric mode.
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2.3.3. NMR

An NMR investigation helped to shed light on some of the features of the chemical
structures of all the products, and particularly of the membrane, which underwent more
changes than PK and PK-PDAP during its preparation, as discussed earlier. The chemical
shift assignments for the CP/MAS *C NMR [Figure 2.9(a)] and *H NMR spectra [Figure
2.9(b)] recorded for PK-PDAP are listed in Tables 2.3 and 2.4.

The chemical shifts assigned in the CP/MAS *C NMR spectrum of the membrane
show two main signals attributable to the PK backbone, together with lesser, broad peaks
in the aromatic and heteroaromatic region that would support a partial amination with the
formation of the structure in Figure 2.8. In more detail, the *3C resonances are grouped
into three sets of signals: carbonyl carbons resonating at a low field (around 209 and 202
ppm), unsaturated carbons (of pyrrole or pyridine) in the range from 108 to 133 ppm, and
aliphatic carbons from 18 to 35 ppm. The splitting of the two main resonances, at 210 and

35 ppm, points to the existence of heterogeneous chain packing.

Table 2.3: **C NMR chemical shift assignments.

o (ppm) Assignment Description
209.9 >C=0 Sharp
201.6 >C=0 Broad
132.7 C-N (in pyrrole) Broad
107.6 HC (in pyrrole) Broad
46.2 HN-CHo- Broad
35.1 -CH,- Sharp
30.2 -CH>- Broad
17.9 -CHs- Broad
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The *H NMR spectrum in solution [Figure 2.9(b)] shows different signals in the
absorption region of the groups of aliphatic protons, CH3; and CH- (from 3.2 to 0.5 ppm).
The narrow peak around 2.7 ppm is due to the hexafluoro-2-isopropanol used as a solvent.
In the downfield region, between 6 and 8.5 ppm, several signals can be assigned to the
presence of rings of pyrrole (6.5 and 7 ppm) and 1,4-dihydropyridine. In particular, the
resonance structures of the dihydropyridine enable us to account for the presence of a
chemical shift at around 8.4 ppm [155,156]. The 'H NMR spectrum of the membrane

shows no specific changes vis-a-vis the PK-PDAP spectrum.

Table 2.4: *H NMR chemical shift assignments.

é (ppm) Assignment
7.9-84 N=CH=
6.5-7.3 CH pyrrole

4.7 Pyrrole-CH-CHjs pyridine
1.2-3.9 Aliphatic protons
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2.3.4. UV-Vis spectroscopy

UV-Vis spectroscopy was used to study structural and electronic changes. The absorption
spectrum was recorded between 300 and 600 nm from PK-PDAP in HFIP solvent. The
DFT calculation was used to ascertain the low-lying excited states of PK-PDAP, and the
results were compared with the experimentally measured wavelength, as shown in Tables
2.5, 2.6 and 2.7. This electronic absorption corresponds to the transition from the ground
to the first excited state, and is mainly described by one electron excitation from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO). Figure 2.10(a) shows that UV-Vis absorption of the HFIP solvent occurs mainly
at 230 and 276 nm, and no absorption is apparent beyond 300 nm. The transition from
HOMO to LUMO can be seen from the UV-Vis spectrum for PK-PDAP, and the
calculations predicted five electronic transitions at 305, 338, 354, 457, and 515 nm. This is
consistent with the experimental measurements, as shown in Figure 2.10(b). Close
examination of the absorptions indicates that the peaks observed correspond to the
transition of both the N-substituted pyrrole [157,158] and the dihydropyridine structures,

as shown in Figure 2.8.
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Figure 2.10: UV-Vis spectra of: (a) HFIP at 200-600 nm; and (b) PK-PDAP at 300-600

nm.
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Table 2.5: Energy difference for some electronic transitions
and the associated wavelength for the simulated A5 and A5+A6

A5 A5+AB

# orbital E eV # orbital E eV
86 -5.347 153 -5.277

87 -5.243 154 -5.156

88 HOMO -4.432 155 HOMO -4.342
89 LUMO -1.44 156 LUMO -1.650
90 -1.359 157 -1.498

91 0.141 158 -1.387

92 / 159 -1.370
160 -0.777

161 -320

162 0.236

Ab5 refers to the pyrrole (Figure 2.5b), and A5+A®6 refers to the pyrrole + dihydropyridine
structure (Figure 2.8)

Table 2.6: Energy difference for some electronic transitions
and the associated wavelength for the simulated A5

A5

Transition AE eV A /nm
E88 --> 89 2.992 414
E88 --> 90 3.073 403
E88 --> 91 4573 271
E88 --> 92

E87 --> 89 3.803 326
ES7 --> 90 3.884 319
E87 --> 91 5.488 226
E87 --> 92

E86 --> 89 3.907 317
E86 --> 90 3.988 311
E86 --> 91 5.488 226
E86 --> 92
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Table 2.7: Energy difference for some electronic transitions
and the associated wavelength for the simulated A5+A6

A5+A6
Transition AE /| eV A /nm
E155 --> 156 2.692 461
E155 --> 157 2.844 436
E155 --> 158 2.955 420
E155 --> 159 2.972 417
E155 --> 160 3.565 348
E155 --> 161 4,022 308
E155 --> 162 4,578 271
E154 --> 156 3.506 354
E154 --> 157 3.658 339
E154 --> 158 3.769 329
E154 --> 159 3.786 327
E154 --> 160 4.379 283
E154 --> 161 4,836 256
E154 --> 162 5.392 230
E153 --> 156 3.627 342
E153 --> 157 3.779 328
E153 --> 158 3.890 319
E153 --> 159 3.907 317
E153 --> 160 4.500 276
E153 --> 161 4,957 250
E153 --> 162 5.513 225
E152 --> 156 3.679 337
E152 --> 157 3.831 324
E152 --> 158 3.942 315
E152 --> 159 3.959 313
E152 --> 160 4,552 272
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2.3.5. Thermogravimetric analysis

Figure 2.11 (a and b) shows the thermal behavior of PK, PK-PDAP, PK-PDAPmM, PK-
PDAPmM(I) and PK-PDAPmM(OH), as measured by TGA in an inert atmosphere. The
thermograms of all the samples show a small weight loss (1-2%) below 200°C, due to
moisture evaporation. PK remains stable up to 340°C, when a first major weight loss of
14% occurs due to intra- and inter-molecular reactions accompanied by crosslinking and
the formation of heterocyclic compounds [150]. A second major weight loss of 50%
occurs at 377°C, and is associated with fragmentation of the molecular backbone and the
formation of alcohols, as already seen in ethylene-CO copolymers [150]. The thermal
degradation of PK-PDAP occurs at lower temperatures than in PK, and in three distinct
regions: (I) one at 215°C, attributed to the loss of amine groups; (I1) the next at 300°C,
tentatively attributed to decomposition of the aminated nitrogen heterocycle; and (111) the
third, and most severe, at temperatures beyond 450°C, due to degradation of the polymeric
backbone. The thermal behavior of PK-PDAPm differed slightly from that of PK-PDAP
because the decomposition events at higher temperatures (T > 300°C) were negligible.
Here again, decomposition occurred in three steps with: (1) a first 9% weight loss at
215°C, due to the loss of the amine group; (1) a second 8% weight loss at 314°C; and (I11)
a third 35% weight loss at 377°C. In addition to the loss of the amine group (I), and the
polymer backbone degradation (II), at low (200°C) and high (445°C) temperatures,
respectively, the thermogravimetric profiles for PK-PDAPm(I) also reveal cleavage of the
methylated group (I11) at 300°C with a 21% weight loss. The profiles for PK-PDAPmM(OH)
show three decomposition stages: (1) one at 212°C with a 9% weight loss; (1) a second at
280°C with a 16% weight loss; and (111) a third at 434°C with a further 14% weight loss.
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Figure 2.11: a) Thermographic profiles; and b) Dependence of the derivative of the profile
on temperature for PK, PK-PDAP, PK-PDAPm, PK-PDAPmM(I), and PK-PDAPmM(OH)
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2.3.6. Differential scanning calorimetry

The DSC thermograms of all the samples showed multiple exothermic events at
temperatures in the range from -80 to 50°C, that correspond to the order-disorder

molecular rearrangement and melting of nanometric domains [8].

In the DSC curve for PK (Figure 2.12), the endothermic peak at 102°C is
identified as the o to 3 phase transition [79] typical of this material. These two crystalline
phases correspond to two domains characterized by a different packing of the polymer
domains. The chain is reorganized as a result of dipole interactions between neighboring
carbonyl groups, which are closer in the o phase than in the B phase [82]. Two glass-
transition temperatures (Tg) were also seen for the PK sample. The first T4 value obtained
for the pristine PK was around 117°C, and the corresponding step is broad and steep
(indicating that most of the amorphous polymer is not very homogeneously arranged) by
comparison with that of the second T, at about 163°C. The sharp endothermic peak at

274°C (enthalpy: -1000 kJ g1) represents the melting point of the B crystalline PK [159].

On the PK-PDAP curve, the endothermic peak at 98°C relates to crosslinking and
condensation phenomena, as depicted in Figure 2.8. This confirms what was said
previously regarding the FTIR results: PK-PDAP is less well crosslinked than the
membrane, and the thermal process involved in membrane formation promotes
crosslinking without affecting the whole N content. The endothermic peak corresponding
to the PK-PDAP melting point of appears at 224°C (enthalpy: -71 kJ g?). This peak
seemed broad, and not as sharp as expected for a melting phenomenon, because
rearrangement in the PK-PDAP left a smaller amount of crystalline phase than in the
pristine PK. All the samples were submitted to a second run (details not reported here),
which indicated that the previously-described features became less evident, whatever the
composition and nature of the samples. A thermosetting behavior was observed for all the
samples, confirming that the reactions occurring in the first run were condensations and

crosslinks.
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Figure 2.12: DSC thermographs of PK, PK-PDAP, and PK-PDAPm.

The DSC profiles of the dry and wet membranes, in both the iodide and the hydroxide
forms, revealed four transitions (I, Il, 11l & IV), as shown in Figure 2.13. Dry PK-
PDAPmM(I) undergoes one main endothermic transition at about 120°C, while the wet
membrane reveals an overlapping endothermic event peaking in the temperature range of
80-120°C. This phenomenon is associated with the order-disorder transition attributed to
the presence of cross-linking and inter-chain interactions. The transitions occurring at -75,
-10 and 71°C (I, I1, 111), and at -78, -20 and 34°C (I, 11, Ill), in dry and wet PK-PDAPm(I),
respectively, correspond to order-disorder molecular rearrangements and melting of the
nanometric domains. The DSC profiles for PK-PDAPmM(OH) likewise indicate some
order-disorder molecular rearrangements in both conditions, as well as melting of the nano

domains below 60°C, followed by an endothermic peak at temperatures above 100°C. This
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last event is more evident in the wet membrane, with a broad endothermic peak at 128°C,

probably due to water being removed as a result of the rearrangement of the hydroxide

anions.
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Figure 2.13: DSC profile of PK-PDAPmM(I) and PK-PDAPmM(OH) in dry and wet
conditions.

2.3.7 Conductivity measurements

The conductivity of the iodide (PK-PDAPmM(I)) and OH (PK- PDAPmM(OH)) membranes
was tested in dry and wet conditions using broadband electrical spectroscopy (BES) in the
temperature range from -100 to 120°C, and at frequencies ranging from 0.03 to 107 Hz.

The 2D spectra of the real component of conductivity (c”) as a function of frequency and
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temperature are shown in Figure 2.14: (a) the ¢’ of the dry and wet iodine membrane was
higher than that of the hydroxyl membrane; and (b), as expected, the ¢’ values for the wet
membranes were higher than those of the ionomer in dry conditions. The imaginary and
real parts of the permittivity are shown in Figures 2.15 and 2.16 for the dry and wet
membranes, respectively. As the temperature increased in the wet membranes, the 2D
spectra of o’ reveal: (a) a shift in the dielectric relaxations at higher frequencies; (b) the
appearance of electrode polarization (ocgp) due to the charge accumulating between the
sample and the electrode; (c) an enhanced conductivity for T > 0 due to water melting and
giving rise to an increase in charge mobility; (d) inter-domain polarizations (o) [158] due
to the charge accumulating at interfaces between the domains with a different permittivity
in the bulk membranes. These results are consistent with the domains detected in the light
of the previously-discussed DSC measurements. In the dry PK-PDAPmM (1), the 2D spectra
of o’ show a dielectric relaxation at low temperatures (T<0°C), and electrode polarization
at higher temperatures (T>0°C) [150], while no such electrode polarization is visible in the
dry PK-PDAPmM(OH). The highest conductivity of the proposed materials was measured at
120°C and, for the wet PK-PDAPm(I) and PK-PDAPmM(OH), it was 9 x 10* S cm? and
1x10* S cml, respectively. These values are comparable with those of other anionic
membranes [126,128,160-162].
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Figure 2.17 compares the real conductivity, by frequency and temperature, of PK-
PDAPmM(OH) and AMVOH membranes. Selemion AMV, a commercial reference AEM
obtained from the Asahi Glass Company, is a functionalized polystyrene-based copolymer
containing quaternary ammonium groups. It was studied in hydroxide anion form
(AMVORH) by Giffin et al [163]. The AMVOH membrane exhibited a conductivity of 7
mS cm? at 25°C.
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Figure 2.17: Real conductivity, by frequency and temperature, of PK-PDAPm(I), PK-
PDAPmM(OH), and AMVOH. Black lines refer to temperature changes from -100 to 120°C.

The conductivity of the new membranes discussed in the present work could also
be improved by raising the amine content of the modified polymer. These membranes are
promising because of their thermal stability, as gauged by measuring the mass loss that
occurred during their thermal decomposition (shown in Figure 2.18a). T is the thermal
event occurring at approximately 260°C, associated with the loss of MeOH. After 60 hours
under alkaline conditions, the mass loss becomes constant (approx. 6 wt%, as shown in

Figure 2.18b), indicating that the membrane is stable under these conditions.
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Figure 2.18: (a) Thermogravimetric curve of weight loss vs. temperature for PK-
PDAPmM(OH) samples immersed ina 2 M NaOH solution at 80°C for increasingly long
times. (b) Variation in weight loss vs. immersion times for PK-PDAPm(OH) samples
immersed ina 2 M NaOH solution.

Figure 2.19 shows the curve of ot vs. 1/T (overall conductivity as a function of
the inverse of temperature) for the dry and wet PK-PDAPm(I) (Figure. 2.19a) and PK-
PDAPmM(OH) (Figure. 2.19b). This type of plot reveals four conductivity regions (I, 11, Il
and 1V) separated by the thermal transitions T,, Ty, Ty and T, measured by DSC (see

above). The overall conductivity (o) curve is simulated with the Arrhenius-like equation
[164,165]:

or = Ag.exp (—E4|RT) (2.3)

where A, relates to the number of charge carriers, R is the universal gas constant, and E,

is the activation energy with the VVogel-Fulcher-Tammann-like (VFT) equation [164,166-
168]
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_ —EqvFT
or = Ag.exp—R(T_To) (2.4)

where, Ea,vet is the pseudo-activation energy for conduction, and Ty is the thermodynamic
ideal glass transition temperature, with the boundary condition Tg -55 <T,> Tg -40 K
[166].

The values of E; and Eaver are given in Table 2.8. As expected, the conductivity
mechanism in regions | and Il in dry membranes was the result of long-range charge
migration events between coordination sites in different neighboring chains (inter-chain
hopping [130]) with an Arrhenius-like behavior. The ot shows a VFT behavior in region
I11, however, suggesting that charge migration was coupled with the segmental motions of
the host polymer matrix. The E, value in these regions is around 1 kJ/mol. In wet
membranes, the conductivity mechanism is VFT-like, and charge migration can be
expected to occur between delocalization bodies [127]. The Eaver values for PK-
PDAPmM(OH) in regions Il and 1V were of the same order of magnitude, and lower than
those for PK- PDAPm(I). Figure 2.20 shows the conductivity vs. 1/T for PK-PDAPmM(OH)
and AMVOH [163]. The conductivity of AMVOH reveals an Arrhenius-like behavior,
suggesting that the dynamics of the host polymeric matrix are not significantly involved in

the long-range conduction mechanism.
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Table 2.8: Activation energy of overall conductivity (o) in the four conductivity regions for dry and wet membranes (PK-
PDAPmM(I) and PK-PDAPmM(OH)).

Sample | | i v
E./ kd/mol Ea/ kd/mol To/K EdkImol To/K Edki/mol To/K
dry I 4.44+0.38* 80.91 +4.11* / 1.23+0.11° 183+9 / /
OH 11.21+1.32* 136.748.31* / 2.24+0.08° 17249 51.02+3.06* /
wet I 33.03+2.09* 0.272+0.042° 197+10 3.80+0.23° 19748 5.29+0.48° 19716
OH 33.08+3.01* 0.305+0.039° 18748  1.94+0.31° 18749 1.09+0.06° 19745

* The value of E;was determined by fitting the conductivity data with the Arrhenius equation.
° The value of E; was obtained by fitting the conductivity data with the VFT equation.
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2.3.8 XRD

XRD studies were conducted to gain additional information on the morphology of the
polymers in terms of their crystalline and amorphous phases. The X-ray diffractograms of
the PK and PK-PDAP showed the o and B crystalline phases and an amorphous part
(Figure 2.21). The o phase reveals some weak reflections at 26 =15, 24, 25, and 41°, while
those in the B phase become stronger, and appear at 20 =21 and 29° [169,170]. The
crystallinity is due to the presence of polar carbonyl groups in the backbone of PK. The
difference between o and B is due to chain packing. In other words, the orientation of the
carbonyl group at the center of the chain differs from that at its ends [79]. The intensity of
the B phase is greater than that of the o phase, and the crystals’ size is larger. The B phase
has practically disappeared from the PK-PDAPMm, and it has become more amorphous. As
discussed in the section on DSC, the thermal treatment used to prepare the membrane
should have improved the order-disorder rearrangement of the materials, which was also

related to a greater degree of crosslinking.
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Figure 2.21: X-ray diffractograms of PK, PK-PDAP, and PK-PDAPmM.

2.3.9 SEM

The SEM study on the PK and PK-PDAP (Figure 2.22[a,b]) shows that the PK and
polyamine had a polymorph spherical structure with a “cauliflower-like” appearance.
Figure 2.22(c,d) shows the SEM micrographs of the fractured surface of the polyamine
membrane (PK-PDAPm), which has a homogeneous appearance with some spherical
clusters. Micropores due to solvent evaporation become evident at higher magnifications
(5000x). The SEM images of a cross-section of the membrane show a layered but

homogeneous morphology throughout its thickness.
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Figure 2.22: SEM micrographs of: (a) PK (5000x); (b) PK-PDAP (5000x); (c) PK-
PDAPM (5000x); and (d) cross-section of PK-PDAPm (2000x).
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2.4 Conclusions

Anion exchange membranes were successfully prepared by chemically modifying PK with
primary amine, followed by solution casting, methylation and ion exchange processes.
Given the low nitrogen content, polyamine has a backbone mainly consisting of PK, with
some pyrrole or pyridine units inserted in it. The structure of these units, and the
mechanism behind their formation can be deduced from the elemental analysis, FTIR,
NMR and UV-Vis findings. The structure of the N-containing units is the result of Paal-
Knorr reactions, as well as crosslinking phenomena, as observed on DSC. These structural
changes can strongly affect the final properties of the modified PK. XRD analysis
revealed the semicrystalline nature of the synthesized polymer and the membrane
obtained. On TGA, the thermograms of all the compounds demonstrated a good thermal
stability up to 200°C. The ionic conductivity of the hydrated iodide and hydroxyl
membranes could reach values as high as 9 x10# S cm™ at 120°C in the former, and 5 x10°
4 S cm? at 90°C in the latter. Our results indicate that dielectric relaxations shift to higher
frequencies as the temperature rises. The electrode polarization appeared to be due to the
charge accumulating between the sample and the electrode. Inter-domain polarizations can
also be seen at higher temperatures because of the charge accumulating at the interfaces
between domains with a different permittivity in the bulk membranes. The dielectric
relaxation at low temperatures (T < 0°C) and electrode polarization at higher temperatures
(T > 0°C) were responsible for the ionic conductivity of dry PK-PDAPmM(I), whereas in
dry PK-PDAPmM(OH) it was due to dielectric relaxation alone. Measurements of the
temperature dependence of PK-PDAPm(I) and PK-PDAPm (OH) conductivity, in both
wet and dry conditions, revealed four conductivity regions (I, 11, 11l and 1V), relating to
the thermal transitions measured by DSC. In dry membranes, the conductivity mechanism
of regions | and Il has an Arrhenius-like behavior. Our results indicate that the
relationship is non-linear for all regions because the conductivity in region 1l followed a
VFT behavior. The conductivity of the wet membranes did not obey the Arrhenius rule,
however. The obtained results indicated that the modified polyketone AEM is a potential
candidate for the electrochemical applications.
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Chapter 3

Properties of the Polyamine-Based Anion Exchange Membrane: Effect of

Functionalized Silica Particles Prepared using a Sol-Gel Method
3.1 Introduction

The main goal of this study was to obtain a new polymer material in which
amino-functionalized silica (Si-NH.) contributes synergically to the final composite’s
performance, improving its anion exchange properties and thermal stability. This could be
achieved by means of the surface modification of inorganic nanoparticles, a topic
attracting great interest because of the broad array of its potential applications in the fields
of chemistry, biology and physics, in composite materials [171] or drug delivery [172], for
coupling and immobilizing functional molecules and biomolecules [173], and in base
catalysis [174]. The surface modification of inorganic nanoparticles can also enhance the
compatibility between organic and inorganic phases [175]. Metal oxides like SiO; have
been widely used as inorganic fillers in polymer composites [176-178]. This is thanks to:
the commercial availability of SiO, in various particle sizes and with different
morphological features; the large number of surface hydroxyl groups suitable for further
modification; and the ease with which in situ silica can be formed using the sol-gel
process on silicon alkoxides under mild reaction conditions [179,180]. Adding silica also
strengthens the interface between the nanoparticles and the polymer matrices [181,182].
Basically, the functionalization of silica particles is a method for tailoring the surface
properties of particles to suit target applications [183,184], and 3-amino-
propyltriethoxysilane (APTES) is often used if the aim is to insert anionic groups [185-
188]. The method used to prepare a polyamine-based AEM (PK-PDAPm) from a
modified PK skeleton is described in detail in chapter 1. The resulting polyamine consists

of a stable pyrrole ring along the backbone, and a reactive pendant amino functional group
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[8]. In the present work, the hydroxyl groups of silica powder were exploited for their
condensation reaction with 3-APTES under hydrolytic conditions [189-191], and the
modified silica (Si-NH,) was added to polyamine. The incorporation of the amino
functional groups (Si-NH>) in the polyamine membrane was expected to have a stable and
homogeneous reinforcing effect by improving the filler-polymer interface, and thereby
help to improve the membrane’s IEC. As a consequence, the incorporation of Si-NH;
within polyamine membranes to form (PA-SiNH2)m should contribute to increasing their
conductivity, retaining their water content at high temperatures and low relative humidity,
improving their thermomechanical properties, and containing their thermal degradation at
high temperatures. The structural and thermal properties of the end products were assessed
using FTIR, NMR, XRD, TGA and DSC, and the membranes’ ion exchange ability and

ionic conductivity were determined.
3.2 Experimental
3.2.1 Reagents

3-aminopropyltriethoxysilane (Aldrich, 99%), ammonium hydroxide (Carlo Erba, 30%),
hydrochloric acid (Baker, 36-38%), iodomethane (ABCR GmbH, 99%), polyethylene
glycol 200 (Sigma Aldrich, MW 190 - 210 g/mol), potassium hydroxide (VWR), absolute
ethanol (VWR), and 1,1,1,3,3,3-hexafluoroisopropanol (Sigma-Aldrich, 99%), were
commercially available and used as received. The silica powder had an average diameter

(agglomerated particles) of 6.20 um. Bi-distilled water was used in all procedures.
3.2.2 Methods

PK synthesis and amination to obtain PK-PDAP were done as explained in chapter 2,
pages 19 and 20 [8].
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3.2.2.1 Modified silica (Si-NHy)

After suspending 100 mg of silica in 1.5 mL of APTES and 1.5 mL of ethanol in the
ultrasonic bath for 10 min, 0.1 mL of distilled water was dropped into the reaction
medium to facilitate APTES hydrolysis. After 1.5 hour, 60 puL of NHsOH catalyst was fed
into the reaction mixture. Sonication was continued for 3 hours. Gelling was allowed for 1
hour. The gel was then centrifuged and washed with ethanol and distilled water (3x for 5
min at 4,000 rpm). The final material (Si-NH) was dried at 70°C for 24 hours [192].

3.2.2.2. Membrane preparation

Polyamine (PK-PDAP) synthesis followed the Paal-Knorr reaction. After weighing and
grinding 30 mg of polyamine powder, and adding 15 mg of previously-ground modified
silica (Si-NH.), the powder was mixed with 7 mL of HFIP solvent and stirred for 1 hour at
40°C. Then 50 w% of PEG200 (0.26 mL) was added to the solution, before 60 mL of
NH4OH was added by means of a syringe. The solution was homogenized by placing it in
an ultrasonic bath at 40°C for about 30 min, then leaving it stirring overnight at 40°C. The
solution was then cast into a Petri dish to obtain a homogeneous, free-standing membrane.
This modified membrane was named (PA-SiNHz)m. To run the methylation reaction, (PA-
SiNH2)m was immersed in iodomethane for 24 hours, then washed thoroughly with
deionized water and dried at 40°C in a vacuum for 24 hours. The methylated membrane
(PA-SINH2)ml exchanged to the hydroxide ion form (PA-SiNHz)mOH in a 1M KOH
solution for 1 hour. This step was repeated three times. Then the (PA-SiNH2)mOH was
washed with distilled water and stored under a nitrogen atmosphere to prevent hydroxide
anions from changing into carbonate and bicarbonate species on contact with carbon

dioxide in the atmosphere.

3.2.3 Instrumental methods

FTIR spectroscopy was done with a Nicolet FT-IR Nexus spectrometer, averaging 16
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scans with a resolution of 4 cm™ in the range of wavenumbers between 650 and 4000
cm!. Solid-state NMR analyses were run with a Bruker 300WB spectrometer operating at
a proton frequency of 300.13 MHz. Magic Angle Spinning (MAS) #°Si and *C NMR
spectra were acquired with single pulse experiments (SP) and cross-polarization pulse
sequences (CP) under the following conditions:

- 2Si frequency: 59.62 MHz, SP: n/4 pulse 2.25 ps, recycle delay 150s, 3k scans; CP:
contact time 5ms, *H n/2 3.2 us, decoupling length 5.9 us, recycle delay: 10 s, 5k scans;

- BC frequency: 75.48 MHz, CP: contact time 2ms, decoupling length 5.9 ps, *H n/2 3.2
us, recycle delay 5 s, 20k scans.

Samples were packed in 4 mm zirconia rotors, which were spun at 7 kHz under an air
flow. Adamantane (QsMs) was used as an external secondary reference. Si units were
labelled according to the usual NMR notation, T" and Q" representing trifunctional
(SiCO:s), and tetrafunctional (SiO4) Si units, respectively, and n the number of bridging O
atoms. The lineshape analysis was run with the Bruker Topspin 3.2 software. Using a

Labsys SETARAM thermobalance, TGA was performed from 25°C to 700°C, in Nz and in

air, with a heating rate of 10°C min. DSC analyses were conducted with a DSC92
SETARAM equipped with a liquid N2 cooling system. Data were collected at
temperatures in the range between -100°C and 400°C, with a heating rate of 10 ‘C min™'.
XRD measurements were obtained on an X’TRA diffractometer (Thermo ARL,
Switzerland), based on conventional powder geometry, using a solid-state Si-Li detector,
and Cu Ko radiation. The data were recorded at diffraction angles 20 from 1° to 60° at a
scanning rate of 0.025 s™. The membranes’ water uptake (WU) was measured from the
difference in their weight before and after immersion in deionized water. In this study, the
membranes (3x3 cm, 0.1 mm thick) were soaked in deionized water at room temperature

for 24 hours. Then each sample was weighed immediately after removing the surface

water from the membrane (Wwet). Membrane samples were then dried at 40°C for 6 hours

and weighed again (Wdry)- The water uptake was calculated using the following equation:
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Water uptake (%) = ————  x 100
(3.1)

The IEC was ascertained with the back titration method. A dried (PA-SiNH;)mOH
membrane was immersed in 30 mL of 0.1 M HCI solution for 24 hours. A NaOH (0.01 M)
solution was used for back titration, using phenolphthalein as an indicator. The IEC was

calculated with the following equation:

[(Vo,NaoH = VNaom)] €

IEC (meq/g) =
Mary (3.2)

where Vg yaon @nd Vy,on are the volumes of NaOH solution consumed for back titration
without and with the membrane, respectively, C is the concentration of NaOH solution,

and my,, is the weight of the dry membrane.

The ionic conductivity of the membranes was measured in a range of temperatures from
30 to 130°C using two-probe impedance spectroscopy and a Parstat 4000A (Princeton
Applied Research, AMETEK). The impedance measurements were obtained over a
frequency ranging from 1 MHz to 100 Hz at an amplitude of 10 mV. The membranes
were equilibrated in deionized water for at least 24 hours at room temperature before
taking the measurements. Each hydrated membrane was then sandwiched between two
stainless steel electrodes. Conductivity (o) was calculated according to the following
equation:

o= L
"~ (RpxA)

(3.3)
where L is the membrane’s thickness, Ry is the bulk resistance obtained from the intercept
on the real impedance axis (Z’ axis), and A is the effective area of contact between the

membrane and the electrode.
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3.3 Results and discussion

3.3.1FTIR

Figure 3.1 (a, b) shows the FTIR spectra in the 4000-650 cm™ range collected on
pristine silica (SiO2), APTES, modified silica (Si-NH2), and the modified membrane (PA-
SiNH2)m. The FTIR peak assignments in Table 3.1 were drawn from the literature. Figure
3.1(a) shows the characteristic bands of silica, with the stretching vibrations of the Si-O-Si
bonds at 794, 1060 and 1217 cm™, and the Si-OH vibration at 957 cm™ [193-196]. The
band at 1647 cm™ is attributed to the bending vibration of water molecules adsorbed on
the surface of the silica [193, 196].

The characteristic functional groups of APTES included the absorption peak at
765-789 cml, attributed to Si-C stretching, and in-phase Si-O stretching vibration [197].
The peak found at 953 cm?, attributed to the silanol groups [192], shifted to 927 cm™? after
the reaction of silica and APTES. The intense peaks of Si-O-C stretching of APTES at
1073 and 1101 cm™ [197] were replaced in the Si-NH. spectrum by a broad band at 1095
cml, indicating that hydrolysis-condensation reactions had occurred. The weak shoulder
at 1018 cm?, attributed to asymmetric siloxane bond (Si-O-Si) stretching, changed into a
broad moderate peak at 1004 cm? after the modification [198]. The characteristic
vibrations at 1296 and 1390 cm™ are attributed respectively to C-N stretching, and to the
Si-CH; bending mode of APTES [192,152,153]. The peak at 1366 cm™, corresponding to
the bending mode of CHs in APTES [153], disappeared after the reaction with silica,
confirming APTES hydrolysis. The bands identified at 1443, 1482 and 1594 cm are

attributed to the characteristic NH. deformation mode of primary amines [194,198,199].

Figure 3.1(b) shows the absorption bands in the region of 3000-2800 cm™. The
symmetric and asymmetric CH; stretching vibrations of APTES [192,197,198] merged

into two broad peaks after the reaction with SiO,, as a consequence of APTES hydrolysis
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and the reaction with the silica surface. Accordingly, the absorption bands at 3379 cm™
assigned to the N-H stretching vibration in pristine APTES [195, 196] had shifted to 3288
and 3357 cm™ in the Si-NH; sample.

(PA-SiNHz)m shows a broad band in the range from 3000 to 3600 cm? that
results from the adsorbed water O-H stretching modes overlapping with the N-H and SiO-

H stretching vibrations, which appeared as shoulders on the broad band [192, 194].

The above results suggest that APTES reacts with the silica powder, leading to the
presence of organic molecules covalently bonded to the particles’ surface, as proposed in

Figure 3.2. Further investigations will be needed to support this conclusion, however.
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Figure 3.1: FTIR spectra of SiO,, APTES, aminopropyl-functionalized silica (Si-NHy),
and the modified polyamine membrane (PA-SiNH,)m: a) 1750-650 cm'?; b) 3800-2700
cmt

The silica-modified polyamine matrix (PA-SiNH2)m showed absorption at 1606
and 1656 cm™, proving the presence of a C-C aromatic ring [8,152,153] (Figure 3.1a). The
stretching vibration of the carbonyl group belonging to PK was also seen at 1693 cm*
[8,199]. The appearance of a shoulder (1704 cm™) in the C=0 peak probably stems from
the presence of two different PK phases, namely alpha and beta [8,9]. The peaks at 805
and 1333 cm™ are assigned to polyamine CH, wagging and CHj; rocking [8,144,149,150].
Compared with pure polyamine (data not shown) [8], the new absorption peak observed at
1509 cm? in (PA-SiNHz)m reveals the presence of the modified silica groups in the
membrane. The presence of PEG in the modified membrane was also confirmed by the

appearance of a new peak at 1252 cm™ assigned to the C-O-C vibration of PEG [152].
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Figure 3.2: Schematic route for the modification of silica particles (Si-NH.).
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Table 3.1: FTIR peaks for SiO,, APTES, Si-NH; and (PA-SiNHz)m. Assignments were made accordingly.

Wavenumber (cm?) & intensity Assignments References
SiO; APTES Si-NH: (PA-SINH2)m
765(5) 746 (vw) 751(w) _ _ 197
789(sh,m)  784(vw) } v(Si-C), (Si-0)
794(w) v (Si-O-Si) 193-195
805(vw) p (CHy) 8,9,144,150
870(w) 886(w) @ (NHy) 152,153
957(w) 953(m) 927(w) 934(w) d (Si-O-C), v (Si-OH) 192,194,196
1018(sh,v  1004(b,m) . . 198
w) 1037(sh,m) } v (si-0-si)
1057,1068(m) @ (CH2) 0 (C-N) 8,9,152,153
1060 (m) 1073(vs)  1095(b,w) 1097(s) ) 193-197
1101(s) } v si-0-c)
1167(m)  1191(vw) 1192(w) . 192
} asym v (Si-O-Si)
1217 (shyw)  1234(vw)  1233(vw) 1224(vw) y
1252(w) Cc-0-C 152
1296(w) 1305(vw) 1296(w) v (C-N) 152,153
1333(w) @ (CH> 144,149,150
(CH)
1366(vw) 1352(w) d(CHs) sym 153
1390(w) 1384(vw) 0 (Si-CHy) 192
1412(vw)  1410(vw) 1408(w) v (CHy) 149,150
1443(w)  1444(vw) & (NHy) 194,198
1482(vw)  1472(vw) 1469(vw) 194,198
1509(vw) § o (NHy)
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1594(vw)  1590w(w)  1570(w) sym v (NHo) 198,199

1647 (vw) 193,197
1606(w) _ 8,152,153
1656(w) } v (C=C) of ring
1693(m) _ 8,9,149
1704 (sh,vw) }v(c=0)
2895(m)  2861(W) 2874(m) v (CHy) 194,197,198
2927(m)  2927(w) 2913(m) sym (C-H) 192,198
2974(m) v (CHy) 197
3188 3108 sym v (N-H) 196,197
3288(vw)  3275(b,w) sym v (N-H) 195,196
3379(vw)  3357(vw) 3365 (b,w) v( Si-OH), 192,195,196
3396 (b,w) »(OH), v (N-H)

Relative intensities are given in brackets: vs: very strong; s: strong; m: moderate; w: weak; vw: very weak; sh: shoulder. v: stretching;
o0: bending; m: wagging; p: rocking; b: broad; asym: asymmetric; sym: symmetric
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3.3.2 NMR

13C NMR spectra were recorded to investigate the features of the organic counterpart
in the reagents and the materials obtained. Figure 3.3 shows the CP/MAS C NMR
spectra for PK-PDAP and for the modified final membrane (PA-SiNHz)m. The *C NMR
spectra for the APTES, PEG200 and 1,2DAP reagents, and the MAS *C NMR spectra of
the intermediate solid Si-NH, and PK samples, were also recorded, and are shown in
Figures 3.4 and 3.5, respectively. Table 3.2 summarizes the chemical shift and peak
assignments for the signals observed in the spectra for the reagents, Si-NH; and PK. Slight
differences in the chemical shift of the same resonances in the pure reagents (Figure 3.4)
and intermediate products (Figure 3.5) are to be expected because the spectra for the

reagents were obtained using liquid-state NMR.

CH2

pyrrole CN and CH

s/

PEG
-OCH2- -CH20H

YyCH2 ||BCH2 «CH2

T T T T T T T
220 200 180 160 140 120 100 80 60 40 20 ppm

Figure 3.3: CP/MAS *C NMR spectra for: i) PK-PDAP; and ii) (PA-SiNH2)m. Peaks
marked with * are attributed to residual EtOH groups.
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Figure 3.4: 3C NMR spectra for the reagents in CDCI3: i) APTES; ii) PEG200; and iii)
1,2DAP. Spectra acquired with a Bruker 400WB spectrometer operating at a proton
frequency of 400.13 MHz, and equipped with a 5 mm BBO double-channel probe. **C
frequency: 75.48 MHz, zgig30 pulse sequence, 128 scans.
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Figure 3.5: CP/MAS *C NMR spectra for: i) Si-NH; and ii) PK.
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The Si-NH; spectrum (Figure 3.5) is characterized by the presence of signals due
to the methylene carbon atoms in the aminopropyl! chain linked to Si, while no residual
ethoxide groups are detectable. Two intense, sharp peaks, due respectively to ketone and
methylene groups, can be seen in the PK spectrum, and are consistent with the polymer’s

structure (Figure 3.5).

Figure 3.3 shows the 3C NMR spectra for PK-PDAP and the (PA-SiNHz)m
membranes. According to Ataollahi et al. [8,9], Figure 3.3i shows that PK amination takes
place, leading to the formation of heterocyclic units (mainly pyrrole rings), as
demonstrated by the CN and CH aromatic peaks at 130 and 104 ppm, connected via
methylene groups (47 ppm) to the main PK chain. The pyrrole ring keeps the residual part
of 1,2DAP as a pendant group, as discernible from the signal of the methyl group (19
ppm). The different linewidths of the signals suggest that the PK chains are more mobile

than the chains characterized by the polymer’s pyrrole rings.

The (PA-SiNHz)m membrane is prepared by adding PEG200 and modified silica
(Si-NH2) nanoparticles. The corresponding spectrum (Figure 3.3ii) shows the resonances
due to PK-PDAP with a slight broadening, and the signals of the PEG units at 70.9
(intermediate -OCH>-), 68.6 (-OCH-), and 55.5 (terminal -CH,OH) ppm, consistently with
the data in Table 3.2. The PEG short chains produce sharp signals consistent with their
freedom of molecular motion. The three broad signals centered at 44.3, 23.2 and 8.9 ppm,
assigned to the methylene carbon atoms in the aminopropyl chain linked to Si (Table 3.2),
confirm the presence of the inorganic counterpart (Si-NHz). There are two other small,
sharp peaks at 59.4 and 16.6 ppm, which are tentatively assigned to ethoxide groups

linked to silicon atoms.
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Table 3.2: Assignment of chemical shifts and peaks in spectra shown in Figures 3.4 and 3.5

PEG200 1,2DAP PK APTES Si-NH;
(pgm) Assignment & (ppm) Assignment & (ppm) Assignment & (ppm) Assignment (pgm) Assignment
70.7  -OCH,CH,OH 47.6 H,NCH< 208.2 >C=0 56.3 -OCH,CHjs -
68.4 -OCH;- 462  >CHCH,NH, 33.7 -CH,- 432 'QF(';')\'HZ 43.0 y
59.2 -CH20H 18.4 -CHs 25.3 -CH.-(B)  25.0 B
16.3 -OCH2CHs3 -
5.7 SiCH»- () 9.8 a
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In Figure 3.3, the change in the shape of the C=0 signal suggests the presence of different
environments for the PK chains in the membranes. Figure 3.6 shows the magnification of
the carbonyl region of PK, PK-PDAP and (PA-SiNHz)m spectra. Pristine PK reveals two
sharp components at 208.2 and 207.7 ppm, together with a broad component probably due
to an amorphous phase. The same components are visible in PK-PDAP and (PA-SiNHz)m,
but they are much broader, especially in (PA-SiNH2)m (Figure 3.6). Judging from the
FTIR results, these findings are perfectly consistent with the XRD findings (chapter 2,
page 57), which pointed to the presence of two PK crystalline phases (o and ), due to
different chain packing, and one amorphous phase. In PK-PDAP, XRD highlighted a
marked decrease in the f phase, and an increase in the amorphous nature of the sample.
Accordingly, the different chain packing and the difficulty in crystallizing are clearly
enhanced in the (PA-SiNHz)m sample as a consequence of the reaction with modified

silica.

N

B T e

- p— xﬁ —e

T T ; T T T \ \ : T i
218 216 214 212 210 208 206 204 202 200 198 ppm

Figure 3.6: CP/MAS C NMR magnification of the carbonyl region of the spectra for: i)
PK; ii) PK-PDAP; and iii) (PA-SiNH2)m.
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The inorganic counterpart of the silica-polyamine composite can be analyzed using #Si
NMR. Judging from the CP/MAS spectra shown in Figure 3.7, resonances due to the Q
units can be seen in the spectrum of pristine silica (Figure 3.7i). Reaction with APTES
leads to the appearance of signals due to the T units in the range from -50 to -70 ppm
(Figure 3.7ii). T and Q resonances are both detectable in the spectrum for (PA-SiNH2)m
(Figure 3.7iii), with a remarkably broadening line resulting from the lesser mobility and
greater local disorder of the Si units after incorporation in the polymeric network [200].
The T units, and the T2 units in particular, are submitted in the (PA-SiNH2)m sample to a
1.4 ppm downfield shift with respect to Si-NH.. Both the broadening line and this small
shift may be attributable to the interactions at the interface between the organic host

polymer and the organosilica filler [200].

Q3

Q4

b) Q2

i

| T
50 0 -50 -100 -150 -200  ppm

Figure 3.7: CP/MAS #*Si NMR spectra of: (i) pristine SiO3; (ii) Si-NHz; and (iii) (PA-
SiNH2)m. Dotted lines make it easier to find the T and Q zones.
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Table 3.3 provides a summary of the quantitative information obtained by fitting the
profiles of the spectra from the MAS experiments (not shown). Comparing pristine SiO;
with Si-NH; reveals the drop in Q* units in the modified silica. An experimental T:Q ratio
of 3:1 was calculated from the area of the peaks in Si-NH,, which differs considerably
from the nominal ratio (1:1). The low amount of Q units could be due to the preferential
formation of silsesquioxane domains by APTES hydrolysis-condensation, to an only
partial SiO; surface functionalization, and to a loss of silica particles during the washing
steps. These effects are probably due to siloxane bonds breaking and particles dissolving
under the conditions adopted for the synthesis, i.e. in an alkaline environment and with a
long sonication time. The final (PA-SiNH2)m membrane showed a further increase in
partially-condensed units (T2 and Q%) at the expense of fully-condensed units (T° and Q%).
The total amount of T units was also lower than in the Si-NH,. These findings can again
be attributed to the above-mentioned conditions experienced by the samples during the
synthesizing process. As a consequence, the degree of condensation (DOC), calculated
according to Figueira et al [200], decreases after the reaction of SiO, with APTES, and

slightly further again after the incorporation of Si-NH: in the membrane.

Table 3.3: Quantitative analysis obtained from MAS 2°Si NMR data.

T1 T2 T3 Q3 Q4 DOC T% (T1+T2)/T3 Q3/Q4

49.8 -58,0 -66,1 -99,6 -110,3

SiO2 - - - 135 865 96,6 - - 0,2
SiNH: 20 251 485 50 195 895 756 0,6 0,3
(PA-SINH)m - 20,7 210 253 330 872 417 1,0 0,8

3.3.3 XRD
Figure 3.8(a) shows the XRD patterns for pure the silica (SiO;), and modified silica (Si-

NH2). Amorphous silica reveals a broad halo around 23° in the XRD pattern [201,202]. By

comparison with pure silica, the XRD spectrum of Si-NH; shows a halo at 26=23° due to
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Q unit domains, and a peak at 26=8° produced by T unit domains [203], consistently with
the NMR results [203].

Figure 3.8(b) shows the XRD patterns of the PK, PK-PDAPm and (PA-SiNHz)m.
As reported in chapter 2 [9], both PK and the polyamine membrane revealed the
crystalline phases a and 3, and an amorphous region. PK-PDAPmM appeared to be more
amorphous than pristine PK. In particular, the intensity of the B phase in PK-PDAPmM,
which appeared at 20 = 21°, was weaker. A similar pattern emerges in the spectra of (PA-
SiNHz)m. Due to the incorporation of modified silica in the polyamine matrix, the
intensity of the diffraction peak of (PA-SiNHz)m became weaker, implying that the
amorphous phase of the membrane increased. These results are perfectly in line with the
NMR findings.
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Figure 3.8: XRD spectra for: a) SiOz and Si-NH;; b) PK, PK-PDAPm and (PA-SiNHz)m.
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3.3.4 Thermogravimetric analysis
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Figure 3.9: Thermogravimetric profiles for: a) Si-NHa; b) (PA-SiNH2)m; ¢) modified
membrane in iodide form (PA-SiNH2)m-1; d) modified membrane in OH form (PA-
SiNHz)m-OH.
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Figure 3.9(a) shows the thermogravimetric curve and its derivative for aminopropyl-
functionalized silica (Si-NHz). Si-NH; exhibited mass loss in three stages: (1) first at
temperatures in the range of 25-200°C due to the elimination of adsorbed water from the
silica surface and residual ethanol; (1) then gradually over the temperature range of 200-
380°C, with a weight loss of less than 1%, which represents the decomposition of
aminopropyl groups; and finally (111) a rapid degradation above 400°C with a 3% weight
loss, possibly due to dehydroxylation of Si-OH residual functions leading to the formation
of Si-O-Si groups [194].

Figure 3.9(b) shows the effect of functionalized silica on the thermal stability of
(PA-SINH2)m. The membrane’s weight loss is distributed over three stages: (I) a first
weight loss of 1% at around 25-200°C, due to the elimination of trapped residual solvent;

(I1) a second at temperatures in the range of 200-300°C, with a 1% weight loss similar to

the one seen for Si-NH;; and (l11) a third occurring above 300°C, with a weight loss of
3%, due to decomposition of the soft segment functional groups.

Figure 3.9(c) and (d) show the thermogravimetric curves for the membranes after
methylation ([PA-SiNHz]m-1), and after the ion exchange process ([PA-SiNH;]m-OH),
respectively. Both thermogravimetric curves exhibited four stages: (1) a first weight loss
(1%) at temperatures in the range of 25-100°C on both thermogravimetric plots, which
corresponds to the evaporation of residual solvent; (1) a second weight loss from the (PA-
SiNH2)m-1 at about 100-200°C, due to loss of the amine group (the thermogravimetric
curve for [PA-SiNH2]Jm-OH showed the same behavior); (I11) a third weight loss due to
cleavage of the methylated group at 300°C with 1% and 7 % weight losses for (PA-
SiNH2)m-1 and (PA-SiNH,)m-OH, respectively; and (V) a fourth weight loss starting
from when the temperature rose above 350°C, when the polyamine matrix began to
decompose. This fourth stage coincided with a 7% weight loss for (PA-SiNH2)m-I,
whereas the thermogravimetric profile showed that the final decomposition of (PA-
SiNH2)m-OH started already at 300°C, with a greater weight loss (26%). We can conclude
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that adding modified silica improves the thermal stability of the membrane (up to 200°C).
The interaction between the modified silica and the polymer matrix can reduce the
polymer’s thermal motion, and the consequently greater energy required for the segmental

movement of polymer chain results in a higher thermal stability [195].

3.3.5 Differential scanning calorimetry

In the DSC thermograms for Si-NHz, (PA-SiNH2)m, (PA-SiNH2)m-I and (PA-SiNH2)m-
OH, shown in Figure 3.10, the exothermic peak in the temperature range of 5-50°C is due
to order-disorder molecular rearrangements and melting of the nanometric domains. Si-
NH; exhibited a broad endothermic peak at 160°C, indicating the release of volatile
fragments from the sample due to reactions of the residual starting materials and
decomposition of the organo-functional group. An additional endothermic peak is visible
at temperatures beyond 300°C, corresponding to dehydroxylation and the consequent

internal rearrangement of the silica backbone.

The curve for (PA-SiNH2)m reveals no remarkable exothermic phenomena up to
300°C, probably due to chemical cross-linking and intermolecular cross-linking between
Si-NH; and the polyamine matrix. Incorporating Si-NH in the polymeric matrix seems to

prevent its rearrangement.

The treated membrane (PA-SiNH2)m-1 actually behaves in much the same way as
Si-NH,, and the endothermic phenomena occurred at lower temperatures. The treatment
seems to have negatively affected the interaction between the reinforcement phase and the
PA. This trend is confirmed by the curve for (PA-SiNH2)m-OH), and all these results are

consistent with those of the TGA, as previously discussed.
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Figure 3.10: DSC thermographs for Si-NH2, (PA-SiNH2)m, the modified membrane in
iodide form (PA-SiNH2)m-1, and the modified membrane in OH form (PA-SiNH2)m-OH.

3.3.6 Water uptake and IEC

To assess the feasibility of a conductive membrane made of these materials, the water
uptake of the modified membranes was measured, and the results are shown in Table 3.4.
The IEC of the membrane in OH form ([PA-Si-NH2]JmOH) was examined. Alongside the
FTIR and NMR results, the IEC values seemed quite high - even compared with the
results for the membrane discussed in chapter 2 (page 23) — thus confirming the presence

and activity of amine groups.
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Table 3.4: Water uptake of different membranes

Membrane WU (%)
(PA-Si-NH2)m 3440.31
(PA-Si-NHz)ml 39+0.36
(PA-Si-NH2)mOH 4340.25

The properties of the membranes revealed a structural dependence on the hydrophilicity of
the functional group. The (PA-Si-NH2)mOH had a higher IEC (1.25 £0.01mmol/g), than
the poly(dodoxymethylene norbornene-co-norbornene-3-(trimethylpropyl ammonium)-
functionalized silica (1.19 mmol/g) described by He et al [204], implying that tails of
modified silica (-NHy) act as functional groups, improving the general properties of the
membrane. The modified membrane also exhibited a relatively higher water uptake

compared with the polyamine membrane [8].

3.3.7. Conductivity measurements

Figure 3.11 shows the ionic conductivity of the membranes as a function of temperature. It
is clear that raising the temperature increases the ionic conductivity, which reaches a
maximum value of 2.4 x10* S cm* at 130°C for (PA-SiNH;)m-1, and 4.8 x10* S cm* at
120°C for (PA-SiNH2)m-OH. The slight difference in the conductivity of the membrane
in OH form may be due to the membranes in hydroxide form absorbing more water than
those in the iodide form due to the thermodynamic driving forces involved in hydration
[205]. The conductivity of both membranes did not differ significantly from that of the
membranes synthesized without adding modified silica (PK-PDAPm[I] & PK-
PDAPmM[OH]) [8].

Caution is needed in comparing the conductivity values of membranes with and
without modified silica for several reasons. First of all, our main aim was to improve

thermal stability, and the structure was profoundly modified by adding silica which is an
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insulating material. The most significant improvement was obtained in terms of thermal
stability, particularly for the (PA-SiNH2)m-OH membrane. This is consistent with the
results of TGA (2% mass loss at temperatures in the range of 100-200°C).

Second, there are the different methods used to measure conductivity, which provided
different results. The conductivity of PK-PDAPm(I) and PK-PDAPmM(OH) was measured
using broadband electrical spectroscopy (BES) with a Novocontrol Alpha-A analyzer. The
temperature can be controlled with a home-made cryostat operating with a N2 gas jet
heating and cooling system. This instrument can provide detailed information about
conductivity measurements, but it is an expensive technique. We recently used Parstat
4000A equipment to perform impedance spectroscopy, which is considered a simple
technique, and similar techniques have often been used for conductivity measurements
described in the literature.
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Figure 3.11: lonic conductivity of (Pa-SiNH2)m-1 and (Pa-SiNH2)m-OH membranes vs.
temperature.

Figure 3.12 shows the dependence of conductivity on the temperature for (PA-SiNH2)m-I

and (PA-SiNH;)m-OH, and Table 3.3 gives the activation energy Ea. (kJ mol?) of the
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membranes. As the temperature increases, so does the mobility of both the ions and the
polymer chains, and this contributes to enhancing conductivity.
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Figure 3.12: Conductivity vs 1/T for (Pa-SiNH2)m-1 and (Pa-SiNH2)m-OH membranes.
Three conductivity regions are detectable (I, I1, & II1).

Three conductivity regions (I, Il and IIl) were identified (Figure 3.12). The overall

conductivity (oT) curve was simulated with the Arrhenius-like equation [164,165]:
or = Ag.exp (—E4|RT) (3.4)

where A; is the number of charge carriers, R is the universal gas constant, and E is the

activation energy, expressed with the Vogel-Fulcher-Tammann-like (VFT) equation
[164,165-168]

—EqvFr

or = Aa'epr(T——To) (35)
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where E,,ver is the pseudo-activation energy for conduction, and T is the thermodynamic
ideal glass transition temperature, with the boundary condition Tg -55 <T,> Tg -40 K
[166].

In regions | and 11, the relationship between conductivity and temperature is non-linear,
indicating a VFT behavior. This means that the ionic conductivity of the polymer
electrolyte relies mainly on the polymer chain’s segmental motion. Region Il shows a
linear relationship, indicating an Arrhenius behavior. This suggests that the anion
transport property is due to an ionic hopping mechanism [8, 167,168, 206]. With rising
temperatures, the polymer’s segmental movement promotes ionic motion by allowing the
ions to transfer from one site to another in the same polymer chain, or to the neighboring

polymer chain, resulting in an increased ionic conductivity [206].

Table 3.5: Activation energy of overall conductivity (o) in the three conductivity regions
for (Pa-SiNH2)m-I and (Pa-SiNH,)m-OH

Sample | 1 i

E. (KJ/mol) Ea (KJ/mol) Ea (KJ/mol)
(Pa-SiNH2)m-1I °6.20+2.34 ©11.22+1.68 “10.98+0.29
(Pa-SiNH2)m-OH  °6.58+0.55 °5.08+2.45 “10.92+0.32

*The value of Ea is determined by fitting the conductivity data with the Arrhenius
equation. °The value of E; is obtained by fitting the conductivity data with the VFT
equation.

3.4 Conclusions

Amine-functionalized silica (Si-NH,) was synthesized by co-condensation of APTES
using the sol-gel method. Si-NH; was added to the polyamine polymer to combine the
polymer matrix functionalities with the unique properties of the inorganic nanoparticles.
In this work, we investigated the effect of Si-NH. on the polyamine membrane’s thermal
properties and structural changes. Combined FTIR, NMR and XRD analyses led to the

complete structural characterization of the modified silica active filler, and revealed both a
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reinforcement effect and structural changes resulting from its addition to the polyamine
membrane. Our results show that the thermal stability of (PA-SINH2)m was better than
that of the corresponding membrane without silica, even after treatments with
iodomethane and KOH. (PA-Si-NH2)mOH proved capable of a higher water uptake
(WU=43 %) with an IEC of 1.25 mmol/g. The results showed that ionic conductivity
increased with rising temperatures: the highest ionic conductivity being 2.4 x10* S cm™ at
130°C for (PA-SiNH2)m-I, and 4.8 x10* S cm™ at 120°C for (PA-SiNH,)m-OH. Further
studies revealed three conductivity regions (I, Il and Il1), indicating that ion transport in
both (PA-SiNH2)m-I and (PA-SiNH2)m-OH in regions | and Il followed a VFT-like
behavior, suggesting that polymer chain segmental motion plays an important part in these
regions. Region Il followed an Arrhenius behavior, which involved an ion hopping
mechanism.
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Conclusions and Future work

Conclusions

This work describes the synthesis and characterization of AEMs derived from an
alternating aliphatic PK precursor. A summary of the results obtained in the two parts of

the study is presented below.

Alternating aliphatic PK, synthesized by copolymerizing carbon monoxide and
ethylene using a homogeneous palladium catalyst, proved an excellent polymer building
block for the synthesis of functional polymer. AEMs were successfully prepared by
chemically modifying PK with primary amine, followed by solution casting, methylation

and hydroxide ion exchange processes.

FTIR spectroscopy confirmed the successful synthesis of all systems. In
particular, two adjacent carbonyl groups of the polymeric chain reacted with amine to
form a pyrrole ring. These changes are revealed by: a lower intensity of the carbonyl
group (C=0) at 1689 cm; the presence of new peaks (around 754 cm™ and at 919 cm™)
due to out-of-plane vibration of (C-C) in the pyrrole ring, and to out-of-plane bending
vibration of (=C-H) in the carbon-carbon double bond; a broad peak at 1567 cm
corresponding to (C=C) stretching. UV-Vis spectra and NMR spectroscopy also provided
evidence of the presence of pyridine units due to molecular rearrangement and
crosslinking. This was further supported by DSC, where an endothermic peak observed at
T= 98°C related to crosslinking and condensation phenomena. The XRD analysis
indicated that the synthesized polymers and derived membranes had a semicrystalline
nature. The use of a PK precursor to form AEMs is promising because TGA of all the
compounds demonstrated a good thermal stability up to 200°C. The ionic conductivity

increases at higher temperatures, up to 120°C. The ionic conductivity of the iodide and
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hydroxyl membranes in hydrated form can reach values as high as 9 x10“ S.cm™ at 120°C
in the former, and 5 x10* S.cm™ at 90°C in the latter, with an IEC of 1.11 mmol/g. The
temperature dependence of the iodide and hydroxyl membranes’ ionic conductivity was
studied in both wet and dry conditions. Four conductivity regions (I, 11, 11l and V) were
detected, which corresponded to the thermal transitions measured by DSC. In dry
membranes, the conductivity mechanism of regions | and Il has an Arrhenius-like
behavior as a result of inter-chain ion hopping. The conductivity in region 111 follows a
VFT behavior, indicating that the ionic conductivity depends largely on the polymer
chain’s segmental motions coupled with charge migration. In wet membranes,
conductivity had a VFT-like behavior, suggesting that it relied mainly on the segmental

motion of the polymer host.

The second part of the research focused on synthesizing amine-functionalized silica
(Si-NH2) by co-condensation of APTES using the sol-gel method. Si-NH, was
incorporated in the polyamine polymer with the aim of combining the polymer matrix
functionalities with the unique properties of the inorganic nanoparticles. The modified
silica and corresponding membranes were structurally characterized with FTIR, NMR
and XRD analyses, which showed a reinforcement effect and structural changes. The
incorporation of Si-NH; clearly improved the membrane’s properties, and especially its
thermal stability, compared with the pristine polyamine membrane. Water uptake and
IEC also improved. The maximum conductivity was obtained at 2.4 x10* S cm™ at
130°C for (PA-SiNHz)m-I, and at 4.8 x10* S cm? at 120°C for (PA-SiNH;)m-OH.
Further studies indicated that ion transport in the (PA-SiNH2)m-1 and (PA-SiNH2)m-OH
samples had both a VFT-like and an Arrhenius-like behavior. Their conductivity
depended on the number of NH> groups. It could be improved by increasing the amine
content of the modified polymer. These results demonstrate that such a membrane might

have very good prospects for electrochemical applications.
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Future work

Having demonstrated the feasibility of AEMs based on modified PK, it would be worth
going on to increase the amine content of the modified polymer, to obtain a further
improvement in its conductivity. The mechanical properties and chemical stability of the
AEMs would also be well worth investigating. Further studies are also needed to better
clarify the electrochemical performance of AEMs by means of impedance spectroscopy
with a view to applications in vanadium redox flow batteries or alkaline fuel cells, for

instance.
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