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ABSTRACT
Anion exchange membranes (AEM) must be designed to withstand alkaline environments
and electrochemical stress over long periods of time during device operation. Today, most AEMs
employ quaternary ammonium cations functionalized onto polymers with benzylic moieties since
these types of nitrogen-based cations are easy to attach to polymers and have shown promising
conductivity and reasonable stability.
Vibrational spectroscopy was primarily used in this dissertation to probe the stability of a
series of quaternary ammonium-based AEMs. Research on the spectral assignments of the AEMs
studied is not comprehensive and new assignments were needed for accurate spectral
interpretation of the degradation processes of the materials. Moieties such as C-N, CH2 and CH3
are present in many polymeric backbones and cationic groups. Similar groups in different parts
of the polymer structure leads to overlapping vibrational frequencies in the Raman and IR
spectra. The Raman and IR spectra of quaternary ammonium based aliphatic and aromatic AEMs
were systemically compared to determine their peak assignments and uncover key peaks that
gave information on the degradation of these species.
Based on the complete vibrational assignments of three key AEMs, two separate
degradation experiments were employed to utilize the different strengths and advantages of IR
and Raman spectroscopy. The rates of degradation were measured by analyzing the vibrational
spectra over time to quantify the relative stability of quaternary ammonium under the range of
conditions tested.
In the IR spectra of each AEM, the asymmetric stretching of quaternary ammonium was
present as three degenerate peaks in the 900 – 980 cm-1 region and was used to compare the
stability of the following AEMs: quaternary ammonium functionalized poly(vinylbenzyl
chloride), Q-PVBC, quaternary ammonium functionalized poly(styrene)-b-poly(ethylene-r-
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butylene)-b-poly(styrene), Q-SEBS, and quaternary ammonium functionalized RADEL®-based
poly(sulfone), Q-RADEL. Both Q-PVBC and Q-SEBS employ styrene-based moieties in the
ionic phase and were expected to exhibit similar stabilities because of their similar chemical
structures. The amount of quaternary ammonium remaining after 10 h of degradation at 135 °C
was 80 % for Q-PVBC, 42 % for Q-RADEL, and 5 % for Q-SEBS. When examining the
bicarbonate anion peaks over 10 h, its intensity was most stable in Q-PVBC, followed by QRADEL and Q-SEBS. Additionally, the carbonyl moieties were present in the IR spectra of QRADEL and Q-SEBS. It is suggested that Q-PVBC, the most hydrophilic of the three, remains
hydrated throughout degradation contributing to the stability of quaternary ammonium.
The effect of temperature, humidity, and hydrogen oxidation reaction on Q-SEBS was
studied using a modified channel flow double electrode (CFDE) cell, capable of in situ collection
of Raman spectra. Key benzene vibrations characteristic of styrenes were used to analyze the in
situ spectra. The effect of temperature and hydration on the stability of quaternary ammonium in
Q-SEBS showed that the material degraded faster at higher temperature and lower hydration.
The amount of quaternary ammonium functionalized styrene remaining was 20 % (Tcell = 135 °C,
pH2O = 18.9 kPa), 43% (Tcell = 100 °C, pH2O = 13.9 kPa), 49 % (Tcell = 135 °C, pH2O = 79.8 kPa),
and 85 % (Tcell = 135 °C, pH2O = 79.8 kPa, -0.8 V vs. RHE). Electrochemical degradation was not
found to accelerate degradation due to water production in the cell which stabilized Q-SEBS.
When the samples were degraded at high temperatures, the formation of carbonyl
functionalized styrene residues in Q-SEBS and Q-RADEL were observed in both Raman and IR
spectra. A degradation mechanism was presented where a benzyl alcohol group on styrene forms,
by S2N substitution of hydroxide at the benzyl position of the quaternary ammonium, and
subsequently attacks another quaternary ammonium moiety to form an ether linkage to yield
carbonyl and methyl-functionalized styrene residues.
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Lastly, Raman microspectroscopy was used to gather spatially resolved chemical
information on the carbon and PTFE distribution of fuel cell gas diffusion layers. GDLs with
varying PTFE content were imaged over areas of 1000 x 1000 µm and it was found that PTFE
morphology was readily observed on the surface of the GDLs having greater than 20 wt. % PTFE
where the PTFE was more likely to be present at the intersection of multiple carbon fibers.
Spectroscopic measurements were performed on green and sintered gas diffusion layers having
1.8 to 44 wt. % PTFE with point-by-point resolution of 10 to 500 µm. It was found that the
average PTFE signal detected on the surface of the GDL increased monotonically for both green
and sintered GDLs with increasing bulk PTFE loading. Additionally, green GDLs had more
PTFE on their surface compared to sintered GDLs.
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Chapter 1
Introduction

1.1 Motivation
New types of fuel cells are helping to promote advancements in high energy density
energy power sources and clean energy systems.

Proton exchange membrane fuel cells

(PEMFCs) have undergone significant development over the last 10 years, but PEMFCs remain
too expensive for many applications. A major goal of catalyst research in PEM fuel cells is to
reduce the costs of the catalytic materials, which are typically platinum-based due to platinum’s
high electrocatalytic activity and reasonable stability in acidic media.1 For an alkaline membrane
fuel cell (AMFC) with a cationic membrane that increases the internal pH of the device, the use
of non-precious metal catalysts is possible because many metals do not corrode in basic
environments.2 For this reason, AMFCs are currently being evaluated as a path to very low cost
fuel cell devices. Also, the high pH of an AMFC facilitates lower oxygen reduction overpotential
compared to PEMFCs, which yields more efficient cathodes.2 At the anode of an AMFC, faster
hydrocarbon fuel oxidation kinetics are possible that allow use of complex fuels such as ethanol,
which are not oxidized easily or completely in the acidic conditions of a PEM fuel cell.3 It is
known that hydrogen oxidation under basic conditions can lead to additional overpotentials that
are not encountered in PEM fuel cells.

Additionally, current reports on AMFCs highlight

degradation issues and it is hypothesized that poor polymer stability is the key contributing factor
to short-lived devices. For this reason, the degradation of the ionomer at the hydrogen electrode
is a highlight of this work.4

Anion exchange membranes (AEMs) are comprised of polymers functionalized with an
organic cation to affect anion, typically hydroxide, conductivity through the hydrated polymer
membrane.

Today, most AEMs employ quaternary ammonium cations functionalized onto

polymers with benzylic moieties since these types of nitrogen-based cations are easy to attach to
polymers and have shown promising conductivity and reasonable stability properties compared to
other cations.5-7 Cations such as guanidinium,6 phosphonium,8 and imidazolium9 have been
demonstrated in AEM format, but the advantages of these cations have not been rigorously
proven. In AMFCs, oxygen reduction at the cathode produces hydroxide ions, Eq. (1.1), that are
conducted to the anode where, in a hydrogen-fed cell, hydrogen oxidation occurs, Eq. (1.2).10
The production of hydroxide causes strong alkaline conditions in the membrane, which is
suspected to degrade the polymer and cationic groups.
½ O2 + H2O + 2 e- → 2 HOH2 + 2 HO- → 2 H2O + 2e-

(1.1)
(1.2)

In initial experiments of AMFCs employing AEMs functionalized with quaternary
ammonium moieties, the operational lifetime stability of the devices were poor leading to a rapid
and unrecoverable decrease in cell power output.11 Due to the rapid decline in cell performance,
researchers have hypothesized that the chemical stability of the cationic polymer in the electrode
plays a major role in the degradation of an AMFC’s performance.12
AEMs must withstand varying temperatures, hydration, and electrochemical potentials
and studying the degradation mechanisms of both the polymeric backbone and cationic groups
will aid in further design of next-generation, chemically robust materials.

Vibrational

spectroscopy is primarily used in this dissertation to probe these AEMs because this set of
techniques provides the flexibility to employ in situ experimental conditions that give time
resolved data during the degradation process. However, accurate spectral assignments of these
2

novel AEMs are not as comprehensive as NMR spectroscopy, for example. Accurate peak
assignments for these novel AEMs are needed to interpret the degradation mechanisms of the
materials of interest in this work.
The Literature Review in Chapter 2 reviews concepts related to AEMs and vibrational
spectroscopy. The first part discusses AEMs with potential commercial use in AMFCs, the
degradation mechanisms of their polymeric backbones and cationic groups, and the
electrochemistry of AMFCs. The chapter finishes with vibrational spectroscopy theory and its
related quantitative analysis methods used in this dissertation.

1.2 Methods
The AEMs are comprised of aliphatic and aromatic polymer backbones functionalized
with quaternary ammonium groups, with two examples shown in Figure 1.1. A complete analysis
of both the infrared and Raman vibrational spectra of these AEMs is presented in Chapter 4. The
spectral assignments were facilitated by using representative organic compounds, such as
tetramethylammonium chloride and benzyltrimethylammonium chloride, and by modifying the
synthesis of these AEMs to compare how vibrational spectra changes as a function of IEC or
polymeric backbone. Specific emphasis of the quaternary ammonium moiety is discussed since
its stability is vital for durable AMFCs.12, 13
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Figure 1.1. Anion exchange membranes used in this study: (a) quaternary ammonium
functionalized poly(styrene)-b-poly(ethylene-r-butylene)-b-poly(styrene), Q-SEBS, and (b)
quaternary ammonium functionalized RADEL® poly(sulfone).

This dissertation presents a systematic method for investigating the stability of anion
exchange membranes under accelerated aging and electrochemical conditions. Understanding the
molecular changes occurring to the AEM under a range of conditions can lead to the design of
stable cationic polymers in fuel cell devices.
In Chapter 5, the AEMs were subjected to varying temperature and water partial pressure
environments. The rates of degradation were measured by analyzing the vibrational spectra of
the materials over time to quantify the relative stability of the AEM under the range of conditions
used. The high temperatures applied were used to accelerate degradation as is common for
accelerated polymer stability tests.9,10,16 An assumption made in this work is that the modes of
degradation do not drastically change with temperature.

However, even if the degradation
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mechanisms change with temperature, an accurate ranking of the relative stabilities of the AEM
under various conditions can still be obtained.
The strong alkaline environment at the AEM/anode interface in the AMFC is suspected
to contribute to degradation of performance of an operating device. In Chapter 6, the effect of the
hydrogen oxidation reaction on a quaternary ammonium functionalized polymer was measured
using a spectroelectrochemical cell based on a channel flow double electrode (CFDE) design.14-17
The electrochemical cell was outfitted with an optical window to allow in situ collection of
Raman spectra at the working and counter electrodes, Figure 1.2.

Figure 1.2. Modified channel flow double electrode cell for collection of in situ Raman spectra.

Chapter 7 presents the Raman mapping of gas diffusion layers employed in PEMFCs and
AMFCs to determine the distribution of poly(tetrafluoroethylene), PTFE, on the surface of the
GDL. Information about the distribution of PTFE can not only aid in the design of GDLs, but
can also help to answer existing questions about the details of the transport pathways for water
and gas within the GDL structure. When Raman spectra are successively collected point-by-point
over a defined area, the presence of functional groups corresponding to carbon or PTFE could be
extracted to give chemical maps.18, 19 Thus, the material composition across the surface of the
GDL composite can be represented by the intensity of the Raman signals from the constituent
5

components of the composite. Raman spectroscopy, by virtue of its detection of both PTFE and
carbon, facilitates quantification of the relative concentrations of PTFE on the surface of the
GDLs, which will help to compare GDLs with varying PTFE content. Thus, Chapter 7 aims to
demonstrate scanning Raman microspectroscopy as a useful tool for characterizing the structure
and composition of GDLs.

Additionally, a systematic series of samples were examined to

provide evidence that Raman techniques may provide non-destructive analysis of GDL
composition.
Lastly, the Appendix contains detailed CAD drawings of the modified CFDE cell and
initial stability studies of other AEMs such as quaternary ammonium functionalized
poly(bromobutyl styrene), quaternary ammonium functionalized poly(phenylene oxide), and
other variations of

Q-SEBS.

These variations of Q-SEBS facilitated many of the peak

vibrational assignments in Chapter 4.
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Chapter 2
Literature Review

2.1 Introduction to Anion Exchange Membranes
A major goal of catalyst research in proton exchange membrane (PEM) fuel cells is to
reduce the costs of the catalytic materials, which are typically platinum-based due to platinum’s
high electrocatalytic activity and reasonable stability in acidic media.1 For an alkaline membrane
fuel cell (AMFC) with a cationic membrane that increases the internal pH of the device, the use
of non-precious metal catalysts is possible because many metals do not corrode in basic
environments.2, 20 Also, the high pH environment of an AMFC facilitates lower oxygen reduction
overpotential compared to PEMFCs, which yields more efficient cathodes. At the anode of an
AMFC, faster hydrocarbon fuel oxidation kinetics are possible that allow use of complex fuels
such as ethanol, which are not oxidized easily or completely in the acidic conditions of a PEM
fuel cell.3 Therefore, by moving fuel cell operation to a high pH environment, AMFCs can have
drastically lower costs compared to PEMs due to the ability to use non-precious metals to
facilitate the fuel cell electrochemical reactions at basic pH. Moreover, it is speculated that nonfluorinated polymers may be stable enough under alkaline conditions because the peroxide
concentration at high pH is low. In a PEM fuel cell, perfluorinated membranes are usually
required due to peroxide generation during cell operation.
In the past, AMFCs employed liquid alkaline electrolytes composed of aqueous
potassium hydroxide. Under these conditions in an air-fed cell, carbonate precipitation would
occur due to the following reaction:

CO2(aq) + 2 KOH(aq) → K2CO3(s) + H2O(l)

(2.1)

However, in solid polymer anion exchange membranes that do not contain metal ions,
this type of precipitation reaction is not possible. Therefore, new generations of polymers are
needed that will enable AMFCs to operate on air in the presence of CO2 with no carbonate
precipitation. CO2 is still an issue in AMFCs due to the pH gradient that can form between the
anode and cathode due to the gradient in CO2 and bicarbonate concentration, especially during
use of complex oxygenated hydrocarbon fuels. Additionally, engineering strategies to decrease
the effects of CO2, such as higher temperature operation, are being explored, but these strategies
generally rely on having robust AEMs and anion conducting ionomers.
Anion exchange membranes (AEMs) are typically comprised of polymers functionalized
with an organic cation to affect anion, such as hydroxide, conductivity through the membrane.
Cationic groups employed in anion exchange membranes include pyridinium5, 21, quaternary
ammonium, quaternary phosphonium22, 23, and tertiary sulfonium24, Figure 2.1.

Guanidinium25,

imidazolium9, phosphonium26, and hybrid bis(terpyridine)ruthenium(II) complex27 cationic
groups have the potential for AEM use but have not been well studied.

Figure 2.1. Examples of cationic groups used in anion exchange membranes (AEMs) tethered to
styrene moieties through benzyl linkers, from left to right: pyridinium, quaternary ammonium,
quaternary phosphonium, and tertiary sulfonium.
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2.2 Stability of Quaternary Ammonium
Today, most AEMs employ quaternary ammonium cations attached to styrenic groups
since they are easy to synthesize and have shown promising conductivity and reasonable stability
properties. Other cations, such as guanidinium25, imidazolium9, and phosphonium8 have been
demonstrated in AEM format, but the advantages of these cations have not been rigorously
proven. Different types of quaternary ammonium structures and their stability will be discussed
followed by comments on other types of cations.
In initial experiments on anion exchange membrane fuel cells (AMFCs) with
benzyltrimethylammonium-based polymers, the operational lifetime stability was poor leading to
a rapid and unrecoverable decrease in cell power output.11 Due to the rapid decline in cell
performance, researchers have hypothesized that the stability of the cationic polymer plays a
major role in the degradation an AMFC’s performance. Therefore, major efforts in AMFCs are
focused on creating new anion exchange membranes and studying the stability of AEMs under
various conditions. Some of the critical variables for AEM stability include temperature, relative
humidity, and electrochemical potential.
In earlier work, it was suggested that tetramethylammonium cation stability is limited to
60 °C.5 In recent research aimed at studying the stability of hydrated AEMs, thermal gravimetric
analysis (TGA) and evolved gas analysis (EGA) of tetramethylammonium hydroxide
pentahydrate, a model compound for AEMs, provided insight on the decomposition of the
cation.13 The TGA experiments consisted of a dynamic experiment where the sample was slowly
heated to 160 °C and an isothermal experiment where the sample was held at 90 °C for 160 h.
The dynamic TGA experiments showed some loss of water of hydration at 37 °C and complete
loss of water at 125 °C.

EGA was collected in situ and shows methanol and dimethyl ether

forming at 110 °C and trimethylamine and water at 130 °C. Methanol and trimethylamine are
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common degradation products12, 13, 28 of quaternary ammonium and will be discussed later. For
the isothermal experiments conducted at 90 °C, degradation of the quaternary ammonium cation
was not observed until complete loss of hydration occurred which happened after 60 h. After 60
h, evolution of dimethyl ether and trimethylamine were observed. These results suggest that loss
of hydration must occur first for thermal degradation of quaternary ammonium to occur. These
researchers further proposed that as long as the hydroxide ion is properly solvated, thermal
degradation is delayed until higher temperatures.
In a computational study, it was found that hydration of HO- anions is important for the
stability of the tetramethylammonium cation because of the dielectric shielding of the negative
charge by water and hence weaker nucleophilicity of the anion.12 Low hydration was found to
lead to increased degradation of the cation due to increased reactivity of the unhydrated
nucleophile. The degradation mechanisms of quaternary ammonium and its stability to other
functional groups will be discussed in Section 2.4 AEM Stability and Degradation.

2.3 Types of Anion Exchange Membranes

2.3.1 Introduction
The section will review different types of anion exchange membranes used in fuel cells,
while briefly mentioning AEMs developed for other industries including food processing and
desalination. AEMs will be grouped by synthesis method and then by polymer structure as
follows: functionalized monomers that are polymerized and chemical modification of aliphatic
and aromatic backboned polymers to form AEMs. Refer to the recent reviews by Couture29 and
Merle30 for an extensive discussion on polymeric anion exchange membranes.
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2.3.2 Direct (Co)polymerization of AEMs
For the synthesis of these types of AEMs, the ammonium group is already present in the
monomer or is functionalized onto the monomer prior to polymerization. These AEMs naturally
have high amounts of cationic groups per monomer unit and adding other co-monomers varies the
ion exchange capacity.
One such example of a polymerizable cationic monomer is diallyldimethylammonium
chloride (DADMAC), a diallylic monomer containing an ammonium group, which yields a cyclic
ammonium AEM after radical polymerization.31, 32 The resulting AEM is water soluble, and is
useful as a polyelectrolyte, but not for AMFC applications unless the water solubility is
addressed. Valade, et al.33 developed an AMFC appropriate membrane through the
copolymerization of a fluorinated monomer and DADMAC, Figure 2.2. This fluorinated AEM
achieved an ionic conductivity close to 1 mS cm-1 and IEC of 0.7 meq g-1. Valade, et al. noted
that the measured conductivities were too low to meet current requirements for AMFCs.

Figure 2.2. Synthetic scheme for synthesis of cationic copolymer from chlorotrifluororethylene
and diallyldimethylammonium chloride (DADMAC).33

Aliphatic and bicyclic diamines, Figure 2.3, monomers bearing two potential ammonium
groups, are typically cross-linked with other monomers or polymers for AMFC use. Aliphatic
diamines of various chain lengths have been employed to cross-link chloromethylated
poly(styrene)34 and poly(sulfone).
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Figure 2.3. Structure of an aliphatic diamine, chemical name, and a bicyclic diamine, chemical
name (DABCO), used in AEMs.

Komkova, et al.35 cross-linked chloromethylated poly(sulfones) with N,N,N’,N’tetramethylalkyl diamines of various chain lengths. The 6-carbon
N,N,N’,N’-tetramethylhexanediamine crosslinked polymer exhibited high stability in an alkaline
environment, achieving an IEC of 1.14 meq g-1 and conductivity of 9.2 mS cm-1. The shorter
tetramethylethyldiamine crosslinker exhibited low stability. Hofmann degradation occurred due
to the presence of the β-hydrogens in the aliphatic diamines. The rate of degradation increased
for the ethyl linkage because of the presence of “2 β-hydrogens” as stated by the authors. The
degradation mechanisms for their AEMs will be further discussed in Chapter 2.4 AEM Stability
and Degradation.
Robertson and coworkers were motivated to provide a “more straightforward AEM
synthesis route” by attaching tetraalkylammonium groups to ring-opening metathesis
polymerization

(ROMP)-active

monomers

prior

to

polymerization.

ROMP

of

tetraalkylammonium functionalized cyclic olefins was successfully realized, Figure 2.4. In this
work, it is interesting to note that the quaternary ammonium moiety survived both the ROMP
reaction and subsequent hydrogenation.
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Figure 2.4. Ring-opening metathesis polymerization (ROMP) of tetraalkylammonium
functionalized cyclic olefin and dicyclopentadiene co-monomer as a crosslinker.36
The conductivity measured for this polymer was 30 mS cm-1, which is too low for current
standards, but is in the ballpark of other experimental membranes.36 Robertson, et al. improved
the AEM by using a cross-linked alkyl bearing pendant tertiary ammonium group prior to
polymerization.37 The cross-linked network helped reduced swelling and the conductivity of the
membranes was 68.7 mS cm-1, but was insoluble in many common solvents due to the crosslinking. The synthesis methods was modified to allow solubility in a mixture of n-propanol and
water,38 still using the tetraalkylammonium functionalized cyclic olefin. The resulting AEM
essentially was a quaternary ammonium functionalized poly(ethylene) AEM.

2.3.3 Chemically Modified Polymers for AEMs
Today, novel AEMs are typically synthesized by the covalent attachment of cationic
groups onto presynthesized polymer backbones. Functionalization of these polymers typically
involves the following sequential reactions to produce an AEM: chloromethylation, amination,
and an optional ion exchange, Figure 2.5. The Friedel-Crafts chloromethylation reaction occurs
on

an

activated

aromatic

ring

by

adding

a

chloromethylating

agent

(e.g.

chloromethylmethylether) and a Lewis acid catalyst (e.g. ZnCl2) to a solution of the polymer in
chlorinated solvent resulting in a halomethylated polymer. The amination reaction introduces
ammonium groups into the halomethylated polymer by dissolving the polymer using a suitable
solvent and adding the amine solution (e.g. triethylamine, trimethylamine, or others). The ion
exchange step replaces the chlorine ions with hydroxide ions by treatment with potassium
hydroxide solution. Also, bicarbonate form AEMs can be obtained by treatment with sodium
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bicarbonate. A mobile counter ion is associated with each ionic function in order to preserve
electro-neutrality of the polymer and is typically chloride, bicarbonate, or hydroxide ions.

Figure 2.5. Alkalization of a quaternary ammonium functionalized poly(styrene-ethylenebutylene-styrene), (Q-SEBS).39
Compared to radiation-grafted membranes, post-functionalized linear polymers allow
these types of AEMs to be dissolved in solvents so that they can be cast to form membranes of
various thickness and sizes or used in catalyst layer solutions for making electrodes.
This section will discuss aliphatic and aromatic-based polymers separately. Typically the
preparation of these AEMs follows the sequential chloromethylation and amination reactions, but
there are some examples of replacing the chloromethylation reactions with bromination of benzyl
groups.40

Many polymer backbones used are commercially available such as the aromatic

poly(sulfone) under the trademark names of UDEL® and RADEL®, both manufactured by Solvay
Advanced Polymers.

2.3.3.1 Polymers with Aliphatic Backbones
The vinylbenzyl chloride monomer can be polymerized relatively easily for
functionalization with quaternary ammonium ions. However, pure VBC-based polymers are too
hydrophilic for reasonable membranes, so comonomers or block copolymers are used to enhance

14

the AEM properties and there are several triblock co-polymers that are commonly used. Zeng, et
al.39 and Vinodh, et al.41 independently published similar synthesis methods of a quaternary
ammonium functionalized triblock copolymer AEM. The triblock copolymer was a poly(styreneco-butylene-ran-ethylene-co-butylene) first used in ionic polymers by Weiss.42 Both studies
reported the successful use of paraformaldehyde as a chloromethylating agent which was more
environmentally friendly than chloromethylmethylether or bischloromethyl ether, deemed a
potent carcinogen in the 1970s.43, 44 The prepared AEMs were flexible with good chemical and
mechanical stability. Vinodh, et al. achieved an IEC of 1.0 mS cm-1 at room temperature while
Zeng, et al. achieved an IEC of 9.4 mS cm-1 at 80°C. Trimethylamine solution, used by Zeng, et
al. is more widely used today than triethylamine solution, used by Vinodh, et al., due to the
triethylamine introducing β-hydrogens which are known degradation sites.

Quaternary

ammonium functionalized SEBS is commercially available as Selemion™ (Asahi Glass Co. Ltd.,
Japan).
Luo, et al.45 developed another triblock copolymer using vinylbenzyl chloride, methyl
methacrylate, and butyl acrylate monomers, Figure 2.6. The methyl methacrylate was chosen to
provide mechanical strength and the butyl acrylate was chosen to alleviate brittleness.

Figure 2.6. Structure of quaternary ammonium functionalized poly(methyl methacrylate-co-butyl
acrylate-co-vinylbenzyl chloride).45
Three different monomer ratios were used for the poly(methyl methacrylate-co-butyl
acrylate-co-vinylbenzyl chloride). Poly(methyl methacrylate) and poly(butyl acrylate) increased
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mechanical properties as expected, but sacrificed ionic conductivity. The copolymer with the
highest VBC content had the highest conductivity at 8.2 mS cm-1 at 80 °C.
Poly(styrene-co-acrylonitrile) was synthesized via in situ cross-linking of VBC-based
copolymers functionalized with imidazolium and quaternary ammonium groups, Figure 2.7.9
Both copolymers had the same IEC value to compare conductivity and chemical stability in a
high pH environment and exhibited hydroxide conductivity above 10-2 S cm-1 at room
temperature. The stability of these two polymers will be discussed in Chapter 2.4.3.

Figure 2.7. Structure of poly(styrene-co-acrylonitrile) functionalized with imidazolium and
quaternary ammonium groups.9
Polymers based on aliphatic ethers have been synthesized for AEM use to take advantage
of their high chemical stability. Poly(epichlorhydrin), with its pendant chlorine atoms, is
chloromethylated and aminated to produce AEMs that are essentially poly(ethylene oxide)
functionalized with either triethylamine,46 DABCO,46,

47

or quinuclidine.47

A DABCO

functionalized poly(ethylene oxide) AEM is shown in Figure 2.8.

Figure 2.8. Structure of 1,4-diazabicyclo[2.2.2]octane (DABCO) functionalized poly(ethylene
oxide).46
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The DABCO functionalized poly(ethylene oxide) produced a more stable film when
cross-linked with allylglycidyl ether47 and produced a higher power density in a fuel cell device
under hydrogen/oxygen conditions.

The power density for the DABCO functionalized

chlorinated poly(ethylene oxide) was 310 mW cm-2 at 1 A cm-2 and 25 °C46, while the DABCO
functionalized cross-linked poly(ethylene oxide) produced 370 mW cm-2 at 1 A cm-2 and 25°C
(power density and cell area were normalized for comparison purposes).48
Perfluorinated aliphatic polymers that have been chemically modified with ionic groups
have also been tested for AMFC use and are attractive because of their chemical, mechanical, and
electrochemical properties. NAFION® (DuPont) is a well-known commercially available proton
exchange membrane that is typically used in PEMFCs. In 1986, Matsui, et al.49, 50 were the first
to modify NAFION® for use in AMFCs by converting it to an ammonium-type membrane
through the reduction of the carboxyl group to methylene followed by quaternization with an
alkyl iodide. The resulting AEM had an IEC of 0.6 – 1.0 meq g-1.
These aliphatic polymers represent a majority used for potential AMFC applications.
There are other polymers used such as poly(propylene)51 and poly(vinyl alcohol)52-55 which have
been explored but these structures have not been rigorously tested for AMFC use.

2.3.3.2 Polymers with Aromatic Backbones
Hibbs, et al.56 synthesized AEMs based on poly(phenylene) backbones, Figure 2-10.57, 58
The poly(phenylenes) have benzylic methyl groups that are subsequently brominated and
aminated to form quaternary ammonium functionalized AEMs.
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Figure 2.9. Structure of quaternary ammonium functionalized poly(phenylene).56, 59

The maximum hydroxide ion conductivity achieved in these materials was 50 mS cm-1. The
conductivities and water uptakes were higher than poly(sulfone) based AEMs due to the kinked
poly(phenylene) backbone and bulky side groups.
Poly(sulfones) are known for their toughness and stability and have been functionalized
with quaternary ammonium moieties. The amination of poly(sulfone) was first reported by
Zschocke and Quellmalz60 with a more detailed synthesis method described by Lu20 and Pan.61
The AEM by Pan, et al. achieved a power density in a hydrogen-fed fuel cell of 110 mW cm-2 at
0.55 V.61

Figure 2.10. Chemical structure of quaternary ammonium functionalized poly(ether sulfone).60
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Other variations of poly(sulfone) based AEMs include using tetramethylhexanediamine62
as a cross-linking agent to minimize membrane swelling. Block copolymers of poly(sulfone) and
poly(phenylenesulfidesulfone)63 have been fabricated into AEMs where different ratios of the two
polymers were incorporated into the material to assess the relationship between area resistivity
and ion exchange capacity.
Poly(sulfone) based proton exchange membranes have incorporated fluorine groups to
improve chemical stability64,

65

and have since been incorporated into AEMs. Wang, et al.

modified the isopropyl methyl groups of UDEL® with fluorine groups66, Figure 2.11.

The

hydrophobic fluorine groups in the backbone resulted in low water uptake and a hydroxide
stability of 84 mS cm-1.

Figure 2.11. Structure of quaternary ammonium functionalized fluorinated poly(ether sulfone).66

Zhou, et al. added fluorine groups to the aryl rings adjacent to the sulfonyl groups
through polycondensation, chloromethylation, and amination reactions.67 Conductivity values
measured were 10 mS cm-1 at room temperature and 63 mS cm-1 at 70 °C. It was found that
conductivity of the membrane gradually decreased within 80 h when immersed in 1 M hydroxide
solution.
Aromatic poly(imides) and poly(ether imides) have good thermal stability, chemical
resistance, and mechanical properties. Wang, et al.68 functionalized aromatic poly(ether imides)
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with quaternary ammonium groups for use in AMFCs, Figure 2.12. A conductivity of 3.51 m S
cm-1 at 40 °C was achieved and was stable in 1.0 M KOH up to 80 °C.

Figure 2.12. Chemical structure of quaternary ammonium functionalized poly(ether imide).68

AEMs based on poly(ethers) were prepared by Xu, et al.69, 70 The synthesis methods
presented noted that chloromethylmethylether was not used and instead a bromination step to
produce benzyl bromide moieties followed by amination with trimethylamine or ethyldiamine.
The resulting IEC was dependent on the extent of bromination. The maximum IEC achieved was
3.5 meq g-1, but the stability of these AEMs was not assessed in fuel cells.
Cardo functional groups attached to aromatic backbones are interesting bulky side groups
that provide mechanical and thermal stability to the polymer.71, 72 Xiong, et al. synthesized a
quaternized cardo poly(ether ketone), Figure 2.13, which exhibited water update of 3.3 wt. % and
an IEC value of 0.11 meq g-1. The AEMs had no loss in conductivity when immersed in a 3 wt.
% H2O2 solution at 60 °C for 168 h and displayed low methanol permeability (<10-9 mol cm-2
min-1) which is advantageous for liquid-fed fuel cells.

Figure 2.13. Structure of quaternary ammonium functionalized cardo poly(ether ketone).72
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Other aromatic polymers have been used as AEMs through the cross-linking of DABCO,
an extension of the work mentioned in Chapter 2.3.3.1 Polymers with Aliphatic Backbones. The
bicyclic diamine, 4,4’-diazabicyclo-[2.2.2]-octane (DABCO) has been attached to poly(styrene)7,
73

, poly(sulfone)7, poly(ether sulfone). 7 The two possible ammonium sites on DABCO has been

used as a cross-linking agent for chloromethylated poly(vinylbenzyl chloride),7, 73 to achieve an
IEC of 1.88 meq g-1. However, functionalizing both ammonium sites leads to lower alkaline
stability due to the higher acidity of the adjacent protons compared to when only one quaternary
ammonium site of DABCO is functionalized. Refer to Chapter 2.4.2 Quaternary Ammonium
Degradation by Hydroxide for more information on these degradation mechanisms.

2.4 AEM Stability and Degradation
Many studies focus on changes in conductivity74 or IEC75 of an AEM to evaluate its
performance, but do not address underlying chemical changes in the polymer. The chemical and
thermal stability of the membrane depends strongly on the nature of the functional group capable
of transporting the hydroxyl anions but also the nature of the backbone.29
The known degradation mechanisms of polymeric backbones used in AEMs and
quaternary ammonium are separately reviewed. These degradation mechanisms are important for
understanding the stability of AEMs used in this work and will be referenced in Chapters 5 and 6.

2.4.1 Polymer Backbone Degradation by Hydroxide
Hydroxide degradation of AEMs has been well studied and has shown to be dependent on
the structure of the polymer backbone and the cationic group. For example, dehydrofluorination
occurs readily in poly(vinylidene fluoride) (PVDF) in an alkaline environment, Figure 2.7.76
21

Figure 2.14. Dehydrofluorination of poly(vinylidene fluoride) in an alkaline medium.

The primary process of dehydrofluorination of PVDF is elimination of the hydrogen
fluoride units and formation of a C=C double bond in the polymer backbone. This “chain
zipping” mechanism repeats until it reaches head-to-head and tail-to-tail defects.77
Degradation of poly(imide) in an alkaline environment occurs when hydroxide ions
attack the imide group to eventually form poly(amic acid), Figure 2.15.78, 79

Figure 2.15. Alkaline hydrolysis of poly(imide) to poly(amic) acid.79

Eventually, the complete scission of the polymer through the phthalimide functional group can
occur through ammonia evolution.79, 80
Comparison of the hydroxide stability of aliphatic and aromatic backbone polymers has
been performed60 showing that aromatic backbones are generally more stable than aliphatic
backbones.

Zschocke60 investigated the alkaline stability of several polymers.

Of note,
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poly(sulfone), poly(styrene), and sulfonated poly(ethylene) were immersed in 40 wt. % sodium
hydroxide for 300 h at 70-80 °C. The authors' qualitative observations found poly(sulfone) and
poly(styrene) to be stable while the sulfonated polyethylene was “destroyed”. There are not
many other studies of the base stability of aromatic polymers, especially sulfonated or ionically
functionalized samples that give close contact between the polymer chains at the base.
Vega, et al. studied the effect of hydroxide on commercially available AEMs
functionalized with quaternary ammonium groups.

The samples were converted to their

hydroxide form and immersed in 1 M and 10-4 M KOH solutions for durations of 1 to 30 days.
The chemical structures of the AEMs used were proprietary but FTIR measurements confirmed
one having a poly(ethylene) backbone and the other having a poly(styrene) backbone. The AEM
with the poly(ethylene) backbone showed formation of a 1615 cm-1 peak, due to alkene
stretching, consistent with Hofmann degradation.

The conductivities for the AEMs were

measured after the degradation cycle and showed noticeable changes, but no attempts were made
to distinguish between nucleophilic attack and Hofmann elimination mechanisms in the
degradation analysis by FTIR.

2.4.2 Quaternary Ammonium Degradation by Hydroxide
In addition to backbone degradation, hydroxide can attack the cationic groups of
AEMs.13,

28, 30

The degradation of quaternary ammonium groups by hydroxide, specifically

quaternary ammonium groups, is well known.7, 29, 30 This section will also discuss the degradation
of other quaternary ammonium compounds such as pyridinium and DABCO.
Degradation of alkyltrimethylammonium groups occurs by nucleophilic substitution or
Hofmann elimination. Nucleophilic substitution, seen in Figure 2.16, can occur whereby
hydroxide attacks the quaternary ammonium in two ways: 1) hydroxide can attack the carbon of
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the methyl group to form a tertiary ammine on the polymer and methanol, and 2) hydroxide can
attack the alpha-carbon in the quaternary ammonium tether to form trimethylamine and a polymer
with an attached alcohol.

Figure 2.16. Hydroxide attack of quaternary ammonium by nucleophilic substitution.

Hofmann elimination occurs when hydroxide attacks a β-hydrogen to the quaternary
ammonium resulting in a trimethylamine and an alkene, Figure 2.17. Hofmann elimination can
be avoided by designing polymers with no β-hydrogens to the quaternary ammonium.

Figure 2.17. Hydroxide attack of quaternary ammonium by Hofmann elimination.

In another mechanism, the formation of an ylide (trimethylammonium methylide) and a
water molecule are formed by the abstraction of a proton from a methyl group.12 The ylide
subsequently reacts with water to form methanol, Figure 2.18.
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Figure 2.18. Hydroxide attack of quaternary ammonium to form a trimethylammonium
methylide through the abstraction of a proton from the methyl group.12

A systematic study of trimethylammonium cations altered the number of β-hydrogen
atoms susceptible to Hofmann elimination and introduced increased steric hindrance of
substituted alkyltrimethylammonium cations.81 Thermal gravimetric analysis with evolved gas
analysis12, 81 determined the specific degradation mechanisms of quaternary ammonium groups by
measuring the byproducts of the degradation reactions and the resulting polymer. The alkyl
substituents were ethyl, n-propyl, isobutyl, and neopentyl functional groups. The products of the
decomposition reactions were trimethylamine and olefins, indicative of Hofmann elimination, as
expected. As the number of β-hydrogen atoms decreased or the addition of adjacent methyl
groups, such as neopentyl, increased, substitution attack of hydroxide on the methyl groups
increased.

2.4.3 Degradation Mechanisms and Comparative Stability of Other Cationic Groups
Quaternary ammonium is currently the preferred cationic group functionalized onto
AEMs due to its stability and inexpensive synthesis compared to other cationic groups. In this
section, the degradation mechanisms and stability of pyridinium and DABCO, two other cationic
groups used in AEMs, are reviewed.
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Degradation of pyridinium derivatives by hydroxide anions7 occurs where a reversible
addition-reaction of the structure to a pseudo-base is followed by an irreversible oxidation to the
pyridine, as shown in Figure 2.19.

Figure 2.19. Degradation of pyridinium by reversible addition of hydroxide to the methylated
pyridine followed by an irreversibly oxidation to the N-methyl-2-pyridone.7

In a study by Sata5, the degradation of benzyltrimethylammonium groups and N-methyl
pyridinium groups were investigated. The anion exchange groups were bonded to two different
polymer backbones – poly(sulfone) and poly(styrene). The polymers were immersed in various
concentrations of sodium hydroxide, up to 9.0 N, at 75 °C.

Ion exchange capacity and

mechanical strength were evaluated after base treatment. Increasing chain length of the alkyl
groups bonded to the quaternary ammonium center resulted in a loss of ion exchange capacity.
The most stable anion exchange group was found to be that of benzyltrimethylammonium groups.
Bauer, et al. observed a decrease in the degradation of DABCO with respect to other
quaternary ammonium cations. They proposed that donation of electron density from the lone
pair on the neutral nitrogen to the proximal, positively charged quaternary nitrogen both reduces
the hydrogen acidity of adjacent carbon atoms and decreases their electrophilicity, as indicated in
Figure 2.20.
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Figure 2.20. Hydroxide attack on benzyl 1,4-diazabicyclo[2.2.2]octane (DABCO) through a
substitution reaction to form benzyl alcohol and DABCO.7

Bauer, et al.7 investigated the stability of various ammonium groups in alkaline solutions.
In particular, DABCO and trimethylammonium were attached to poly(styrene). DABCO was
also used as a crosslinker due to its dual functionality. The AEMs were immersed in 2 M KOH
solution at 160 °C. Polymer stability was monitored by measuring changes in the electrical
resistance and permselectivity of the membrane. The most stable quaternary ammonium group
was singular-functionalized benzyl DABCO followed by benzyltrimethylammonium.
The stability of various anion exchange groups used in AEMFCs was investigated by
Einsla,

et

al.6

In

this

study,

benzyltrimethylammonium

hydroxide

and

phenyltrimethylammonium hydroxide was immersed in sodium hydroxide solutions of varying
solution concentration. Proton NMR was used to monitor degradation and integration of the
appropriate peaks was used to determine the amount of anion exchange groups left in the solution
after several hours. It was found that the quaternary ammonium groups were more stable than the
quaternary phosphonium groups.

The most stable quaternary ammonium group was

benzyltrimethylammonium versus phenyltrimethylammonium.
The chemical stability of imidazolium and quaternary ammonium ions attached to a
poly(styrene-co-acrylonitrile),9 mentioned in Chapter 2.3.3.1 Polymers with Aliphatic Backbones,
with the same IEC value were studied to compare conductivity and chemical stability in a high
pH environment.

The imidazolium functionalized AEM showed excellent alkaline stability
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compared to the quaternary ammonium functionalized AEM. Evidently, the resonance effect of
the conjugated imidazole rings weakened the interaction of imidazolium groups and hydroxide.
Elabd et al.82 used electrochemical impedance spectroscopy (EIS) combined with nuclear
magnetic spectroscopy (NMR) to measure the chemical stability of imidazolium functionalized
poly(1-[(2-methacryl- oyloxy)ethyl]-3-butylimidazolium hydroxide) over a range of humidities,
temperatures, and alkaline concentrations. Ring opening of the imidazolium functional group
was the primary degradation mechanism followed by hydrolysis or cleavage of the C-O ester
bond in alkaline conditions.

2.4.4 Effect of Pendant Chain Length on the Stability of AEMs
Two studies suggest that longer side chains tethering the quaternary ammonium group to
the polymer backbone increases the stability of the anion exchange membrane, even though the
presence of β-hydrogens would facilitate Hofmann elimination.28 However, both studies show
that longer side chains do not degrade due to Hofmann elimination because of the steric
hindrance of the longer alkyl side chains. In an aqueous medium, the alkyl chains will be coiled
up and access to the beta position is potentially restricted if the alkyl chain is long enough.
The hydrolytic stability of spacer-modified anion exchange membranes were studied by
Tomoi, et al.28 Quaternary ammonium was attached to alkyl and alkoxide chains of varying
lengths and immersed in water at 100 °C for 30 days. Residual ion exchange of the degraded
membranes was used to characterize the membranes’ degradation and it was found that longer
side chains were more stable. Hofmann elimination, a likely degradation mechanism due to the
presence of β-hydrogens, was not the dominant mechanism and its suppression was attributed to
steric hindrance of the longer alkyl side chains, which are coiled in aqueous media.
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Komkova, et al.35 prepared a series of AEMs from poly(sulfones) and a number of
diamine compounds. The length of the alkoxide chains in the diamine units ranged from ethyl to
hexyl. These AEMs were exposed in 2 M NaOH at 40 °C. The degradation rate was slower for
membranes with longer alkoxide chains due to the increase in the electron density at the β-carbon
and steric interference of the coiled chain, which makes it more difficult for the base to abstract
protons.83 The AEM containing hexanediamine groups degraded slower due to the high electron
density at the β-carbon compared to the AEM with the methyldiamine groups, where two
effective β-carbon were present for each methyl group, easing abstraction from the chain.

2.5 Vibrational Spectroscopy
Vibrational spectroscopy encompasses the complimentary techniques of Infrared (IR)
spectroscopy and Raman spectroscopy. Molecular vibration information is obtained from the
absorption or emission of infrared radiation or from the inelastic scattering of light. In 1892, W.
H. Julius observed that atoms and their structural arrangement in a given molecule determined the
character of infrared absorption84 and in the early 1900s, Coblentz designed an IR spectrometer to
measure the infrared absorption of over one hundred organic solids, liquids, and gases.84
Light is scattered by a material through a number of different scattering processes that are
often named after the scientists who discovered the specific processes. Elastically scattered light
occurs when there is no loss of energy and referred to as Rayleigh scattering. Light is inelasticity
scattered due to the interaction of the material resulting in a frequency shift, now known as
Raman scattering. This phenomenon was first observed in 1928 by C.V. Raman.85
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2.5.1 Origin of Vibrational Bands
The vibrational frequency of bonds can be explained on the basis of Hook’s law, which
has the following form for the vibrational frequency of a diatomic molecule

𝜈=

1 𝑘
  
2π 𝜇

(2.2)

where the vibrational frequency, 𝜈 , depends inversely on the reduced mass of a diatomic
molecule, µ, and is directly dependent on force constant or relative displacement, k.

For

convenience, the reduced mass, µ, is defined as (m1 m2)/( m1 + m2), where mn is the mass of the
atom. This expression is a simple and idealized explanation of the origin of assigning specific
vibrational frequencies to specific functional groups.
Polymers are comprised of chemical functional groups that posses characteristic
frequencies which facilitates the analysis of their vibrational spectra. When the polymer has a
frequency that coincides with the frequency of a small organic compound, the frequency of the
polymer is said to be a characteristic group frequency of the small organic compound.86 Selection
rules dictate whether characteristic group frequencies will occur in the spectra and is dependent
on several factors. These factors include the structure and symmetry of the polymer, the physical
state, the technique used (IR or Raman spectroscopy), hydrogen bonding, and steric effecs.
For example, benzene is comprised of 12 atoms and has 30 normal vibrational modes87
which is calculated using the Degrees of Freedom equation for nonlinear molecules
Degrees  of  Freedom =   3𝑁 − 6  

(2.3)  

where N is the number of atoms within the molecule. Due to symmetry (6-fold axis) of benzene,
only 4 IR bands, 6 Raman bands, and 10 lesser degenerate bands are observed.
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Degenerate bands include overtone and combination bands. Overtone bands occur when
a molecule in the ground state is excited to the first excited state, E1, and then to a higher excited
state, E2, which consequently produces two bands in the spectrum.88 For example, the Raman
spectrum of crystalline hexagonal graphite shows a spectral band at 1580 cm-1, corresponding to
E1, and at 3250 cm-1, corresponding to the overtone band, E2.89
Fermi coupling of two fundamental vibrations leads to a combination band in which the
molecule is excited directly to the second state, E2, producing one band. For example, the
combination band at 2950 cm-1 is assigned to graphitic and disordered graphite.89
This section will provide a general discussion of the Raman and IR group frequencies of
the various functional groups present in the AEMs. Chapter 4 will be devoted to the peak
assignments of the AEMs used in this work through the use of model compound spectra and
literature references.

2.5.2 Characteristic Frequencies of Functional Groups in AEMs
In 1955, an international Joint Commission for Spectroscopy developed standard notation
to describe the various vibrations of polyatomic molecules and their spectra,90 Table 2.1. To
describe the out-of-plane deformation of CH3, the following notation, δCH3, is used. The general
notation is used to confirm functional groups present in a molecule while specific notation is used
in a complete normal coordinate analysis of a molecule. Today, the use of the notation system
developed in 1955 is declining in favor of intuitive, user-defined notation systems. For example,
an author may use “νsymSO2” or “νasymSO2” to indicate symmetric and asymmetric stretching of
SO2, respectively, or simply “νSO2” to indicate presence of SO2 functional group.
Regardless of the notation system used, general knowledge of characteristic group
frequencies of functional groups are needed to assign peaks in vibrational spectra. The functional
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groups found in the AEMs in this work include methyl, methylene, quaternary ammonium,
sulfone, ether, and aromatic moieties.
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Table 2.1.General and specific notation used to describe vibrational modes.90 For consistency,
published works adhere to one notation throughout the document.
General notation

Specific notation

Model

symmetric stretching (ν1)

stretching (ν)

bending (ν2)

asymmetric stretching (ν3)

in-plane deformation (δ)

rocking (ρ)

twisting (τ)
out-of-plane deformations (γ)
wagging (ω)

Peaks due to CH2 aliphatic stretching typically occur around 1450 cm-1 with medium to
strong intensity bands in the Raman and IR spectra91,

92

and are present in the spectra of

polyethylene93 and polystyrene.94, 95
The vibrations due to quaternary ammonium in AEMs will be discussed in detail in
Chapter 4. The skeletal vibrations of quaternary ammonium, involving the C-N-C linkages, are
strong Raman scatterers and typically occur in the 300 – 500 cm-1 region. The methyl group
vibrations are strong IR absorbers where several modes are present from 1000 – 3500 cm-1. In
1968, Hume96 determined the 900 – 1000 cm-1 region to possess 3 peaks to νCN+ regardless of
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substituent, as seen in Table 2.2. From normal coordinate analysis,97-99 those three peaks are due
to degenerate νasymC4N+ asymmetric stretching.

Table 2.2. Frequencies and assignments of substituted quaternary ammonium ions.96

For the sulfone vibrations, the vibrational bands at 1318 and 1293 cm-1 are characteristic
of νasymSO292, 100, 101 and the 1150 cm-1 peak is characteristic νsymSO2.92, 101, 102 IR bands are
typically strong while the Raman bands are medium to weak intensity.

For the aryl ether

vibrations, the 1240 cm-1 peak is assigned to νasymCOC103, 104 and is a strong IR absorber but weak
Raman scatterer.
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2.5.3 Vibrations of Benzene and Its Derivatives
Aromatic rings are prominently found in the AEMs of this work. There are several
existing notation systems to describe the vibrations of benzene and its derivatives. The Joint
Commission incorporated the Herzberg105 notation system into its report but the Wilson notation
system remains in use today.87

The 30 normal vibration modes of benzenes incorporate

subscripts [1... 10, 11...20, 11'... 20'] with 1 having the highest symmetry and subsequent
numbers assigned to lower symmetric vibrations. For example, the ν1 is symmetric stretching and
δ20 and δ20' is assigned to two different ring deformations.
The derivatives of benzene, where the number and type of substituents vary on the ring,
affect the symmetry of the molecule and consequently the frequency of the vibration. Some
vibrations may shift in frequency, while other may become active, inactive, or remain unaffected
by the substituent. Cartesian displacement models, Figure 2.21, are used to elaborate the effect of
substitution on benzene. The ν18, corresponding to benzene ring deformation, occurs at 600 cm-1
for benzene but to 620 cm-1 upon monosubstitution and further to 640 cm-1 for p-substituted
benzene.

Figure 2.21. Cartesian displacement models for benzene, monosubstituted benzene, and psubstituted benzene showing ν18 vibration, or ring deformation. A particular vibration may shift
in frequency, remain unaffected, or become active if it was inactive, or vice versa, depending on
the number, type, and placement of substituents.
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The Raman spectra of benzene and its derivatives are easier to analyze because the
placement, type, and number of substituents affects the polarizability of the molecule which leads
to noticeable changes in the Raman spectra. As such, the characteristic group frequencies in the
Raman spectra of benzene and its derivatives are stronger in intensity and are good indicators of
substitution changes. Comprehensive texts by Dollish91 and Varsanyi106 list the characteristic
frequencies for numerous benzene derivatives, such as para-, ortho-, and meta- substituted
benzene. AEMs used in this work are limited to monosubstituted benzene, p-substituted benzene,
and 1,2,4-substituted benzene moieties.
Monosubstituted benzene has three characteristic Raman bands at 621, 1010, and 1030
cm-1.91, 95, 107, 108 The 1010 cm-1 peak is due to benzene in-plane ring deformation and the 1030 cm1

is due to benzene in-plane CH deformation. A strong peaks occurring around 1600 cm-1, due to

degenerate benzene ring stretching, but is not good for distinguishing substitution type.91 Some
medium intensity vibrations occur in the 700-900 cm-1 but are dependent of substitution and
conformation.
The p-substituted benzene vibrations have three characteristic Raman bands at 640, 1220,
1600 cm-1 regions. Like monosubstituted benzene, the band around 1600 cm-1 is not good for
distinguishing substitute type. The 1,3,5-trisubstituted benzene has a characteristic peak at 1010
cm-1 due to in-plane ring deformation91 but may not be present in the AEMs due to steric
hindrance of placing three functional groups on one styrene ring or the substitution pattern typical
in poly(arylene ether sulfone)s.

As substitution increases, characteristic group frequencies

become less reliable especially in complicated AEM structures.
Today, the Herzberg and Wilson notation systems have decreased in popularity in favor
of general terms. A notation system was used specific to this work and will be discussed in
Chapter 4.
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2.5.3 Modern Instrumentation
Modern advances in instrumentation and data processing have significantly simplified
collection of vibrational spectra improved the quality of IR and Raman data.

The first

commercially available infrared spectrometers employed a diffraction grating to generate spectra.
A single infrared frequency was measured sequentially resulting in long collection times. The
Fourier transform algorithm, developed by Cooley and Tukey109 in the 1960s, significantly
improved collection times and is now commonly incorporated in modern spectrometers. A
Fourier transform infrared (FT-IR) spectrometer employs an interferometer to simultaneous
collect IR absorptions over a broad infrared frequency range. The interferometer modulates each
infrared wavelength at a characteristic frequency through a beam splitter, a moving mirror, and a
stationary mirror.

Figure 2.22. Interferometer diagram utilizing a beam splitter, a stationary mirror, and a moving
mirror to simultaneously collect a broad infrared frequency range.110

Once the signals pass through the sample and onto the detector, the instrument software
applies the Fourier transform to the interferogram to produce a sample single beam spectrum. A
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reference or background signal, without a sample, is also collected and a ratio of the sample
spectrum and reference spectrum produces the absorbance spectrum.
Raman spectroscopy requires a monochromatic light source to measure the inelastically
scattered light from vibrational transitions in the molecule. Early Raman spectrometers employed
gas discharge lamps, such as conventional mercury lamps, but have been replaced today by
lasers. The Raman effect is typically ~ 105 times weaker than the Rayleigh scattered light, so the
incorporation of the laser into the Raman spectrometer has significantly reduced collection times.
Because of the laser’s high-energy flux, the Raman scattering of the material can be
excited close to an electronic transition, where fluorescence emission occurs. This results in
Raman spectra that feature a broad peak, obscuring Raman peaks. The development of longer
single-wavelength lasers has alleviated this problem and illustrated using Planck-Einstein
equation that relates energy to wavelength of light.
ℎ𝑐
(2.4)  
  
𝜆
where E = energy; h = Planck’s constant; c = speed of light; λ = wavelength of laser. A 514 nm
𝐸 =   

laser produces a theoretical 2.41 eV while a 1064 nm laser produces 1.17 eV. The lower energy
of the 1064 nm laser reduces the likelihood of fluorescence emission occurring.

2.6 Processing of Vibrational Spectra
Vibrational spectra are typically post processed to improve signal to noise ratio and
remove stray signals. Today, most spectral processing can be done through instrument software
or advanced data analysis packages. The user must understand the theory behind spectral
processing techniques to accurately manipulate the data for quantitative data analysis. Proper
calibration of the spectrometer ensures the accuracy of the instrument and reliable collection of
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data. For modern Raman spectrometers, instrument software calibrates the monochromatic light
source to an external standard such as a crystalline Si (100) which produces a single Raman line
at 520.5 cm-1. Modern FT-IR spectrometers use an internal reference HeNe laser to control the
interferometer and provide internal wavelength calibration.

2.6.1 Modeling Spectra
Even after the instrument has been properly calibrated, an IR or Raman spectrum can still
suffer from fluorescence, peak broadening, and noise due to the inherent nature of the sample. In
order to properly extract quantitative information, the spectrum is modeled and involves two
general steps: baselining the spectrum and curve fitting.111 Modeling is typically achieved through
various instrument software or data analysis packages. A flat baseline is desired when modeling
spectra to ensure accurate calculations of the fitted peaks.
Curve fitting involves choosing initial parameterized peak shapes and applying an
algorithm until a “good fit” is achieved and quantitative information can be extracted. The term
“deconvolution” is sometimes used interchangeably with “curve fitting” but is a different process
used to narrow broad, overlapping peaks discarding information.111
The parameterized peak shapes consists of its frequency, intensity, and width as well as
the shape, typically Gaussian or Lorentzian. The Gaussian shape for a spectra line is112, 113:

𝑌 = 𝑌!   e

!!  (!" !)  

(!!!! )!
!!!   

(2.5)  

and is characterized by three parameters: Y0 is the maximal intensity, xo is the position of a band
maximum and Δx is the full width at half maximum of the peak. Spectral bands in low pressure
gases are often modeled using Gaussian functions, since this is the limiting distribution of
stochastically disordered states.111
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The Lorentz shape for a spectra line is112, 113:

(𝑥 − 𝑥! )!
𝑌 = 𝑌!      1 + 4  
𝛥𝑥 !

!!

(2.6)

where the parameters are similar to the Gaussian function. The Lorentz function is narrower
around the midpoint so that the function is more broadened near the base of the peak, as seen in
Figure 2.23. Spectral bands in infrared spectra of liquids and collision-broadened vibration
spectra of gases are fitted with Lorentzian shapes. It is also common for Raman spectroscopy
because of the very short natural lifetimes of the excited upper states.111
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Figure 2.23. Example of a Lorentzian and Gaussian band when intensity, frequency, and full
width at half maximum (FWHM) values are equivalent. The Lorentzian band has a slightly
smaller FWHM and thicker base tails.

Curve fitting of the spectrum is finally achieved through the chosen algorithm which
freely adjusts all the parameters in the peak shapes so that a quality fit is established. For
example, if given a broad asymmetric spectral band that is to be modeled with 4 peaks, then the
initial frequency, intensity, width, and height of each of those 4 peaks will be adjusted by the
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algorithm until a cumulative peak is achieved that is close to the original data, where the
statistical quantity χ2, chi squared, is minimized and defined by equation:

1
𝜒    ≡
  
𝑁−𝑛

!

!

!!!

𝑦! − 𝑦  (𝑥! )!
𝜎!

(2.7)

where the yi are the data, the y(xi ; a) the model, the σi are the standard deviations of the noise at
each point, N is the number of independent data points, and n is the number of free parameters in
the model.
The Levenberg – Marquardt algorithm114 is typically used for curve fitting and is
included in many data analysis packages. It is an iterative technique that locates the minimum of
a function that is expressed as the sum of squares of nonlinear functions.

	
  
0.8

1614

	
  R a w	
  D a ta
	
  L orentz ia n	
  F it
	
  C um ula tive	
  P ea k

1580

	
  

0.4

	
  

1603

0.6

0.2

0.0
1550

1600

1650

Figure 2.24. Example of (__) raw data curve fitted with (---) three Lorentzian bands. The
Levenberg – Marquardt algorithm adjusts the initial Lorentzian band parameters until a (__)
cumulative peak is achieved that best fits the original data.
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Consider Figure 2.24 for a practical example where an asymmetric spectral band is
centered at 1614 cm-1 and a small peak is at 1580 cm-1. Three bands will be curve fitted to
Lorentzian bands with their locations at 1580, 1603, and 1614 cm-1. The Levenberg – Marquardt
algorithm will adjust the parameters of all the Lorentzian peaks until a new function, the
cumulative peak, is close to the original, and χ2 is minimized. The software generates the final
peak parameters for the curve fitted peaks and can be used for quantitative analysis. Refer to
Chapter 3.4 Processing of Vibrational Spectra for the method used to curve fit the data in this
work.

2.6.2 Smoothing of Vibrational Spectra
The smoothing of vibrational spectra is performed to improve signal to noise ratio. One
of the most frequently applied procedures for spectral smoothing was developed by Savitzky and
Golay115 and is typically included in spectrometer software and data analysis packages. The
Savitzky-Golay smoothing filter performs a local polynomial regression around each point (Ai),
and creates the new value for that data point (yk)s. The number of data points (i = -n … n) used in
each local regression is increased to further smooth the data set. The algorithm is as follows:

𝑦!

!

=

! 𝐴 𝑦
!! ! !!!
!
!! 𝐴!

(2.8)

It is recommended111, 112 that the number of data points, i, should be between 5 to 9 points to
retain accurate spectral information. Additionally, spectral smoothing should occur after the
spectrum has been properly curve fitted to ensure proper quantitative data.
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The processing methods described in this section will be used to quantitatively analyze
the spectra of the degraded AEMs in Chapters 5 and 6.

2.7 Electrochemistry in Alkaline Membrane Fuel Cells
The influence of electrochemical potential has been unexplored in the degradation
processes of anion exchange membranes. A major facet of the work proposed in this dissertation
is conducting systematic studies of the degradation processes of a variety of anion exchange
membranes under simulated fuel cell conditions where the temperature, hydration, and potential
can be controlled while measuring polymer degradation. These experiments are described in
Chapter 6. This section will first review the electrocatalysis on well-defined pure Pt surfaces,
including hydrogen oxidation/evolution reactions and oxidation-reduction reactions, and then
discuss fuel cell studies with respect to the hydrogen oxidation reaction.

2.7.1 Hydrogen Evolution and Hydrogen Oxidation reactions (HER/HOR)
The general reversible reaction for hydrogen reduction/oxidation is:

H + + e- ↔ ½ H 2

(2.9)

The standard potential of the hydrogen reaction is 0 V, by convention. A proton is discharged to
form molecular hydrogen in the hydrogen evolution reach (HER), while the reverse reaction
describes the hydrogen oxidation reaction (HOR). Catalytic metal surfaces, such as Pt, Pd, and
Ru, are needed for the reaction to proceed.
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The relationship between exchange current densities of various metals and hydrogen
reaction was demonstrated by Parsons116 and Gerischer117 where Pt was demonstrated to have the
highest exchange current density compared to other metals. Figure 2.25 shows the “volcano-type”
curve when the current density,i0, is plotted as a function of metal-hydrogen, M-H, bond
strength.118

Figure 2.25. Plot for the electrocatalytic activity prediction of hydrogen evolution reaction for
different catalytic materials illustrating the "volcano" relationship.118, 119

The mechanisms, adsorption and structure sensitivity of hydrogen to Pt electrodes in acid
and alkaline solutions will be discussed in this section as the work done since the 1970s provides
the foundation for fuel cell electrocatalysis.
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2.7.1.1 HER/HOR Mechanisms in Acidic and Alkaline Solutions
The overall HER/HOR reactions are similar in acidic and alkaline environments. The
mechanisms of HER/HOR on a platinum electrode in alkaline solutions4, 120, 121 are assumed to
proceed through a combination of several steps:

the dissociative adsorption of H2 without

electron transfer, Eq. (2.10), or with simultaneous electron transfer, Eq. (2.11), and the discharge
of adsorbed hydrogen (Had), Eq. (2.12).

Tafel122

H2  Had + Had

(2.10)

Heyrovsky123

H2 + OH-aq  Had + H2O + e-

(2.11)

Volmer124

Had ↔ H+ + e-

(2.12)

The overall hydrogen oxidation in alkaline media takes places according to the reaction:
H2,g + 2OH-aq  2H2O + 2e-

(2.13)

These are referred to as the Tafel-Volmer, Eqs. (2.10) and (2.11), and Volmer-Heyrovsky, Eqs.
(2.11) and (2.12). HER/HOR in acidic medium is similar except hydrogen is discharged from
hydronium ions (H3O+) than water. The overall reaction for HER/HOR in acidic media is as
follows:
H2,g  2H+ + e-

(2.14)

It should be noted that reaction kinetics in alkaline solution are slower because H atom is being
abstracted from H2O instead of the hydronium ion H3O+.120
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Cyclic voltammograms of HER/HOR in acidic and alkaline solutions are shown in Figure
2.26. These CVs specifically detail hydrogen adsorption on a single crystal phase, Pt (111), but a
detailed review by Marković and Ross125 discusses the effect of single crystal surface and
polycrystalline Pt surfaces in alkaline and acidic solutions.

Figure 2.26. Cyclic voltammetry of the Pt(111) surface in an electrochemical cell in (a) 0.05 M
H2SO4 and (b) 0.1 M KOH. E vs. RHE, 2 mV s-1.125

The region between ≈ 0.05 - 0.375 V vs. SHE corresponds to the hydrogen underpotential
deposition region (HUPD), where hydrogen desorption/adsorption takes place. Depending on the
pH of the solution, this state is generated from protons or water molecules according to the
following equations:

2H3O+ + 2e-  H2 + 2 H2O

(pH < 7)

(2.15)

2H2O + 2e-  H2 + 2 OH-

(pH ≥ 7)

(2.16)

The breadth and width of the shape of the Hupd region changes according to the character of the
electrode surface and the Pt active surface area can be obtained by integrating this region.126 The
double layer region of hydrogen in alkaline solutions on Pt (111) occurs around ≈ 0.38 – 0.6 V.
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At more positive potentials, peaks are observed in at ≈ 0.04 – 0.06 V in sulfuric acidic
solutions and ≈ 0.6 – 0.85 V in alkaline solutions. Anion adsorption/desorption occurs in the
acidic solutions and hydroxyl anion/desorption occurs in alkaline solutions.

Hydroxide

adsorption, OHad, in alkaline solution is the charge transfer mechanism according to the following
equation:
OH- + Pt  Pt-OHad + e-

(2.17)

As long as the potential is maintained between 0 and 0.8 V vs. SHE, reversible HUPD and OHad is
maintained. Above 0.8 V vs. SHE, oxidation of Pt occurs17, 127, 128 and is irreversibly roughened.
Early kinetic studies of the HER/HOR on Pt (hkl) showed the activation energies to be
independent of surface lattice geometry,129-131 despite having a dependence on different metals.118
Conway and Barber132 have shown that HOR/HER on platinum is structure sensitive but obscured
by the H2 diffusion effect.

Figure 2.27. Polarization curves for the HER and the HOR on Pt (hkl) in 0.1 M HClO4133 and 0.1
M KOH134 at sweep rate 20 mV s-1. E vs. RHE.

Further work by Marković and coworkers133,

134

and Conway and Barber132,

135

have

shown that the activation energy of HER on Pt (hkl) increases in the order Pt (111) < Pt (100) <
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Pt (110) for both alkaline134, 135 and acidic133 solutions, shown in Figure 2.27. The differences in
activation energy with surface lattice geometry are attribute to structure-sensitive heats of
adsorption of the active intermediate Had.
In AMFCs, oxygen reduction produces hydroxide ions, Eq. (2.18), that are conducted to
the anode where, in a hydrogen-fed cell, hydrogen oxidation occurs, Eq. (2.19).10 The production
of hydroxide causes strong basic conditions in the membrane, which can degrade both the
polymer backbone and the cationic groups.
½ O2 + H2O + 2 e- → 2 HO-

(2.18)

H2,g + 2 HO- → 2 H2O + 2e-

(2.19)

2.7.2 Oxygen Reduction Reaction
The reaction pathways for ORR on Pt (hkl), rather than the reaction mechanisms, are
discussed because the ORR is a multi-electron reaction that may include a number of elementary
steps involving different reaction intermediates. In 1976, a schematic of the possible reaction
pathways for ORR was introduced by Wroblowa et al.,136 shown in Figure 2.28.

Figure 2.28. Reaction pathways for oxygen reduction reaction on Pt (hkl).136
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There are few possible reaction pathways for the ORR. O2 can be electrochemically
reduced via 4e- directly to water. O2 can be reduced to an intermediate reaction product by 2e- to
form H2O2. From there, H2O2 can be oxidized back to O2, reduced to H2O, or desorb from the
metal and further adsorbed back onto metal. Since then, Marković and his colleagues137-139 have
suggested that the intermediate reaction product of H2O2,ads, forms for all Pt and Pt bimetallic
catalysts. Also, the general mechanism of O2 or H2O2 reduced directly to H2O does not readily
occur.
In 1979, Ross et al.140 showed the activation energies of the ORR on Pt (hkl) to be
independent of surface lattice geometry. It was later found that the state of the electrode surface
affected accurate activation energies141 and the Pt (hkl) surfaces were partially disordered by
oxide formation/reduction cycling.

Studies by Marković141,

142

showed the dependence of

activation energies on various Pt (hkl) surface crystal geometries. The activation energies of Pt
(hkl) for the ORR in acidic and alkaline solutions increases in the order of Pt (111) < Pt(100) < Pt
(110). This trend is similar for the HOR/HER in acidic and alkaline solutions. Figure 2.29 shows
CV curves for the ORR on Pt (hkl) electrodes in acidic and alkaline solutions.

Figure 2.29. (a) Ring currents (IR) during oxygen reduction on Pt (111) in 0.05 M H2SO4 at a
sweep rate of 50 mV/s.143 (b) Ring currents (IR) during oxygen reduction on Pt (111) in 0.1 M
KOH at a sweep rate of 50 mV/s.144 E vs. RHE.
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The ORR on Pt (hkl) in sulfuric acid is a structure-sensitive process.143 The deviation
observed for Pt (111) is due its symmetry match of the adsorbed sulfate anion. The ORR on Pt
(hkl) in alkaline solution144 is not a structure sensitive potential for E < 0.75 V since the measured
currents are similar. Above E > 0.75 V, structure sensitivity of HO- is observed because the
active Pt (111) surface has the lowest OHad coverage and weakest Pt-OHad interaction.

2.7.3 HER/HOR studies in AMFCs
The theoretical HER/HOR studies on single crystal surface Pt electrodes mentioned in the
previous section are important for providing understandings of the kinetics occurring in a PEMFC
or AMFC. These HOR studies have focused, for example, on achieving high current density by
varying Pt loading145, investigating the kinetics of the HOR using a gas diffusion electrode in an
alkaline medium10, or the HOR in alkaline media on a polycrystalline platinum rotate disk
electrode.146
Sheng, et al. have compared the reaction kinetics of the HOR/HER in acid and alkaline
electrolytes.4 In acidic solutions, 0.1 M HClO4 a non-adsorbing electrolyte, the HOR/HER rates
on a Pt electrode were limited entirely by hydrogen diffusion which renders quantification of the
HOR/HER kinetics impossible by conventional RDE measurements. However, they found that
the slow HOR kinetics in alkaline solution could cause significant anode potential losses in
AMFCs for low platinum loadings.
The HOR/HER reactions at polymer/electrode interfaces have been studied. Chaparro,
et. al compared the electroactive area of PEMFC electrodes in liquid electrolyte and solid
polymer contact.147 Cyclic voltammograms of the Pt/C electrode in a single cell, with NAFION®
117 membrane, show similar characteristics of a CV curve for Pt/C electrode in H2SO4 solution.
HUPD was found to be dependent on sweep rate and temperature due to the components of the
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electrode, either from the ionomer or carbon support. The closest approximation to the real
electroactive area corresponds to the maximum in the HUPD desorption charge, typically in the
range of 10 – 100 mV s-1.
Kucernack, et al. wrote a series of papers that studied the HOR at the Pt/PEM interface in
liquid electrolytes148, 149 and realistic fuel cell conditions where an interesting electrochemical cell
setup is employed.150 The use of liquid electrolytes using a rotating disk electrode (RDE) results
in defined mass transport conditions but there are several concerns when considering a real fuel
cell environment, which does not employ liquid electrolytes. The presence of adsorbing anions
results in competitive adsorption on the metal catalyst surface.151 In aqueous electrolytes, water
activity remains relatively constant in solution.

In contrast to the water activity in PFSA

electrolytes, which may vary between 2 and 20 water molecules/proton due to the combined
effect of water evaporation and condensation and water transport through electroosmosis and
pressure driven flow.152 There is an increased desire to push fuel cells to operate at higher
temperature under which conditions it is not possible to easily perform aqueous
electrochemistry.150
An appropriate electrochemical cell was constructed to study the electrochemistry of a
solid membrane between two electrodes, but a combined spectroscopic technique is needed to
extract molecular information and changes occurring to the membrane during electrochemical
operation, which will be discussed in the next section.

2.8 Spectroelectrochemistry
The hydrogen catalysis studies, mentioned in Chapter 2.7.3 HER/HOR studies in
AMFCs, have been fundamental to understanding hydrogen-metal interactions and provide a
basis for AMFC research. The ex situ techniques employed to study these interactions typically
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involve complicated setups such as x-ray photoelectron spectroscopy (XPS), electron energy loss
spectroscopy (EELS), and low energy electron diffraction (LEED) which requires samples to be
transported from the electrochemical cell to an ultra-high vacuum environment. Direct in situ
characterization is preferred to avoid contamination, and more importantly to monitor the
physical processes occurring in real time. The development of in situ spectroelectrochemical
cells has been essential in combining a variety of spectroscopic techniques with various
electrochemical configurations for studying systems of interest.
This section will first discuss examples of spectroelectrochemical cells. The diverse
spectroelectrochemical

configurations,

i.e.

combinations

of

electrochemical

cells

and

characterization techniques, warrants a focus on in situ spectroscopy of studies related to this
dissertation, such as hydrogen electrocatalysis and degradation of ion exchange membranes.
Finally, the choice of the channel flow double electrode (CFDE) spectroelectrochemical cell used
in this study will be reviewed.

2.8.1 Introduction
Spectroelectrochemistry combines measurements of the electrochemical behavior of a
system while gaining spectroscopic information on the chemical species at the interface.
Spectroelectrochemical cells can be suited to the objectives of the study and are versatile due to
the variety of routinely used electrochemical cells. Spectroscopic techniques used in situ with
electrochemical studies include x-ray techniques, ultraviolet visible (UV-Vis) reflectance
spectroscopy, ellipsometry, and vibrational spectroscopy (both Raman and IR spectroscopy).
The development of the optically transparent electrode (OTE) pioneered many early
spectroelectrochemical studies, Figure 2.30, using x-ray absorption fluorescence spectroscopy
(XAFS)153,

UV-visible spectroscopy154-156, and infrared (IR) transmission spectroscopy.155 The
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OTE was developed by Kuwana, et al.154 and was first made of a glass plate coated with a
conducting thin film of antimony doped tin oxide and was easily outfitted for transmission
techniques.

Figure 2.30. Schematic of an optically transparent electrode (OTE) in a spectroelectrochemical
cell used for surface EXAFS.153

Unfortunately for transmission techniques, the OTE collects spectroscopic information
from the bulk of the entire cell and is rather insensitive in isolating metal/electrolyte surface
information.155 This problem was alleviated by adjusting the incident light to undergo reflection
at the metal/electrolyte surface and was successful when combined with Attenuated Total
Reflection (ATR) IR spectroscopy157 and XAFS.153
Optical waveguides, such as fiber optics, have allowed more versatility for in situ
spectroelectrochemistry because the spectroscopic probe can be directed to the probe at the
required angle and is not limited by the electrochemical cell needed for the study. Common
electrochemical cells such as a simple cuvette,158 three electrode cells,159 and flow cells17 have
incorporated optical waveguides for in situ spectroelectrochemistry where the incident probe is
reflected back to the spectrometer’s detector, Figure 2.31. For a cuvette, the incident probe is
directed through a mesh counter electrode onto the working electrode and reflected back to the
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detector.

For a three-cell electrochemical cell, typically employing a rotating disc working

electrode, the incident probe is directed perpendicular to the electrode surface. For flow cells,
which are used when fresh analyte is desired, the incident light can be directed onto the working
or counter electrode.
(a)

(b)

(c)

Figure 2.31. Examples of spectroelectrochemical cells where the direction of the incident probe
is adjusted based on the cell used. (a) cuvette, (b) three-electrode electrochemical cell, (c) flow
cell.

2.8.2.1 Degradation of Ion Exchange Membranes by In Situ Spectroelectrochemistry
Spectroelectrochemistry has been used to study the degradation of ion exchange
membranes using a standard three-cell electrochemical cell.

Fang, et al.159 studied the

electrochemical and chemical degradation of perfluorinated sulfonic acid (PFSA) films, a proton
exchange membrane (PEM), using in situ Fourier transform infrared (IR) spectroscopy. PFSA
was drop cast onto a gold rotating working electrode and placed in a standard three-electrode
electrochemical cell containing aqueous Fenton's reagent. This reagent, which contains hydrogen
peroxide and iron catalyst to form hydroperoxy radicals, is used in accelerated degradation tests
of PEM membranes.

In these experiments, the IR beam was directed towards the PFSA

film/solution interface and IR spectra were collected as a function of time and at varying
potentials. At open circuit potential (OCP) in Fenton’s reagent, the 1150 cm-1 absorption band
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steadily increased, which is indicative of unzipping chain reaction of the perfluorinated backbone,
a known chemical degradation mechanism, Figure 2.32a.160 However, as potential was applied,
the 1150 cm-1 absorption band increases faster than at OCP, Figure 2.32b, and was exaggerated at
higher negative potentials. The 1150 cm-1 absorption band, assigned to asymmetric stretching of
CF2, was plotted as a function of time at open circuit potential (OCP) and increasingly higher
negative potentials, Figure 2.32c. From this work, the in situ IR spectra collected from the
PEM/electrode interface showed that the PEM degraded faster with applied potentials and the
electrochemical degradation rate increased when higher potentials were applied.

Figure 2.32. Highlighted carbon-fluorine band (C-F) in the infrared spectra over time showing
(a) at 0 V and (b) -0.9 V. E vs. RHE. (c) The rate of (C-F) degradation increases as higher
potential is applied. 159
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2.8.3 Electrochemical Cells used with In Situ Raman Spectroscopy
The study described above used peroxide solution to accelerate degradation of the
membrane. This thesis, specifically Chapter 6, aims to determine the degradation of anion
exchange membranes at the membrane/anode interface. Raman spectroscopy has been employed
in applied electrochemistry PEM fuel cell work to study the behavior of NAFION® in a pseudo
operating fuel cell. Confocal Raman spectroscopy was the preferred technique because it is noninvasive toward the materials, offers resolvable spatial resolution and has the advantage of
instrument availability and ease of use.161, 162
Modified PEM fuel cells, Figure 2.33, have been constructed allowing a window port for
collection of Raman spectra to analyze the liquid ionic content in NAFION®161,

162

, water

management of an operating fuel cell163 and the temperature and humidity dependence of
NAFION®.164

Figure 2.33. Schematic of a Raman spectroelectrochemical cell used to measure the water content
in NAFION® during fuel cell operation.162

Martinelli, et al.162 verified the use of in situ Raman spectroscopy to measure the water
content of a NAFION® membrane during fuel cell operation. The current produced by the fuel
cell was adjusted by the degree of humidified hydrogen entering the cell. From the Raman
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spectra, the intensity of the C-S bond in the sulfonic added as proportional to the amount of
humidified hydrogen fed into the cell.
Another type of flow cell is the channel flow double electrode (CFDE) cell, pioneered by
Heller-Ling in 1994.14-17 The flow cell features a channel where the counter electrode is placed
downstream from the working electrode, both flush in the channel, Figure 2.34. The reference
electrode can be placed before or after the two electrodes in the channel or parallel to the working
electrode with proper configuration. Fresh solution or a gas environment can be constantly
introduced into the CFDE cell, a major advantage, as opposed to three-cell electrochemical
system where solution is recycled during the course of the experiment.

Figure 2.34. Schematic of a channel flow double electrode (CFDE) electrochemical cell.

The CFDE cell was modified for in situ electron probe microscopy (EPMA) analysis of
platinum dissolution in sulfuric acid.17 The EPMA probe was focused on the gold counter
electrode to detect platinum dissolution from the platinum working electrode, Figure 2.35a. At
potential cycling below 0.8 V vs. RHE, EPMA analysis showed no platinum oxidation, as
expected, Figure 2.32b. However, at potential cycling above 0.8 V where platinum oxidation
occurs in acidic solution, EMPA analysis detected platinum on the gold electrode showing
platinum dissolution, Figure 2.32c.
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Figure 2.35. Electron probe microscopy analysis of platinum dissolution in a channel flow
double electrode (CFDE) cell. (a) EPMA probe is directed on the gold counter electrode. (b)
EPMA analysis showing no platinum dissolution during potential cycling up to 0.8 V, as
expected. (c) EPMA analysis showing platinum dissolution during potential cycling > 0.8 V,
where platinum oxidation is expected to occur.17

In this study, the half-cell anode reaction of an AMFC is examined using a CFDE cell modified
for in situ collection of Raman spectroscopy and more details are provided in Chapter 3.

2.9 Conclusions
Studying the degradation of anion exchange membranes is essential for developing
commercially viable alkaline membrane fuel cells. A review of anion exchange membranes
(AEMs) shows a preference for amine-based functional groups, particularly quaternary
ammonium, because of its greater alkaline stability and inexpensive synthesis compared to other
cationic groups. A major component of this work is analyzing the thermal and electrochemical
degradation of these AEMs. The degradation of these AEMs, comprised of a polymer backbone
and ionic group, are analyzed by examining characteristic functional group frequencies using
Raman and infrared vibrational spectroscopy. The electrochemistry of an alkaline membrane fuel
cell is reviewed in addition to applied spectroelectrochemical studies of ion exchange
membranes. Chapter 6 in this thesis will specifically discuss the degradation mechanisms of
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AEMs in an electrochemical environment and accomplished by using an in situ Raman
spectroelectrochemical cell.
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Chapter 3
Experimental Methods
This chapter will review the chemical structures of the anion exchange membranes
(AEMs) used in this work, the methods for collection of Raman and FTIR spectra and the curve
fitting analysis methods. The construction of the channel flow double electrode (CFDE) cell and
the spectroelectrochemistry experiments will be described last.

3.1 Anion Exchange Membrane Structures
The chemical structures of the polymers used in this work are shown in Figure 3.1.
Chapters 5, 6, and Appendix B will compare the differences of the stability of SEBS block
copolymers versus poly(sulfone) aromatic backbones as well as the stability of pendant chain
length of the quaternary ammonium tether. The block copolymer, styrene-ethylene/butylenestyrene, was synthesized by well-known methods42 and the aromatic backbone polymer,
(RADEL®, Solvay Plastics, Houston TX), is available commercially. The fluorinated aromatic
backbone was synthesized using methods similar to those described in Ref. 165. Select properties
of these AEMs are listed in Table 3.1.
With respect to the polymer structure, MWEB refers to the molecular weight of the
ethylene-butylene content and MWStyrene refers to the molecular weight of total styrene. The mol
% QA refers to mol % benzyltrimethylammonium styrene yielded as a function of total styrene in
each AEM.
All polymers were functionalized in-house with quaternary ammonium cations except the
AEM with a butyl tether. Q-SEBS with an IEC of 0.9, 1.2, 1.45, 1.7 were used that yielded 31,

42, 50, and 59 mol % benzyltrimethylammonium styrene, respectively, as a function of the total
styrene content in each sample. The aromatic backbone was functionalized via Wright method as
detailed in Ref. 166.

Figure 3.1. AEMs used in this study: (a) Quaternary ammonium functionalized poly(vinylbenzyl
chloride), Q-PVBC (b) Quaternary ammonium functionalized poly(styrene)-b-poly(ethylene-rbutylene)-b-poly(styrene), Q-SEBS; (c) Quaternary ammonium functionalized poly(bromobutyl
styrene), Q-PBBS; (d) Quaternary ammonium functionalized RADEL® based poly(sulfone), QRADEL.
Table 3.1. Select properties of aliphatic-based AEMs used in this work.
AEM
Q-SEBS_0.90
Q-SEBS_1.20
Q-SEBS_1.45
Q-SEBS_1.70
Q-SEBS_AT
Q-SEBS_AS
Q-PVBC
Q-PBBS

IEC
0.90
1.20
1.45
1.70
1.55
1.68
4.72
3.35

MWEB (kg mol-1)
38
38
38
38
52
17
N/A
N/A

MWStyrene (kg mol-1)
16
16
16
16
21
36
N/A
N/A

mol % QA
31
42
50
59
56
26
49
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These polymers are potential AEMs that can be used in devices and were chosen because
their degradation can be systematically compared to each other. From these polymers we can
determine the stability of different polymers by comparing differences such as styrene-based and
aromatic poly(sulfone) polymer backbones. We can also compare the stability of the quaternary
ammonium cation when attached to a pendant aromatic group compared to when it is attached
directly to the aromatic backbone.
Model compounds (Sigma Aldrich, St. Louis, MO) used for functional group
identification in vibrational spectra were typically used as received or synthesized in-house
(special acknowledgement to Sean Nuñez, Graduate Assistant, Hickner Research Group). The
model compounds used for Q-SEBS and Q-PVBC were poly(styrene), poly(vinylbenzyl
chloride), benzyltrimethylammonium chloride, and SEBS. The model compound used for QPBBS was poly(bromobutyl styrene).

The model compounds used for Q-RADEL were

RADEL®, biphenyl, 4,4’-bishydroxybiphenyl, and diphenyl sulfone.

3.2 Thermal Degradation of Anion Exchange Membranes
Ionomers in ethanol/water solutions were drop cast to form 5-10 µm films on pressed
KBr (Sigma Aldrich, St. Louis, MO) windows. The film thickness was controlled by using a
pipette (#89130-554 pipettor, VWR, Randnor, PA) dropping 6 – 10 µL of solution on each KBr
window. The KBr window is optically transparent above 450 cm-1 and does not interfere with
many absorption peaks of the AEMs.
The samples were placed in a convection oven and thermally aged at a constant
temperature, typically at 135 ºC and in an ambient environment. The samples were removed
every few hours, typically in 2 or 4 h intervals. Temperature profiles were recorded with a
thermocouple data logger (#OM-EL-USB-TC, Omega Engineering, Inc., Stamford, CT) and
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typically showed temperature fluctuations of ± 0.75°C throughout the aging of the samples. As
samples were quickly taken out of the oven every few hours, the temperature inside the oven was
shown to cool for 10 to 20 s before achieving the set point again.

3.3 Collection of Raman and Infrared Spectra
A confocal Raman spectroscope (Renishaw inVia, UK), with a 1200 lines cm-1
diffraction grating, Pelletier cooled CCD detector equipped with a solid state 785 nm diode laser,
was used to collect Raman spectra. A 20 x 0.40 NA glass long working distance objective was
used to collect spectra from the in-situ spectroelectrochemical setup while a 50 x 0.75 NA glass
objective was used to collect high resolution spectra from the KBr pellets and compounds used
for standards. The laser power incident on the sample was 50 – 80 mW and was measured using
a laser power meter (#NT54-018, Edmund Optics, Barrington, NJ) placed under the objective.
To obtain decent signal-to-noise ratio of Raman spectra, successive scans were collected
and co-added 5 to 8 times. Collection of Raman spectra was automatically controlled by the
spectrometer software (Wire 3.0, Renishaw, UK) where the number of spectra to be collected and
frequency of collection, i.e. every 30 min, could be adjusted.
Optimal laser power on each polymer was verified by illuminating the sample with a
constant laser power over 24 h and collecting successive spectra to determine changes in the
Raman spectra due to photodegradation. The experiment was repeated until no changes were
observed. The in situ experiments collected spectra every 15 – 20 minutes over a 24 h period.
For some polymers, the baseline fluorescence decreased which is a common effect due to
photobleaching and improves the signal to noise ratio.
Polymers were degraded at constant temperatures ranging from 25 to 130 °C and Raman
spectra were collected every 20 to 30 min. A comparison of specific features will be discussed
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with the appropriate peaks highlighted in the Raman spectra. The high temperature was used to
accelerate degradation as is common for accelerated polymer stability tests.9,10,16
Attenuated total reflectance (ATR) and transmission infrared spectra of the samples were
recorded using a Fourier Transform infrared spectrometer (Bruker IFS 66/S spectrometer,
Billerica, MA) with a deuterated triglycine sulfate (DTGS) detector. Instrument software (v6.5
OPUS, Bruker Optik Gmbh, Germany) controlled the spectrometer and was used to process the
spectra. Transmission IR spectra was collected for all AEMs drop cast onto KBr pellets.

The

ATR-IR setup was used to collect spectra of model compounds to identify functional groups
present in the AEM. The IR spectra were taken at 4 cm-1 resolution and 100 scans with the
background subtracted in the software.

3.4 Processing of Vibrational Spectra
Prior to curve fitting analysis, erroneous bands and instrumental artifacts were removed
from the spectra. For Raman spectra, this included cosmic ray removal, and for IR spectra, water
and carbon monoxide bands. Baseline subtraction, normalization, and curve fitting was
performed using data analysis and graphing software (v8.5 OriginLab®, OriginLab Corporation,
Northampton, MA).
Refer to Chapter 2.6 for a review on modeling spectra and curve fitting. An example of
typical curve fitting of vibrational spectra is presented using screenshots from OriginLab, Figure
3.2. Once the region of interest was selected, the spectrum was isolated and baseline subtraction
was performed.
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(a)

(b)

(c)

(d)

Figure 3.2. Example of curve fitting using OriginLab: (a) the number and frequency of peaks to
be curve fitted are selected, (b) initial peak parameters, such as height, area, and peak type, are
selected, (c) the algorithm is applied to generate cumulative fitted peak, (d) generated report
shows final parameters of curve fitted peaks and value of χ2.

In Figure 3.2(a), bands were fitted with peak frequencies at 1580, 1603, and 1615 cm-1,
all corresponding to peak vibrational frequencies of combined stretching + deformation of
benzene. In Figure 3.2(b), the initial peak parameters such as height and width are further
adjusted and peak type, i.e. Lorentzian or Gaussian, are specified. The initial peak parameters
can be held at a fixed value based on user requirements so that it will not be further adjusted by
the Levenberg-Marquadt algorithm. In this work, certain vibrational bands were held at a specific
frequency because they were not expected to change with degradation, but the full width at halfmaximum was usually allowed to vary. The curve fitting algorithm was then applied to find a
best fit function. In Figure 3.2(c), the results of the Levenberg-Marquadt algorithm demonstrated
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a good fit based on the cumulative peak fit. If the curve fitting was not satisfactory, the peak
parameters are re-adjusted until χ2 was minimized. Otherwise, selecting “Finish” generates the
curve fitting report which includes fitted peak parameters and the value of χ2, Figure 3.2(d). The
results of the curve fitting provide quantitative data to compare peak intensities of vibrational
bands, used to indicate degradation of functional groups in AEMs.

3.5 Spectroelectrochemical Setup

3.5.1 Construction of Channel Flow Double Electrode (CFDE) Cell
The spectroelectrochemical cell, comprised of a channel flow double electrode (CFDE)
cell and aluminum jacket, was fabricated in-house. Refer to Appendix A for detailed computer
aided design (CAD) drawings of the spectroelectrochemical cell.
The CFDE cell, made of poly(sulfone) (UDEL®), was encased in an aluminum jacket
with ports to accommodate two cartridge resistance heaters (¼" diameter, OMEGALUX® CIR
series, Omega Engineering, Inc., Stamford, CT) and a thermocouple (⅛" diameter, Model JTSS18(G)-12, Omega Engineering, Inc., Stamford, CT). A bench top controller (CSi32J Series,
Omega Engineering, Inc., Stamford, CT) was used to control the heaters through the
thermocouple.

(a)	
  

(b)	
  

(c)	
  

Figure 3.3. CAD drawings of the channel flow double electrode (CFDE) cell (a) aluminum jacket,
(b) cover, and (c) base. Refer to Appendix A.1 for detailed CAD diagrams.
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The CFDE cell was comprised of a base and cover, Figure 3.3(a) and (b). The channel
was machined along the length of the base and a deeper well (3 mils) machined within the
channel allowed electrodes to be mounted flush with channel surface. The cover had an optical
port placed at the center for placement of a fused silica window (5 mm diameter, 1 λ fused silica
window, NT84-469, Edmund Optics, Barrington, NJ), which aligned properly with the Raman
beam and electrodes. Humidified gas entered the CFDE cell through an NPT fitting in the base,
flowed over the electrodes, and out of the cell through a fitting in the cover. The base and cover
were secured together with metal screws.
Hydrogen gas (99.99% ultra high purity) was fed through a temperature controlled
humidity chamber (Part # LF-HS, Fuel Cell Test Station, Albuquerque, NM) and then through a
low rate flow meter (#41695K32, Slimline glass flow meter, McMaster-Carr, Cleveland, OH)
before entering the CFDE cell to affect electrochemical hydrogen pumping experiments. The
typical flow rate was 15 std. cm3 min-1.

An overall schematic of the Raman

spectroelectrochemical cell is shown in Figure 3.4.

67

Figure 3.4. Schematic of spectroelectrochemical cell. The Raman laser is focused on working
electrode, which sits in a cell that is temperature controlled. Humidified hydrogen for
electrochemical hydrogen pumping is fed through the cell.

3.5.2 Electrochemical Measurements
Anion exchange polymer solution in organic solvent was drop cast onto screen printed
electrodes (#RRPE2001Pt, Pine Research Instrumentation Inc., Durham, NC), specifically
covering the just the working, counter, and reference electrodes. The electrode and polymer
solution was then air dried to remove the casting solvent. The electrodes were flush with the
substrate allowing the shortest distance between electrodes. After the ionomer film was dried, the
electrode was carefully inserted into the CFDE assembly and micro smooth clips (#270-373,
RadioShack® Micro 1-1/8" smooth clips) were attached to the respective circuits and connected to
a potentiostat (Solartron Analytical 1470E, UK).

Current-voltage cycles (CV cycles) were

collected prior to thermal degradation to determine stability of the electrochemical system and
any changes to resistance of the membrane.

The electrochemical degradation experiments

consisted of applying -0.8 V vs. SHE over 24 H to age the sample under hydrogen oxidation
conditions.
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3.6 Raman Mapping of Gas Diffusion Layers
Chapter 7 discusses the Raman mapping of gas diffusion layers.

Green (room

temperature solution processed) and sintered (above 200 ºC) GDLs with PTFE contents ranging
from 1.8 to 44 wt. % were examined. Standards were taken from a graphite sheet (Poco Graphite,
TX) and PTFE block (McMaster-Carr, IL). Both optical (Leica Gmbh, Wetzler, Germany) and
electron (Hitachi S300N, Hitachi High Technologies, Inc.) micrographs were obtained for the
GDL samples.
A confocal Raman microscope (Renishaw inVia, UK) with a 20 x 0.40 NA glass
objective, 1200 lines cm-1 diffraction grating, 514 nm Argon ion laser, and Pelletier cooled CCD
detector was used in this study for collecting individual Raman spectra and for surface mapping.
Acquisition time and laser power were varied to give the best signal to noise ratio without
damaging the sample, particularly the graphitization of carbon fiber in the GDLs. Laser power
incident on the GDL surface was kept to ~ 9 – 12 mW. The samples were mounted on an XYZ
motorized stage, which was used to control the area scanned and the distance between gathered
points.
To generate spectroscopic maps, single vibrational bands unique to each component were
extracted with x and y representing spatial coordinates, and the z dimension represented by color
intensity, where bright pixels represent positive identification of a peak and its intensity.
OriginPro (version 8, OriginLab Co., MA) software was used to generate the single Raman maps,
while Photoshop (CS4, Adobe Co., CA) was used to overlay the Raman maps as in previous
work.18
The depth resolution in confocal imaging is commonly defined as the full width at half
height of the intensity profile when moving the microscope focus into a sample.167 The top layer
of the GDL was brought into focus and the first fiber to come into focus was set to 0 μm focal
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depth. Raman maps were gathered from five focal depths on a 1000 x 1000 µm area, without
changing the other experimental conditions. The 735 cm-1 PTFE peak and 1565 cm-1 carbon peak
were

used

to

determine

the

depth

resolution

of

the

porous

GDL

samples.
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Chapter 4
Peaks Assignments for Infrared and Raman Spectra for AEMs
Many degradation and stability studies of AEMs rely on robust techniques such as
Raman and IR spectroscopy, which are capable of collecting in situ data on the materials’
functional group distribution when coupled with other various degradation methods.

The

polymeric backbone, placement of the cationic group, and choice of cationic group contribute to
the overall stability of these AEMs. Raman and IR vibrational spectroscopy are sensitive to many
of these functional groups which allow the stability of the polymeric backbone and cationic group
to be concurrently studied. Ideally, the vibrations of the polymeric backbone and cationic group
have distinct, intense peaks in the Raman and IR spectra to accurately and quantitatively
determine AEM stability. However, molecules such as CH, CH2, and CH3, for example, are
present in the polymeric backbone and the cationic group and consequently lead to overlapping
vibrational frequencies in the Raman and IR spectra. The complete vibrational assignments of QPVBC, Q-SEBS, and Q-RADEL determined in this chapter allow for accurate interpretation of
the vibrational spectra collected from the degradation studies in the succeeding chapters.
To facilitate discussion, short hand notation is used to refer to vibrations of small
functional groups under the general formula, χ! 𝐴𝐵, where χ is the main vibration, a describes
specific vibration if available, and AB is the chemical compound, Table 4.1.
Table 4.1. Short-hand notation to describe vibrations under the general formula, χ! 𝐴𝐵.
Main Vibration, χ
ν – stretching
δ – in-plane deformation
γ – out-of-plane deformation

Specific sub-vibration, a
sym - symmetric
asym – asymmetric
ρ – rocking
τ – twisting or torsion
ω – wagging

AB
Molecular formulas generally
used, except for aromatic
linkages denoted as “-aryl”

The deformation vibration of methylene, for example, may originate from aliphatic backbone,
benzene, or the benzene-CH2-N+(CH3)3 linkage. As such, the functional group is also stated in
conjunction with the vibration, such as “δCH2 of the aliphatic backbone”. References to benzene
vibrations will follow the following notation, “benzene νCC, to describe benzene ring vibration
where substitution is indicated if appropriate. The spectral assignment tables listed in this chapter
also refer to Wilson number (refer to Chapter 2.5) for the particular vibration of benzene for
reference purposes.87 The vibrations due to quaternary ammonium1 in AEMs are presented first
followed by spectral assignments on the polymeric backbones of interest in this work.

4.1 Raman and Infrared Vibrational Bands of Quaternary Ammonium in AEMs
In many IR and Raman vibrational spectroscopy studies of quaternary ammonium salts,9799, 168-171

the stretching vibrations of quaternary ammonium are strong and present in stable regions

around 955 cm-1 for νasymC4N+ and 755 cm-1 for νsymC4N+. The remaining vibrations are due to
deformation of the skeleton, δCNC, deformation of the entire cation, δC4N+, and vibrations of the
methyl groups: τCH3, ρCH3, δCH3, νasymCH3, νsymCH3. There have been limited studies on the
vibrational assignments of quaternary ammonium functionalized AEMs because many of the
quaternary ammonium vibrations are obscured by vibrations originating from the polymer
backbone.
The vibrational assignments of quaternary ammonium in a series of AEMs were
determined by comparing the spectra of tetramethylammonium chloride (TMA), and
benzyltrimethylammonium chloride (BTMA).

In this study, it was found that the νsymC4N+

1

Depending on the context, ‘quaternary ammonium’ refers to the cationic group with four methyl
groups attached, N+(CH3)4, or with three methyl groups attached, CH2N+(CH3)3. The latter case typically
applies to the cationic group functionalized onto a benzylic position in the AEMs.
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vibration is not active in quaternary ammonium functionalized styrenes and each AEM had an
overtone band of (2 * δC4N+) and a combination of (δC4N+ + τCH3). The combination bands
depended on the placement of the quaternary ammonium on the polymeric backbone. Quaternary
ammonium attached to the benzylic position of an AEM exhibited coupling of the ring
deformation and the methyl groups. For quaternary ammonium functionalized onto a butyl
pendant chain of poly(bromobutyl styrene), Q-PBBS, the skeletal deformations coupled with the
quaternary ammonium to produced several combination bands.

Figure 4.1. The Raman spectra of (a) tetramethylammonium chloride and (b)
benzyltrimethylammonium chloride, BTMA. The peaks labeled with (*) are overtone and
combination bands of τCH3 and δC4N+.

The Raman spectrum of tetramethylammonium chloride, Figure 4.1(a), show four main
peaks, due to νasymC4N+(955 cm-1), νsymC4N+(755 cm-1), δC4N+(456 cm-1), and δCNC (377 and 388
cm-1).97 The symmetric and asymmetric stretching of C4N+ are typically the strongest vibrations

73

of quaternary ammonium below 1000 cm-1 which is clearly demonstrated in its spectrum.97
However, in the spectrum of benzyltrimethylammonium chloride, Figure 4.1(b), the lowered
symmetry of quaternary ammonium alters many of these characteristic peaks.98, 99, 168, 172

The

νasymC4N+ and δC4N+ peaks are now split, the δCNC is very weak (396 cm-1) and two strong
Raman bands appear at 715 and 741 cm-1, labeled with (*). Instead, in BTMA, the benzene outof-plane ring deformation γCC (no. 16), 428 cm-1, and the methyl torsion vibrations, τCH3 (281
and 301 cm-1), of quaternary ammonium are now observed along with other benzene vibrational
modes.
In

the

spectra

of

quaternary

ammonium

in

hexafluorophosphate

and

hexafluoroantimonate172, the νsymC4N+(755 cm-1) and 741 cm-1 band was observed. Based on their
normal coordinate analysis, the νsymC4N+ was forbidden to split and the 741 cm-1 band was
assigned to (2 * δCNC). In BTMA, an overtone of (2 * δCNC) vibration is not expected as the
δCNC (396 cm-1) is weak. When one of the methyl groups is replaced by the methylene linkage
altering the symmetry of quaternary ammonium, νasymC4N+ splits and the νsymC4N+ is no longer
active. Considering the other vibrations present below 600 cm-1, both the δC4N+ and τCH3 are
split. The 741 cm-1 peak now present is most likely due to (δC4N+ + τCH3), where their two
combinations, (452 + 295) and (461 + 281), yield values of 747 and 733 cm-1, respectively. The
903 cm-1 was assigned to a combination of (2 * δC4N+). The 715 cm-1 peak was assigned to
(benzene γCC and τCH3) suggesting methyl group and π-π interactions with the benzene ring.
The Raman spectra of four AEMs were carefully analyzed to determine consistent
coupling vibrations. The AEMs were functionalized poly(styrene) (Q-PVBC), poly(styrene-coethylene-butylene-co-styrene) (Q-SEBS), a poly(styrene) with a pendant butyl alkyl chain at the
benzyl position (Q-PBBS), and a poly(sulfone) (Q-RADEL). The vibrational assignments of their
polymer backbones are discussed in Chapter 4.2 and 4.3.
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Table 4.2. Raman assignments of quaternary ammonium in BTMA and quaternary ammonium
functionalized poly(vinylbenzyl chloride), Q-PVBC; quaternary ammonium functionalized
poly(styrene-b-(ethylene-r-butylene)-b-styrene), Q-SEBS, quaternary ammonium functionalized
RADEL® based poly(sulfone), Q-RADEL, and quaternary ammonium functionalized
poly(bromobutyl styrene), Q-PBBS.
Q-PVBC/Q-SEBS
280

Q-RADEL
250

Q-PBBS
302

396

395

380

369

δCNC

452

450

452

453

δC4N+

715

724

770

741

741

732

767
760

δRing + τCH3
755

δC4N++ τCH3

765

δC4N++ τCH3

740

2 * δCNC

795
900

892

901

930, 959

927, 955, 978

920, 953, 975

δRing + δCNC
906

2*δC4N+
νasymC4N+

977
b

Assignmentb
τCH3

BTMA
280-310

δCCC + δC4N+

The symbols used are: τ, torsion; δ, in-plane deformation.

Figure 4.2. Raman spectra of (a) BTMA, (b) Q-PVBC, (c) Q-RADEL, (d) Q-PBBS with the right
graph emphasizing peaks in the 100 – 600 cm-1 region.

The 250 – 1000 cm-1 region of the Raman spectra of BTMA and these AEMs are shown
in Figure 4.2 with a summary of the Raman assignments listed in Table 4.2. The overtone peaks
are labeled with (*) with the remaining unlabeled peaks due to the polymer backbone, described
in Chapters 4.2 and 4.3. In each of the AEMs, the νsymC4N+ is not active, while splitting of the
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νasymC4N+was consistent for Q-PVBC, Q-SEBS, and Q-RADEL. The δC4N+ vibration, 450 cm-1,
was present in each AEM and produced an overtone band of (2 * δC4N+) at 890 cm-1 for all the
AEMs.
The spectra of Q-PVBC and Q-SEBS share many similar characteristics, Figure 4.2(a)
and (b). From quaternary ammonium, the τCH3 vibrations occurred in a broad range from 280 –
320 cm-1. The remaining vibrations were due to δC4N+ (450 cm-1) and benzene γCC (425 cm-1).
Combinations due to (δC4N+ + δCH3) would produce peaks from 730 – 760 cm-1 while those due
to (benzene δCC + δCH3) would occur from 705 – 735 cm-1. The asymmetric peaks centered at
724, 737, and 767 cm-1 were due to both these combination bands.
The spectra of Q-RADEL, Figure 4.2(c), had the τCH3 vibrations of quaternary
ammonium occurring also in a broad range from 250 – 310 cm-1. The remaining vibrations were
due to δCNC (380 cm-1), δC4N+ (450 cm-1), and benzene γCC (425 cm-1). Combinations due to
(δC4N+ + δCH3) would produce peaks from 730 – 770 cm-1 while those due to (benzene δCC +
δCH3) would occur from 745 – 765 cm-1. The δCNC vibration was strong in Q-RADEL and an
overtone of (2*δCNC) at 760 cm-1 and coupling of (benzene δCC + δCNC) at 795 cm-1.

The

peaks in the spectra of Q-RADEL were centered at 720, 765, and 795 cm-1 where the combination
bands are reasonable.
The spectra of Q-PBBS, Figure 4.2(d), had vibrations due to δCNC (380cm-1) and δC4N+
(453 cm-1). The τCH3 was present at 302 cm-1 but was very weak and did not have the broad
range present in the other AEMs. Instead, the δCCC (522 cm-1) due to the alkyl linker chain was
more prominent. The 738 cm-1 was assigned to (2*δCNC) while combinations of (δC4N+ +
τCH3) produced peaks at 755 and 765 cm-1. Only two strong peaks were observed in the region
from 900 – 990 cm-1, whereas the other AEMs had three peaks in this region. These two peaks,
centered at 906 and 977 cm-1, are much stronger in Q-PBBS than in Q-PVBC, Q-SEBS, or QRADEL. The peaks may have contributions from the splitting of the νasymC4N+ vibration, in
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addition to two overtone bands: the first, due to (2 * δC4N+), producing a peak at 906 cm-1, and
the second, due to (δCCC + δC4N+), producing a peak at 975 cm-1.
These combinations bands were identified based on the strong vibrations present in the
AEMs spectra below 600 cm-1. Each AEM exhibited coupling of the quaternary ammonium and
methyl groups (δC4N+ + τCH3) which occurred in the 700 – 800 cm-1 region and overtone of the
quaternary ammonium (2*δC4N+). For Q-PVBC, Q-SEBS, and Q-RADEL, where quaternary
ammonium was attached to a benzylic position, the coupling of the benzene ring deformation and
methyl torsion (benzene νCC + τCH3) was observed, suggesting π-π interactions of the quaternary
ammonium group with the benzene ring. Q-RADEL also had strong skeletal deformation, δCNC,
which coupled strongly with ring deformation to produce a sharp peak at 795 cm-1. The peaks
present in the spectra of Q-PBBS agreed well with the combination bands of the aforementioned
AEMs.

The benzene δCC was not present while the skeletal vibrations due to quaternary

ammonium, δCNC, and the alkyl chain, δCCC, were most prominent and the resulting
combination bands were unique to the structure of Q-PBBS.
The quaternary ammonium vibrations, νasymC4N+, ρCH3, δCH3, νasymCH3, and νsymCH3,
were also present in the IR spectra of these materials. The νasymC4N+ was present Q-PVBC, QSEBS, and Q-RADEL. In Q-PVBC and Q-SEBS, the δasymCH3 vibration was observed at 1480
cm-1 but overlapped with other vibrations from the polymer backbone. In Q-RADEL, the δsymCH3
vibration was noted at 1384 cm-1. The ρCH3, νasymCH3, and νsymCH3 occurred in regions of the IR
spectra that overlapped with the polymer backbone and will be discussed in Chapters 4.2 and 4.3.
It should be noted that the deformation vibrations of quaternary ammonium, such as δCNC and
δC4N+, are inherently weak IR absorbers, so the combination bands found in the 700 – 800 cm-1
region of the Raman spectra were not observed.
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4.2 Vibrational Assignments of Aliphatic Based AEMs (Q-PVBC and Q-SEBS)
The aliphatic polymers used in this work are based on poly(vinylbenzyl chloride)
(PVBC) and a triblock copolymer of poly(styrene-co-ethylene-butylene-co-styrene), (SEBS).
Both PVBC and SEBS have styrene moieties that are functionalized at the benzyl position with
quaternary ammonium, called Q-PVBC and Q-SEBS, respectively, in this study, shown in Figure
4.3.

Figure 4.3. Structure of (a) Q-PVBC and (b) Q-SEBS. Q-SEBS comprises of a mixture of
functionalized and unfunctionalized styrene residues, while Q-PVBC is a homopolymer with 100
% benzyltrimethylammonium moieties.

The vibrational spectra of Q-PVBC and Q-SEBS are similar as they contain the same
functional groups.

The main advantages of using IR spectroscopy, instead of Raman

spectroscopy, for evaluating the AEMs are the strong IR absorption of the νCH3 and νasymC4N+ of
quaternary ammonium.

However, the methyl group vibrations overlap with many aliphatic

backbone and styrene vibrations. Interference from the bicarbonate counter ion is also apparent,
producing a strong baseline and obscuring these vibrations. Raman spectroscopy offers the
advantages of distinguishing between functionalized and unfunctionalized styrenes, and is
unaffected by the presence of the counter ion. There are numerous vibrations due to quaternary
ammonium but they are only medium strength Raman scatterers. For these classes of AEMs,
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Raman spectroscopy offers the advantage of distinguishing certain methylene vibrations separate
from other functional groups, which can be used as an internal standard for quantitative analysis.
The IR and Raman vibrational assignments for Q-PVBC and Q-SEBS are listed Tables 4.3 and
4.4, followed by discussion of the spectra assignments.
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Figure 4.4. Infrared spectra of (a) Q-SEBS and (b) Q-PVBC.
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Figure 4.5. Raman spectra of (a) Q-SEBS and (b) Q-PVBC.
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Table 4.3. Infrared assignments of Q-PVBC and Q-SEBS.
Frequency (cm-1) a

Assignmentb Description of Benzene Vibrationc

Functional Groupd

3430

νOH

Bicarbonate anion

3016
2930
2850
1580-1720
1616

νasymCH3

QA

νsymCH3

QA

νasymCO2
νCC

Ring stretching (8a)

Bicarbonate anion
Styrene-QA

(νCC+δCC)

Ring stretching + deformation (19a)

1512
1488

Styrene-QA
Styrene -R

1480
1460

δCH3
δCH2

QA

1384

δCH, γCH2

1284
1244

HCO3- **

1222

δCH

CH in-plane deformation (*)

Styrene-QA

δCC
δCH

Ring deformation
CH in-plane deformation

Styrene

Aliphatic backbone
Bicarbonate anion

1190
1070
1030
1020
992
976
955sh

δCH3

QA

νasymC4N+

QA

2 * δC4N+

QA

925
889
858
832
760
720

γCH

CH out-of-plane deformation (10b)

Styrene-QA

γCH
δCH2

CH out-of-plane deformation (11)

Styrene
Aliphatic-Styrene

701
δCC
Ring deformation (4)
Styrene
a
sh – shoulder peak
b
The symbols used are: ν, stretching; δ, in-plane deformation; γ, out-of-plane deformation.
c
Wilson number indicated for reference purposes.87, 91, 106
d
Mixed styrene functionality has distinct benzene vibrations: QA, quaternary ammonium; R,
general benzene mode.
* Wilson numbers can be 3, 9a, 15, 18a and dependent on substitution and symmetry.
** Conflicting assignments in literature104, 173
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Table 4.4. Raman assignments of Q-PVBC and Q-SEBS.
Frequency (cm-1)a

Assignmentb

Description of Benzene Vibrationc

νCC

Ring stretching (8b)

νCC
δCH2/δCH,
(νCC+δCC)
δCH, γCH2

Ring stretching (8a)

1248

δCH

CH in-plane deformation (*)

1223
1201

νCH2

1615
1603
1582
1450
1303

Ring stretching + deformation (19)

Functional Groupd
Styrene-QA
Styrene
Styrene-R
Aliphatic backbone,
Styrene-R
Aliphatic

1276

1193
1183
1156
1030
1010
1000sh

Styrene-QA
Alkyl-Styrene

δCH

CH in-plane deformation (*)

Styrene-QA

δCH

CH in-plane deformation (*)

Styrene

νCCC
γCH

Ring breathing (12)
CH out-of-plane deformation (5)

Styrene
Styrene-R

977
955sh

νasymC4N+

QA

925
891

2 * δC4N+

QA

858
832
767

γCH

CH out-of-plane deformation (10b)

743
724
677
643
621

Styrene-QA

Styrene-Methyl-QA
νCCl

Styrene-Cl

δCC

Ring deformation (6b)

Styrene-QA
Styrene

+

450
δC4N
395
δCNC
QA
280
τCH3
a
sh – shoulder peak
b
The symbols used are: ν, stretching; δ, in-plane deformation; γ, out-of-plane deformation.
c
Wilson number indicated for reference purposes.87, 91, 106
d
Mixed styrene functionality has distinct benzene vibrations: QA, quaternary ammonium; R,
general benzene mode.
* For γCH, the Wilson numbers can be 3, 9a, 15, 18a depending on substitution and symmetry.
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4.2.1 Effect of Aliphatic Backbone Vibrations on the Vibrational Spectra
Vibrations due to the aliphatic backbone are comprised of various methylene in plane
(δCH2) and out-of-plane vibrations (γCH2), and methine deformation, δCH.95, 102, 104, 174 In these
AEMs, these vibrations were analyzed by normalizing the p-substituted benzene peaks at 1240
cm-1 of fully functionalized Q-PVBC and Q-SEBS and presented in Figure 4.6.

Figure 4.6. Aliphatic vibrations, due to ethylene-butylene component, are significant in the
vibrational spectra of Q-SEBS () compared to Q-PVBC (). (a) IR spectra: δCH, γCH2 –
1384, δCH2 – 1460; (b) Raman spectra: δCH, γCH2 – 1303, δCH2, δCH – 1450.

In the IR spectra, the 1384 cm-1 peak is due to δCH and γCH2 while the 1460 cm-1 peak δCH2. In
the Raman spectra, the 1303 cm-1 peak is due to δCH and γCH2 while the 1450 cm-1 is due to
δCH2 and δCH. The benzene ring stretches, νCC (no.8a and 8b), are typically intense peaks in
the IR and Raman spectra and are indicative of aromaticity in a compound.

91, 92

The vibrations

were assigned, accordingly, to 1583 cm-1 and 1615 cm-1. The combined benzene νCC+δCC (no.
19) produce two degenerate bands occurring in a limited range106, with the 1455 cm-1 being
84

Raman active and the 1512 cm-1 being IR active. In the Raman spectra, the benzene νCC+δCC
(no. 19) were obscured by the δCH2 and δCH of the aliphatic backbone when ethylene-butylene
was present. In the IR spectra of these polymers, the region from 1300 to 1515 cm-1 is dominated
by other overlapping vibrations only approximations can be made based on model compounds.
Additionally, the effect of the bicarbonate counterion in Q-SEBS and Q-PVBC was most
noticeable in the IR by the broad peak from 1580 to 1720 cm-1, due to νasymCO2173, 175, and the
1284 cm-1 peak, but its specific assignment has conflicting interpretations in literature.104, 173

4.2.2 Effect of IEC on the Vibrational Spectra
The

mixture

of

functionalized

styrene

moieties

gives

rise

to

characteristic

monosubstituted benzene vibrations, indicative of styrene monomer residues, and characteristic
para-substituted benzene vibrations, indicative of functionalized styrene.

The effect of

functionalization in this region is presented by comparing a series of SEBS and Q-SEBS with
IECs of 0.9, 1.2, 1.45, and 1.7. The spectra were normalized to the aliphatic backbone peak at
1450 cm-1and the most significant changes in this region are presented in Figure 4.7.
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Figure 4.7. As IEC increases (direction of arrow), vibrations due to p-substituted benzene
increases and vibrations due to monosubstituted benzene decreases. (a) IR spectra: 1480 - δCH3
of QA, 1512 – p-substituted benzene νCC+δCC; and (b) Raman spectra: 1603 - monosubstituted
benzene νCC, 1615 - p-substituted benzene νCC. SEBS (), Q-SEBS IEC 0.9 (), Q-SEBS IEC
1.2 (), Q-SEBS IEC 1.45 (), Q-SEBS IEC 1.7 ().

The benzene νCC+δCC (no. 19a) and νCC (no. 8b) were shifted by monosubstitution or psubstitution91, 106, 176, 177, and evident in Figure 4.7. In the Raman spectra, the 1603 cm-1 peak, due
to styrene, decreases and the 1615 cm-1 peak increases, due to functionalized styrene which
increases in prominence with IEC.

In the IR spectra, the corresponding styrene vibration of

benzene νCC+δCC (no. 19a) appeared at lower wavenumbers but was obscured by other
overlapping vibrations.106 The IR spectrum does show the 1480 cm-1 peak increasing with IEC
and was assigned to νasymCH3 of quaternary ammonium.
In the Raman spectrum of these aliphatic AEMs, the region from 990 – 1260 cm-1 had
several strong peaks due to benzene γCH (no.3).106
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Figure 4.8. In the Raman spectra of Q-SEBS, as IEC increases (direction of arrow), vibrations
due to functionalized styrene increases and vibrations due to styrene decreases. Monosubstituted
benzene peaks: νCCC - 1010, δCH - 1030, 1156, 1183; p-substituted benzene peaks: δCH - 1193,
1223. SEBS (), Q-SEBS IEC 0.9 (), Q-SEBS IEC 1.2 (), Q-SEBS IEC 1.45(), Q-SEBS
IEC 1.7 ().

A strong Raman band centered at 1000 cm-1 was due to benzene ring breathing, νCCC (no. 12),
where the CCC bends in-plane, and is a few orders of magnitude more intense than the other
vibrations.
benzenes.91,

This peak, along with the 1030 cm-1 band, is indicative of monosubstituted
106

The benzene δCH (no.3) vibrations, also strong Raman scatterers, typically

appear in the 1100-1250 cm-1 region and are sensitive to substituent. The 1156 and 1183 cm-1
peaks are due to styrene while the 1183 and 1201 cm-1 peaks are due to functionalized styrene.
In IR spectroscopy, the fingerprint region from 700 – 900 cm-1 is typically used to
identify substitution on benzene compounds, Figure 4.9. The 701 cm-1 peak, due to benzene δCC
(no.4), and the 760 cm-1 peak, due benzene γCH (no.11), are peaks characteristic of
monosubstituted benzenes. The 830 cm-1 peak is characteristic of p-substituted benzenes while
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the 822 cm-1 peak is a combination band due to (δC4N + τCH3).

The remaining peaks are due to

benzyltrimethylammonium ionic groups and were discussed in Chapter 4.1.

Figure 4.9. In the IR spectra of Q-SEBS, as IEC increases, monosubstituted benzene peaks
decrease – δCC (701 cm-1), γCH (760 cm-1); p-substituted benzene peak, γCH (832 cm-1), and
quaternary ammonium peak, δC4N + τCH3 (822 cm-1) increases. SEBS (), Q-SEBS IEC 1.2
(), Q-SEBS IEC 1.45 (), Q-SEBS IEC 1.7 ().

As IEC increases, the 701 and 760 cm-1 peaks decrease while the 822 and 830 cm-1 peaks increase
accurately reflecting the presence of both styrenes and functionalized styrenes in the AEMs. The
720 cm-1 peak, characteristic of δCH2 in alkyl benzenes106,

178, 179

, does not increase with

functionalization and must originate from the methylene groups in the backbone rather than the
styrene-quaternary ammonium methylene linkage.

As IEC increased, the bicarbonate peaks

increased in tandem with the νasymC4N+ vibrations. The 800 – 860 cm-1 “umbrella” region106, 178,
180

is particularly used to identify p-substituted benzenes and is due to benzene δCH vibrations

(no.17b). These vibrations are heavily influenced by substituents and will have 2 peaks when the
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substituents are different. The 859 and 830 cm-1 peaks in Q-PVBC and Q-SEBS, Figure 4.5, were
assigned to benzene δCH vibrations (no17b).
Benzene ring deformations, γCC (6b), typically occur in the 600 – 640 cm-1 region in the
Raman spectra and are used to identify monosubstituted and p-substituted benzene.91, 106, 176

Figure 4.10. In the Raman spectra of Q-SEBS, as IEC increases, monosubstituted benzene ring
deformation, δCC (621 cm-1), decreases and p-substituted benzene ring deformation, δCC (643
cm-1), increases. SEBS (), Q-SEBS IEC 0.9 (), IEC 1.2 (), IEC 1.45 (), IEC 1.7 ().

In Figure 4.10, the 621 cm-1 peak is characteristic of monosubstituted benzene, indicative of
styrene, while the 643 cm-1 peak is characteristic of p-substituted benzene, indicative of
functionalized styrene.

As IEC increased, the 621 cm-1 peak, due to styrene, increased while the

640 cm-1, due to functionalized styrenes, decreased. The remaining peaks in the Raman spectra
below 600 cm-1 were due to quaternary ammonium and their assignments were discussed in
Chapter 4.1.
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4.2.3 Non-characteristic Vibrations in the Vibrational Spectra of Q-PVBC and Q-SEBS
In the IR and Raman spectra of Q-PVBC and Q-SEBS, Figures 4.4 and 4.5, the 2500 –
3000 cm-1 region were dominated by the stretching vibrations of the methyl groups in quaternary
ammonium, the aliphatic backbone, and the styrene residues.

Vibrations overlapped

considerably in this region and are not ideal for identifying distinct characteristic group
frequencies. In the IR spectra, this region also suffered from water vapor and bicarbonate ion
absorption.
In the 990 – 1300 cm-1 region of the IR spectra, the vibrations were due to benzene δCH,
benzene δCC, and δρCH3 of p-substituted benzene. This region was not ideal for determining peak
assignments104 due to the weak overlapping peaks, but several assignments can be made by
comparing peak intensities of SEBS and Q-SEBS with increasing IEC, with reference to the
model compounds and the literature.

Figure 4.11. Certain IR peaks appear in the spectra after functionalization but have inherently low
IR absorption and cannot be quantified. P-substituted benzene δCH vibrations - 1030, 1070,
90

1190, 1222, 1244; δCH3 of quaternary ammonium – 992, 1020. SEBS (), Q-SEBS IEC 1.2 (),
Q-SEBS IEC 1.7 ().
The 992 and 1020 cm-1 peaks were assigned to δCH3 of the quaternary ammonium groups. The
1030 cm-1 peak decreases with increasing IEC and was assigned to benzene δCH. The 1070 cm-1
had no noticeable trend with IEC but is characteristic of benzene δCC. The 1190, 1222, 1244sh
(shoulder) cm-1 peaks only appear in the functionalized AEMs.

The ρCH3 of quaternary

ammonium appeared at 1184 and 1195 cm-1 and was assigned accordingly, while the 1222 and
1244 cm-1 are benzene δCH (no.3) and characteristic of functionalized styrenes.

4.3 Vibrational Assignments of Aromatic Based AEMs (Q-RADEL)
RADEL® is a commercially available poly(sulfone), and is comprised of aromatic rings
linked by sulfone and ether linkages. In this study, quaternary ammonium was functionalized
onto the backbone through chloromethylation and amination and the resulting material was
designated Q-RADEL, Figure 4.12. This AEM was comprised of a mixture of functionalized and
unfunctionalized aromatic rings.

Figure 4.12. Chemical structure of chloromethylated and aminated RADEL®, a commercially
available poly(sulfone) functionalized with quaternary ammonium groups (Q-RADEL). This
anion exchange membrane comprises of a mixture of functionalized and unfunctionalized
aromatic rings.
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There are more studies of poly(sulfones) concerning their IR vibrational assignments than
their Raman vibrational assignments. In this work, the IR and Raman spectra of Q-RADEL were
compared to model compounds and their assignments to confirm peak assignments for this AEM.
These model compounds included 4,4-biphenol103, 181, 182, benzyl sulfones100, 101, 183, 184 and
poly(sulfone).185 The Infrared and Raman spectra of Q-RADEL are shown in Figure 4.13 and the
complete assignments are listed in Table 4.5

Figure 4.13. The (a) Raman and (b) IR spectra of Q-RADEL.
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Table 4.5. Infrared and Raman assignments of Q-RADEL.
IR (cm-1)a
1586
1484
1384
1318
1293

Raman (cm-1)a
1613
1586sh

735
715
700
683
640

Benzene νCC
Benzene (νCC+δCC)
δCH3

1292
1272/1303

1240
1168
1150
1106
1071
1010
974
956sh
920
880
856
837

Assignmentb

1216
1168
1150
1106
1071
1010
974
956sh
920

δCH, ωCH2
δCH, ωCH2
νasymCOC

Aryl-C-N linkage
Aryl-O-Aryl linkage

Benzene δCH

CH in-plane deformation (*)

νsymSO2
νasymCS
νsymCS
Benzene γCH

Sulfone-Aryl linkage
CH out-of-plane deformation (17a)

νasymC4N+

Benzene γCH
796
777
740
725

Notesc,d
Ring stretching (8b)
Ring stretching (8a)
Ring stretching + deformation (19)
Quaternary ammonium

CH out-of-plane deformation (17b)
Styrene-QA linkage

Benzene γCH

CH out-of-plane deformation (11)

665
Benzene δCC
Ring deformation (6)
633
452
δC4N+
380
δCNC
QA
250
τCH3
a
sh – shoulder peak
b
The symbols used are: ν, stretching; δ, in-plane deformation; γ, out-of-plane deformation; sym,
symmetric; asym, asymmetric.
c
Wilson number indicated for reference purposes.87, 91, 106
d
Abbreviations: QA, quaternary ammonium; Aryl, benzene.
* For γCH, the Wilson numbers can be 3, 9a, or 15 depending on substitution and symmetry.
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The benzene ring stretches, νCC (no.8), and combined stretching + deformation,
νCC+δCC (no. 19), are typically degenerate and only split into two peaks upon substitution.91, 92,
106

In the Raman spectra both benzene ring stretches are observed at 1583 cm-1 (no. 8a) and 1615

cm-1 (no. 8b). However in the IR spectra, only one peak due to benzene νCC (no.8a) was
observed at 1583 cm-1. For the benzene νCC+δCC (no. 19), one band is observed in the IR at
1486 cm-1 but is effectively split into two degenerate bands in the Raman spectra at 1520 and
1450 cm-1. These two benzene vibrations still have strong peaks in the Raman and IR spectra of
poly(sulfones).
The 1200 – 1400 cm-1 region, Figure 4.13, is dominated by sulfone and ether vibrations in
the IR spectrum and by sulfone and methylene vibrations in the Raman spectrum.

Figure 4.14. The 1200 – 1400 cm-1 region in the (a) Raman spectra (magnified x4 for clarity) and
(b) IR spectra vibrational spectra of Q-RADEL is dominated by sulfone and ether vibrations.
Assignments: 1216 (Benzene δCH), 1240 (νasymCOC), 1292 and 1318 (δCH, ωCH2) 1272 and
1303 (Aryl-C-N linkage δCH, ωCH2), 1384 (δCH3).
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The Raman spectrum in Figure 4.13(a) was magnified 4x for clarity. A sharp peak at 1293 cm-1,
due to νasymSO2, in the spectrum of RADEL® was weakened by ~ 70% and broadened
considerably after functionalization. It was shown in Chapter 4.1 that considerable vibrations
originate from the δCNC of quaternary ammonium which would affect the methylene wagging
and methine deformations of the quaternary ammonium substituent. The new peaks are due to
contributions from γωCH2 and δCH deformation of the quaternary ammonium linkage. In the IR
spectrum, the 1293 and 1318 cm-1 peaks are due to νasymSO292, 100-102 and the 1240 cm-1 peak is due
to νasymO-Aryl.103,
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The 1384 cm-1 peak is due to δsymCH3 vibration of the quaternary

ammonium.
The 1050 – 1200 cm-1 region was similar both in the IR and Raman spectra due to the
νsymSO2 , at 1150 cm-1, and the sulfone-aryl symmetric vibrations, Figure 4.13. The νsymS-Aryl
vibration occurred at 1106 cm-1 and the νasymS-Aryl occurred at 1070 cm-1. The 1168 cm-1 peak,
due to benzene γCH (no. 3), is typically weak in the IR but was affected by the strong absorption
of the sulfone functional group.100, 101, 181-184
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Figure 4.15. The 600 – 1000 cm-1 region in the (a) Raman and (b) IR spectra of Q-RADEL is
dominated by benzene and quaternary ammonium vibrations. Assignments: Benzene γCH (836,
856, 880), νasymC4N+ (920, 956sh, 974).

In Figure 4.15(a), ring deformations of p-substituted benzenes typically appear as two
degenerate bands at 620 – 648 cm-1 and 265 – 535 cm-1. The 640 cm-1 band is as expected while
the 680 cm-1 peak is more upshifted and is affected by the backbone linkages. In the IR spectra,
the 856 and 837 cm-1 peaks, due to benzene δCH, are strong IR absorbers and assigned
accordingly. The 880 cm-1 was outside the 800 – 860 cm-1 “umbrella” region of these vibrations
and is due to the 2*δC4N+ vibration.
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4.4 Conclusions
The Raman spectra of quaternary ammonium vibrations in Q-PVBC, Q-SEBS, QRADEL, and Q-PBBS had coupling of the benzene ring deformation and methyl torsion (benzene
νCC + τCH3). Additionally, each AEM had unique quaternary ammonium combination and
overtone bands based on its structure. When quaternary ammonium is attached to a benzylic
position, such as in Q-PVBC, Q-SEBS, and Q-RADEL, the coupling of the benzene ring
deformation and methyl torsion (benzene νCC + τCH3) was observed, suggesting π-π interactions
of the quaternary ammonium group with the benzene ring.

However, when quaternary

ammonium is attached to a butyl end group, such as in Q-PBBS, the aforementioned coupling of
ring and methyl groups was not observed and instead the coupling of alkyl chain deformation and
quaternary ammonium skeletal deformation (δCNC + δCCC) was present in the spectra, directly
related to the structure.
Correlations between AEM structure and the vibrational assignments were examined by
comparing variations of Q-SEBS and Q-PVBC since their functional groups are spectroscopically
similar.

Both IR and Raman spectra had several inversely related vibration peaks due to

monosubstituted and substituted benzene and the trends were consistent with degree of
functionalization. For example, the vibrational bands due to monosubstituted benzene, such as
620 and 1603 cm-1, decreased while vibrational bands due to p-substituted benzene, such as 643
and 1614 cm-1, increased with increasing IEC. Comparing Q-SEBS and Q-PVBC allowed
specific vibrational assignments of the various aliphatic vibrations, such as δCH2, δCH, and γCH2,
to be determined since their intensities were significantly higher in Q-SEBS compared to QPVBC. The aliphatic vibrations were also used to verify assignments of other vibrations close in
frequency to certain quaternary ammonium vibrations (δCH3) and benzene vibrations.
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The literature available for poly(sulfones) facilitated many of the IR and Raman peak
assignments of Q-RADEL. In the IR spectra, the electronegative sulfone and ether vibrations
shifted many of the p-substituted benzene vibrations. The peaks unique to Q-RADEL, as
opposed to poly(sulfones), were due to quaternary ammonium. In the IR spectra, many of the
quaternary ammonium vibrations were due its methyl group vibrations and p-substituted benzene.
In the Raman spectra, the skeletal vibrations of quaternary ammonium were prominent below 600
cm-1 and at 1300 cm-1. The low broad intense peak centered at 1300 cm-1 was assigned to the
methylene vibrations of CH2 linking benzene and N+(CH3)3. The overall shape of this peak is
expected to change when quaternary ammonium degrades. Characteristic 1,2,4-trisubstituted
benzene vibration peaks were not present because they typically appear in smaller, organic
compounds.
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Chapter 5
Degradation of Q-PVBC, Q-SEBS, and Q-RADEL

5.1 Introduction
Three different types of AEMs, all functionalized with quaternary ammonium, were
thermally degraded and their stability was compared using key IR vibrational peaks.

The

chemical structures are presented in Figure 5.1. These AEMs were chosen because they represent
potential use for commercial AMFC use.

Figure 5.1. Chemical structure of (a) quaternary ammonium functionalized poly(vinylbenzyl
chloride), Q-PVBC; (b) quaternary ammonium functionalized poly(styrene-co-ethylene-ranbutylene-co-styrene), Q-SEBS; (c) quaternary ammonium functionalized RADEL® based
polysulfone, Q-RADEL.

RADEL® is a commercially available polysulfone employed in proton exchange membranes
with an aromatic backbone that is slightly hydrophobic due to the electronegative ether and
sulfone linkages. In Q-RADEL, quaternary ammonium is attached to the main chain whose

functionality can be controlled. Poly(styrene-co-ethylene-ran-butylene-co-styrene), or SEBS, is a
commercially available triblock copolymer with an aliphatic backbone. In Q-SEBS, quaternary
ammonium is attached to a pendant styrene functional group and typically has mixed
functionality. Poly(vinylbenzyl chloride) is functionalized with quaternary ammonium, Q-PVBC,
and is fully functionalized in this work. Q-PVBC is a basic unit of Q-SEBS without the ethylenebutylene linkages and is studied to determine stability differences between the two AEMs. QPVBC and Q-SEBS have aliphatic based backbones and so similarities in their degradation
mechanisms will be examined.
The full spectra and peak assignments of Q-PVBC, Q-SEBS, and Q-RADEL were
discussed in Chapter 4. Figure 5.2 shows the νasymC4N+ vibrations of quaternary ammonium
present in tetramethylammonium chloride (TMA), benzyltrimethylammonium chloride (Benzyl
TMA), Q-PVBC, Q-SEBS, and Q-RADEL.

Figure 5.2. The νasymC4N+ vibration of (a) tetramethylammonium chloride degenerately splits into
3 peaks96, 98 centered around 922, 955, and 970 cm-1 when functionalized onto (b)
benzyltrimethylammonium chloride, (c) Q-PVBC, (d) Q-SEBS, and (e) Q-RADEL.
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The single peak present in TMA splits into 3 degenerate peaks centered at 922, 955, and 975 cm-1
for Benzyl TMA and the AEMs due to local symmetry changes of the functional group.96, 98
The AEMs in solution were dropcast onto KBr pellets and degraded at 135 °C in O2
environment over the course of 10 h. A pellet for each AEM was taken out every 2 h and
transmission IR spectra was collected for that sample.

Refer to Chapter 3.2 for detailed

information.

5.2 Normalization of IR Spectra for Quantitative Analysis
The collected IR spectra for each AEM are carefully evaluated to determine overall
changes occurring as thermal degradation proceeds. The processing steps are kept consistent for
all three AEMs to ensure an accurate quantitative comparison of quaternary ammonium
degradation. This means processing a portion of the IR spectra to include the νasymC4N+ vibration
and polymeric backbone peak used for normalization, followed by a linear 2-point baseline
correction of the given region. The 2-point baseline correction preserves much of the raw data
and avoids inconsistencies that may occur if applying more than 2 points or a polynomial fit.
Key polymeric backbone vibrations are examined with respect to the νasymC4N+ vibration
to determine if they significantly change at 135 °C. This includes examining the spectral baseline
from 0 to 10 h, overall peak shape, and peak intensity. The IR spectra ranges from 650 – 4000
cm-1 and it is typical for the spectral baseline to shift due to instrument artifacts, sample thickness,
and other factors. As such, a consistent polymeric backbone vibration close to the νasymC4N+
vibration is needed to allow the 2-point baseline correction to be used. ammonium
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5.2.1 Spectral Processing of Q-SEBS
Unprocessed IR spectra of Q-SEBS are offset with key polymeric backbone vibrations
labeled and the quaternary ammonium vibrations highlighted in red, Figure 5.3(a), with the peak
value over time in Figure 5.3(b). The benzene vibration at 1488 cm-1 is the strongest IR peak in
the spectra. Its intensity changes over time, as seen in Figure 5.3(b), even though the peak shape
is consistent up to 10 h. This discrepancy is due to fluorescence in baseline from 1200 – 1500
cm-1 affected by presence of HCO3- and so normalizing the dataset to the 1488 cm-1 vibration is
not ideal for baseline correction. However, the benzene vibrations, at 701 and 760 cm-1, have
relatively consistent peak shape and baseline and the peak height is relatively consistent up to 10
h indicating minimal polymer backbone degradation. Normalizing the data set to the stronger
701 cm-1 peak will be used to extract behavior of the quaternary ammonium over time.

Figure 5.3. (a) Unprocessed IR spectra of Q-SEBS degraded for 10 h at 135 °C with polymeric
backbone vibrations labeled and νasymC4N+ peaks highlighted in red. (b) Unprocessed IR
absorption of key peaks over time. Benzene δCC at 701 cm-1 (), benzene γCC at 760 cm-1 (),
benzene (νCC+δCC) at 1488 cm-1 (), νasymC4N+ at 922 cm-1().
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Figure 5.4. The IR spectra of Q-SEBS degraded for 10 h at 135 °C normalized to the benzene
δCC peak. The other polymeric backbone vibrations are labeled and do not change over time as
expected.

The 680 – 1005 cm-1 region includes the relevant peaks for normalization and quaternary
ammonium. A simple 2-point baseline correction is applied and the data outside that range is
omitted. Once the data set is normalized to the 701 cm-1 peak, the other polymeric backbone
vibrations are expected to be in proper proportion to the 701 cm-1 peak. The normalized spectra
of Q-SEBS overtime are overlaid and presented in Figure 5.4.

5.2.2 Spectral Processing of Q-PVBC
Unprocessed IR spectra of Q-PVBC are offset with key polymeric backbone vibrations
labeled and the quaternary ammonium vibrations highlighted in red, Figure 5.5(a), with the peak
value over time in Figure 5.5(b). No significant changes are observed in the peak values of the
polymeric backbone and quaternary ammonium overtime.

For normalization purposes, the

benzene vibration at 1488 cm-1 is the strongest IR peak in the spectra but its intensity and baseline
over time is inconsistent similar to the IR spectra of Q-SEBS. Additionally, the benzene δCC at
701 cm-1 is characteristic of monosubstituted benzene and is weak in the spectra of Q-PVBC
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compared to Q-SEBS since the styrenes are fully functionalized.

Instead the benzene γCC

vibration at 822 cm-1 is used for normalization.

Figure 5.5. (a) Unprocessed IR spectra of Q-PVBC degraded for 10 h at 135 °C with polymeric
backbone vibrations labeled and νasymC4N+ peaks highlighted in red. (b) Unprocessed IR
absorption of key peaks over time. Benzene δCC at 701 cm-1 (), benzene γCC at 822 cm-1 (),
benzene (νCC+δCC) at 1488 cm-1 (), νasymC4N+ at 922 cm-1().

The spectra was truncated from 795 – 1005 cm-1 and a simple 2-point baseline correction was
applied, followed by normalization to the 830 cm-1 peak. The normalized spectra of Q-PVBC
over time are overlaid and presented in Figure 5.5(b).

Figure 5.6. The IR spectra of Q-PVBC degraded for 10 h at 135 °C normalized to the benzene
δCC peak. The νasymC4N+vibrations do not significantly change over 10 h.
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The 795 – 1005 cm-1 region includes the relevant peaks for normalization and quaternary
ammonium. A simple 2-point baseline correction is applied, with the data outside that range
omitted, and the dataset is normalized to the 822 cm-1 peak. The normalized spectra of Q-PVBC
overtime are overlaid and presented in Figure 5.6.

5.2.3 Spectral Processing of Q-RADEL
Unprocessed IR spectra of Q-RADEL are offset with key polymeric backbone vibrations
labeled and the quaternary ammonium vibrations highlighted in red, Figure 5.7(a), with the peak
value over time in Figure 5.7(b). The peak values of the polymeric backbone and quaternary
ammonium decrease over time. Q-RADEL has several functional groups that are sensitive to IR
absorption and so there are several significant peaks close to the quaternary ammonium vibrations
with the overall baseline is relatively consistent from 795 – 1550 cm-1.

Figure 5.7. (a) Unprocessed IR spectra of Q-RADEL degraded for 10 h at 135 °C with polymeric
backbone vibrations labeled and νasymC4N+ peaks highlighted in red. (b) Unprocessed IR
absorption of key peaks over time. νasymCS at 1105 cm-1(),νsymSO2 at 1150 cm-1 (), νasymCOC
at 1250cm-1 ().
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Figure 5.8. The IR spectra of Q-RADEL degraded for 10 h at 135 °C normalized to the νsymSO2
peak. The νasymC4N+vibrations are shown to decrease over time as the polymeric backbone
vibrations are consistent.

The νsymSO2 vibration occurring at 1150 cm-1 was chosen to normalize the spectra. A simple 2point baseline correction is applied to the 900 – 1200 cm-1 region. The normalized spectra of QRADEL are overlaid and presented in Figure 5.8. Even though the raw values of the 1105 and
1150 cm-1 peaks decreases over time as seen in Figure 5.7(b), normalization shows the peak
height, intensity, and baseline to be consistent over 10 h for the entire region.

5.3 Comparison of AEMs degraded in O2
The νasymC4N+ vibrations from each AEM are shown in Figure 5.9 where the 922 cm-1
degenerate peak are distinct from the other 955sh and 977 cm-1 peaks. It must be determined if
further curve fitting is necessary and if the 977 cm-1 degenerate peak degrades differently from
the 922 cm-1 peak. The Q-SEBS is curve fitted with 4 Lorentzian peaks centered at 922, 955,
977, and 990 cm-1 and the peak height of the Lorentzian peak centered at 922 cm-1 is extracted.
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Figure 5.9. Overlaid IR spectra of (a) Q-PVBC, (b) Q-SEBS, (c) Q-RADEL illustrating the
changes to the νasymC4N+ vibration of quaternary ammonium in the AEMs as it is degraded at 135
°C in O2. Numbers indicate time in hours.

Figure 5.10. (a) The 922 cm-1 peak is extracted over time () and compared to the height of the
Lorentzian peak fitted at 922 cm-1 (). (b) The 922 cm-1 degenerate peak is unique in each AEM
but its rate of degradation is compared to 977 cm-1 for Q-RADEL and Q-SEBS. Q-SEBS
normalized intensity of 922 cm-1 () and 977 cm-1 (), Q-RADEL normalized intensity of 922
cm-1 () and 977 cm-1 ().

Figure 5.10(a) compares the 922 cm-1 value extracted from the normalized spectra () and after
the data set has been further curve fitted (). There are no differences after the 900-980 cm-1
region is curve fitted and thus curve fitting is unnecessary. Figure 5.10(b) shows the normalized
intensity of 922 and 977 cm-1 peak over time for Q-SEBS and Q-RADEL. For both AEMs, there
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are no significant differences in the rate of degradation of 922 and 977 cm-1 over time. This is
expected since the three degenerate peaks of νasymC4N+ should decrease relative to each other.

Figure 5.11. The normalized IR intensity of the 922 cm-1 peak of νasymC4N+ as a function of time
for Q-PVBC (), Q-SEBS (), and Q-RADEL () degraded at 135 °C over 10 h in O2.

The normalized IR intensity of the 922 cm-1 peak of νasymC4N+ from each AEM as a function of
time is presented in Figure 5.11.

For Q-PVBC, the νasymC4N+ vibration is relatively stable

throughout degradation with 80 % remaining after 10 h. For Q-SEBS and Q-RADEL, the 922 cm1

peak decreases faster with 42 % quaternary ammonium remaining in Q-RADEL and 5 %

quaternary ammonium remaining in Q-SEBS after 10 h.

It was expected that quaternary

ammonium in Q-PVBC and Q-SEBS would have similar stabilities but the stability of Q-PVBC
is much more pronounced compared to the other AEMs.
After 2 h, significant changes are observed in the 1550 – 1800 cm-1 region for Q-SEBS
and Q-RADEL, Figure 5.12. In Q-SEBS, the νasymCO2 vibration disappears and replaced with a
1600 cm-1 peak, due to benzene, and a 1700 cm-1 doublet peak, characteristic of carbonyl moieties
(discussed and verified in Chapter 6.2). In Q-RADEL, the νasymCO2 vibrations from 1600 – 1700
cm-1 disappear. By contrast, the νasymCO2 vibrations in Q-PVBC are stable up to 10 h. Compared
to IR spectroscopy, Raman spectroscopy is sensitive to substituent changes on benzene. In
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Chapter 6, Raman spectra analysis of the degraded Q-SEBS was used to verify that the carbonyl
moieties were characteristic of benzaldehyde forming in Q-SEBS.

Figure 5.12. Overlaid IR spectra of (a) Q-PVBC, (b) Q-SEBS, (c) Q-RADEL illustrating the
changes to the νasymCO2 vibration of bicarbonate anion in the AEMs as it is degraded at 135 °C in
O2. Time (in hours) indicated by spectra in graph.

For Q-PVBC, the quaternary ammonium and bicarbonate peaks are stable throughout the thermal
experiment. However, for Q-SEBS and Q-RADEL, the quaternary ammonium and bicarbonate
vibrations decrease in tandem with formation of the carbonyl moieties. When comparing the
structure of Q-PVBC to Q-SEBS and Q-RADEL, this AEM is fully functionalized and is most
hydrophilic which suggests that it remains hydrated throughout the thermal experiment and
therefore contributing to the stability of quaternary ammonium.

109

5.4 Conclusions
Q-PVBC, Q-SEBS, and Q-RADEL were degraded at 135 °C for 10 h. The polymeric
backbones had key features representing potential commercial AEMs and were all functionalized
with quaternary ammonium. After thermal degradation, the unprocessed spectra was examined
and it was verified for each AEM that little changes were occurring to the polymeric backbone
while the majority of changes was to the quaternary ammonium vibrations. After spectral
normalization, the 922 cm-1 peak of νasymC4N+ was extracted to compare the rate of degradation of
quaternary ammonium in each AEM. The amount of quaternary ammonium remaining after 10 h
was 80 % for Q-PVBC, 42 % for Q-RADEL, and 5 % for Q-SEBS. Even though Q-PVBC is a
basic structural unit Q-SEBS, their stabilities were vastly different. The only significant changes
occurring to Q-RADEL and Q-SEBS over time were the bicarbonate peaks, which decreased
sharply after 2 h and the formation of carbonyl moieties was observed.

By contrast, the

bicarbonate peaks were relatively stable after 10 h. Q-PVBC was the most hydrophilic AEM
compared to Q-SEBS with its mixed functionality and Q-RADEL with electronegative sulfone
and ether linkages in its backbone. This suggested that Q-PVBC remained hydrated over 10 h
contributing to the stability of quaternary ammonium over time.
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Chapter 6
Spectroelectrochemical Degradation of Q-SEBS

6.1 Introduction
There are limited studies of the molecular degradation of QA under electrochemical
potential. Electrochemical measurements combined with in situ vibrational spectroscopy are
effective in studying molecular changes occurring to the material of interest at the electrode
interface. The strong alkaline environment at the AEM/anode interface in the AMFC is suspected
to contribute to degradation of performance of an operating device and is explored in this work by
subjecting a Q-SEBS-coated Pt electrode to hydrogen oxidation reaction (HOR) conditions and
studying the changes in the polymer using in situ Raman spectroscopy. A spectroelectrochemical
cell, based on a channel flow double electrode (CFDE) design,14-17 was outfitted with an optical
window to allow in situ collection of Raman spectra at the electrodes, Chapter 3.4. Q-SEBS
solution was drop cast onto the surface of a three electrode cell to form a film that ionically
connected both electrodes and avoided the use of a supplemental liquid electrolyte. Humidified
hydrogen was introduced into the cell that diffused through the hydroxide conducting AEM, and
a potential of -0.8 V vs. RHE was applied to conduct hydrogen oxidation at the working
electrode, Eq. (6.1), and hydrogen reduction, Eq. (6.2), to occur at the counter electrode.
H2 + 2 OH- → 2 H2O + 2 e-

(6.1)

2 H2O + 2e- → H2,g + 2 HO-

(6.2)

As humidity and temperature were varied, and potential was applied across the electrodes, Raman
spectra were recorded as a function of time from the polymer in contact with the electrodes.

Q-SEBS was subjected to different temperature and water partial pressure environments
and rates of degradation were measured to quantify the relative stability of the material under the
range of conditions tested.

The high temperatures applied to the CFDE cell were used to

accelerate degradation as is common for accelerated polymer stability tests.9,10,16

6.2 Raman Assignments of Fresh and Degraded Q-SEBS
The Raman vibrational peaks of Q-SEBS were assigned in Chapter 4 and briefly
reviewed here. Q-SEBS with IEC 1.45 was used for these spectroelectrochemical experiments
and so characteristic monosubstituted benzene, indicative of styrene moieties, and p-substituted
benzene, indicative of functionalized styrene moieties, is present in the spectrum. To simplify
discussion, “styrene” is used for monosubstituted benzene vibrations that are characteristic of
styrene moieties, “styrene-QA” is used for p-substituted benzene vibrations that are characteristic
of quaternary ammonium functionalized styrenes, etc. The Raman spectrum and table of peak
assignments of Q-SEBS is shown in Figure 6.1 and the peak assignments, with additional
benzene substituent notation, are listed in Table 6.1.

112

Figure 6.1. Raman spectrum of quaternary ammonium functionalized poly(styrene-b-(ethylene-rbutylene)-b-styrene), Q-SEBS, IEC 1.45 with relevant peaks labeled.
Table 6.1. Select Raman frequencies and assignments of Q-SEBS.
Frequency

Assignmenta

1704
1614
1608
1603
1582

νsymC=O

Description of Benzene vibration

Ring breathing (12)

CO
Styrene-QA
Styrene-CO
Styrene
Styrene-R
Backbone,
Styrene-R
Backbone
Styrene

CH out-of-plane deformation (5)

Styrene-R

νCC

Ring stretching (8b)
Ring stretching (8a)

1303
1010

νCC
δCH2/δCH ,
(νCC+δCC)
δCH, γCH2
νCCC

1000

γCH

1450

νasymC4N
2* δC4N+

858, 832

γCH

767, 743, 724
643
620

Ring stretching + deformation (19)

+

977, 955, 925
891

Functional Groupb

QA
QA
CH out-of-plane deformation (10b)

Styrene-QA
Styrene-QA

δCC

Ring deformation (6b)

Styrene
Styrene-QA

a

ν - stretching; δ – deformation; sym – symmetric; asym – asymmetric;
CO – carbonyl; QA – quaternary ammonium; “Styrene” for unfunctionalized styrene; “StyreneQA” for QA functionalized styrene; “Styrene-CO” for benzyl aldehyde formation; “Styrene-R”
for non specific benzene vibration modes independent of substitution
b
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The Raman spectrum of Q-SEBS degraded under the harshest conditions (24 h, Tcell =
135 °C, pH2O = 18.9 kPa) was first analyzed to determine stability of the AEM.

Three

characteristic peaks remained unchanged after degradation: 1451 cm-1 (aliphatic backbone), 621
cm-1 (styrene), and 643 cm-1 (p-styrene), Figure 6.2. The conditions chosen did not degrade the
aliphatic backbone and no transitions from functionalized styrene to unfunctionalized styrene
were observed.

Figure 6.2. (a) Unprocessed in situ Raman spectra of Q-SEBS over 24 h with key polymeric
backbone vibrations labeled. (b) Extracted Raman intensities of key polymeric backbone
vibrations as a function of time. Styrene at 620 cm-1 (), styrene-R at 641 cm-1 (), and δCH2 of
the aliphatic backbone at 1451 cm-1 (). The 1451 cm-1 peak oscillates over time and is
experimental artifact. Tcell = 135°C, pH2O = 18.9 kPa.

Peaks in fresh samples observed at 890, 927 and 977 cm-1 disappeared during thermal
aging, Figure 6.3(a), indicating degradation of the quaternary ammonium cationic species. The
characteristic styrene-QA peaks such as 1615 cm-1 and the quaternary ammonium overtone
vibrations, in the 700 – 860 cm-1 region, lost their intensity and shape. The formation of peaks
centered at 812, 844 and 1608 cm-1 suggested a new styrene-derived substituent. The new peak at
1704 cm-1 is highly characteristic of carbonyl moieties,91, 92 and for p-tolualdehydes, the peak at
848 ± 5 cm-1 is due to deformation of C=O regardless of substituent177, suggesting formation of
carbonyl on styrene (styrene-CO). The spectra of p-tolualdehyde and p-tolylmethanol were
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collected to verify styrene-CO peaks and alcohol formation on styrene (styrene-OH) due to
nucleophilic substitution, Figure 6.3(b) and (c). The 844 and 1608 cm-1 peaks in the degraded QSEBS spectrum matched well with p-tolualdehyde than p-tolylmethanol verifying formation of
styrene-CO but did not align with any p-tolylmethanol peaks. The 812 cm-1 peak did match either
compounds but does match the methyl end group of p-BTMA in Figure 6.1(c), suggesting a
methyl-functionalized styrene residue.

Figure 6.3. Raman spectrum of degraded Q-SEBS membrane compared with spectra of model
compounds: (a) Q-SEBS, Tcell = 135 °C, pH2O = 18.9 kPa, for 24 h; (b) p-tolualdehyde; (c) pmethylbenzyl alcohol.
The formation of benzaldehyde has not been reported in the literature as a degradation
product of benzyltrimethylammonium, but those studies6,

12

have typically been on model

quaternary ammonium cations and not on a functionalized polymer. A degradation mechanism is
illustrated in Figure 6.4 where S2N substitution of hydroxide ion on quaternary ammonium occurs
displacing the quaternary ammonium cation and leaving an alcohol end group on styrene.
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Figure 6.4. Mechanism of quaternary ammonium degradation to form a methyl substituted
aromatic ring and a benzaldehyde derivative.

Under basic conditions, the alcohol end group attacks another quaternary ammonium moiety
where an ether linkage is formed.

Abstraction of the alpha hydrogen of this ether and

rearrangement yields carbonyl and methyl-functionalized styrene residues, which are suggested in
the spectrum of degraded Q-SEBS. To determine whether metal acts as a catalyst to aldehyde
formation, Q-SEBS was drop cast on a non-metal surface (KBr pellet) and degraded under similar
conditions to those in this study (data not shown). Benzaldehyde was observed illustrating that
the conversion proceeds with or without a metal present.

6.3 Curve Fitting of Time Resolved Raman Spectra
The Raman spectra of the model compounds, Figure 6.5, show four peaks uniquely
represented at 1583 (general benzene), 1603 (styrene), 1608 (styrene-CO), and 1615 (styreneQA) cm-1. By curve fitting111 of the Raman spectra of Q-SEBS over time, the conversion of
styrene-QA to styrene-CO was determined by extracting the peak areas for the species involved.
For each set of Raman spectra representing one degradation condition, the time 0 h spectra was
modeled with three peaks, 1583, 1603, and 1615 cm-1, to represent the initial concentrations of
the polymer substituents. Subsequent spectra were modeled with the additional 1608 cm-1 peak to
determine amount of styrene-QA and styrene-CO as a function of time. The initial peak intensity
values of 1583 and 1603 cm-1 at time 0 h were held constant as it was established that
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characteristic styrene peaks do not change (Figure 6.2) and the 1583 cm-1 peak is a general
benzene vibration.

Figure 6.5. Superimposed Raman spectra of model compounds represent every significant peak in
the (a) fresh Q-SEBS and (b) degraded Q-SEBS. (−) monosubstituted benzene, (−) Styrene-QA,
(−) Styrene-CO.

Figure 6.6 shows the analysis of Q-SEBS degraded for 24 h at Tcell = 135 °C and pH2O =
18.9 kPa. The peak intensity of styrene-QA gradually decreased while the peak intensity of
styrene-CO gradually increased. The area (A) of the 1608 and 1615 cm-1 fitted peaks were
normalized and the relative amount of quaternary ammonium remaining in Q-SEBS according to
Eq. (6.3):
%  𝑄𝐴 =

𝐴!"#$%&!!"
𝐴!"#$%&!!" + 𝐴!"#$%&!!

(6.3)

The total composite spectrum of the curve fitted peaks fit the experimental spectrum well as
indicated by the coefficient of determination, R2, which range from 0.993 to 0.999 for the data
presented in Figure 4 and other analyses presented later in the paper.
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Figure 6.6. Raman spectra of Q-SEBS with curve fitted peaks over 24 h. Over time, the benzylQA fitted peak decreases as the benzyl=O fitted peak increases; (−) Q-SEBS, (−) cumulative
curve fitted peak, (− − −) benzyl-H, (− − −) benzyl-QA, (− − −) benzyl-CO. The adjusted R2
values for the cumulative fitted peak show good fits with the data. Tcell = 135 °C, pH2O = 18.9
kPa.

Curve fitting of the different degradation products of styrene-QA was performed on QSEBS degraded for 24 h at varying Tcell and relative humidity of hydrogen entering the cell. The
Tcell was set to 100 °C or 135 °C and the temperature of the humidity chamber was set to 30 or 80
°C which affected the partial pressure of water in the hydrogen gas entering the CFDE cell. The
partial pressure of water (pH2O) entering the cell was determined using references of the saturated
vapor pressure of water at specific temperatures.186 Figure 6.7(a-c) shows normalized Raman
spectra of Q-SEBS degraded for different times and Figure 6.7(d) shows the relative amount of
quaternary ammonium moieties that remained after degradation as determined from the curve
fitting. The amount of styrene-QA remaining was 20 % (Tcell = 135 °C, pH2O = 18.9 kPa), 43 %
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(Tcell = 100 °C, pH2O = 13.9 kPa), 49 % (Tcell = 135 °C, pH2O = 79.8 kPa). The conversion of
styrene-QA to styrene-CO occurred more rapidly at high temperatures and lower humidities,
which agrees well with literature.12, 13

Figure 6.7. In situ Raman spectra of Q-SEBS at 0 (), 4 (), 12 (), and 24 () h under the
following conditions: (a) Tcell = 100 °C, pH2O = 13.9 kPa; (b) Tcell = 135 °C, pH2O = 18.9 kPa; (c)
Tcell = 135 °C, pH2O = 79.8 kPa; (d) Curve fitting analysis results of the relative quaternary
ammonium peak remaining as a function of time for Tcell = 100 °C, pH2O = 13.9 kPa (); Tcell =
135 °C, pH2O = 18.9 kPa (); Tcell = 135 °C, pH2O = 79.8 kPa ().

A potential of -0.8 V (Tcell = 135 °C, pH2O = 18.9 kPa) was applied to the cell with QSEBS ionically connecting the electrodes. The HOR effect on degradation was determined by
collecting in situ Raman spectra from the working electrode.

Current-voltage (I-V) curves

collected before each experiment showed steady-state anodic linear curves, similar to an HOR
study on a gas diffusion electrode.10
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Figure 6.8. Raman spectra of (a) fresh Q-SEBS, (b) Q-SEBS, after 24 h under HOR, (c) Q-SEBS,
after 24 h, OCP. Tcell = 135 °C, pH2O = 18.9 kPa.

Raman spectra of fresh Q-SEBS, Figure 6.8(a), was compared to the spectra of Q-SEBS
(24 h, Tcell = 135 °C, pH2O = 18.9 kPa) under HOR conditions, Figure 6.8(b), and under open
circuit potential, Figure 6.8(c). The characteristic styrene-QA peaks were still prominent for QSEBS degraded under HOR with modeling showing 85% styrene-QA remaining after 24 h. The
preservation of styrene-QA under HOR conditions, in spite of the additional electrochemical
stress, may be explained by examining the half-cell reactions of the system. The HOR produces
water at the WE (Eq. 2) leading to a humidified local environment, which has been shown to
delay degradation in this study as well as others.6, 12 Thus, the HOR may increase stability of the
ionomer through local water production, at least under the conditions of this work.
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6.4 Conclusions
We have studied the degradation of Q-SEBS using a spectroelectrochemical cell to
determine how temperature, humidity, and electrochemical potential influenced the rate of
degradation of the polymer. Raman peaks characteristic of quaternary ammonium functionalized
styrene were observed to decrease during degradation while formation of methyl and carbonyl
functionalized styrene residues were observed. The degradation mechanism presented shows the
alcohol end group on styrene forming, by S2N substitution of hydroxide at the benzyl position of
the quaternary ammonium, and proceeding to attack other quaternary ammonium moiety to form
an ether linkage that yields carbonyl and methyl-functionalized styrene residues. In situ Raman
spectra of Q-SEBS were collected in a time-resolved fashion to follow degradation rates as a
function of time under different conditions. The effect of temperature and hydration on the
stability of quaternary ammonium was as expected.

The amount of quaternary ammonium

functionalized styrene remaining was 20 % (Tcell = 135 °C, pH2O = 18.9 kPa), 43% (Tcell = 100 °C,
pH2O = 13.9 kPa), 49 % (Tcell = 135 °C, pH2O = 79.8 kPa), and 85 % (Tcell = 135 °C, pH2O = 13.9
kPa, -0.8 V vs. RHE). Electrochemical degradation was not found to accelerate degradation due
to hydration of the working electrode. The molecular degradation insights presented here will
facilitate interpretation of device degradation experiments and will aid in the design of new
polymers for robust stability in AMFCs.
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Chapter 7
Raman Mapping of Gas Diffusion Layers

7.1 Introduction
The gas diffusion layers (GDL) used in polymer electrolyte fuel cells are porous carbon
fiber paper or woven carbon cloth usually treated with a wet proofing agent such as
poly(tetrafluoroethylene) (PTFE).187, 188 The presence of the carbon fibers and PTFE gives the
GDL both hydrophilic and hydrophobic properties and allows the GDL to transport reactant gases
to the catalyst layer, while expelling product water. The GDL is an integral component of the
fuel cell assembly and its properties have a strong influence on the behavior of the device. Given
the important role that GDLs play in fuel cell operation, relatively little is known about their
microstructure and details of their compositional heterogeneity.
Investigations of the GDL structure and properties have included liquid transport189-193,
pore network modeling194, 195, and hydrophobicity studies.196 There has been limited work on
measuring the PTFE distribution in the GDL, which underlies the GDL’s unique gas and liquid
water transport properties. Mathias, et al. resolved the PTFE distribution across the cross-section
of a GDL187, presumably by energy dispersive spectroscopy (EDS) with scanning electron
microscopy (SEM). They found that the cross-sectional PTFE distribution depended on the
drying process during impregnation of the carbon fiber paper with PTFE emulsion. Slow
diffusive drying (e.g., oven drying) resulted in the PTFE being more evenly distributed through
the bulk of the carbon paper structure while rapid convective drying (air drying) led to a higher
concentration of PTFE on the GDL surface.
Aside from the work by Mathias, few studies have looked at the details of PTFE
distribution in the GDL. However, there are several researchers that have investigated the effect
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of PTFE in the GDL on fuel cell performance and water management. The effect of PTFE
content in gas diffusion backings on the performance of unitized regenerative fuel cells was
probed where the PTFE content was determined by measuring the mass of the substrate before
and after their PTFE coating procedure.197 The weight fraction of PTFE in the GDL had no effect
on the hydrogen side of the cell but performance significantly depended on the PTFE content of
the oxygen side. Paganin, et al. investigated the influence of PTFE content in the GDL with
respect to electrode performance.198 A small increase in performance was observed when the
PTFE content was decreased from 40 to 15 wt. %. Park, et al. studied the effect of PTFE content
in the GDL with respect to water transport.188 The authors hypothesized that increased PTFE
content in the GDL disturbed the ejection of liquid-phase water from the electrodes to the flow
channels via the GDL, especially under higher relative humidity conditions. A study by Borup, et
al. showed hydrophobicity loss of the GDL with fluorinated ethylene propylene (FEP), whose
physical and chemical properties are similar to PTFE, by measuring the contact angle before and
after prolonged GDL use.199 They attributed this decrease in hydrophobicity to material loss, but
did not explicitly quantify the FEP distribution or its mass loss with time.
Studies examining water transport through the GDL have attempted to show how
water forms on the surface of the GDL. Nam and Kaviany employed an environmental scanning
electron microscope (ESEM) to visualize condensed water droplets in and on a GDL.192 They
took time series ESEM images showing droplets of water forming on the fibers and surface of the
GDL. Fluorescence microscopy has been employed by a few researchers to observe water
formation on the surface of the GDL. Bazylak, et al. observed that compressed regions of Toray
GDL provided preferential pathways for liquid water transport leading to breakthrough.189 They
found that irreversible damage to the GDL by compression caused fiber and PTFE breakage,
which led to localized regions of hydrophilic surfaces. Optical microscopy has also been used to
visualize liquid water transport in transparent PEM fuel cells and in flow fields. Ge and Wang
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visualized water droplet formation in a transparent fuel cell and found that droplets tend to form
on the gas channel walls when a GDL with PTFE was employed, whereas untreated GDLs tend to
wick water from the channel into the GDL.193 While there are studies that examine the effect of
PTFE content in the GDL, few have considered PTFE distribution.

Information about the

distribution of PTFE can not only aid in the design of GDLs, but can also help to answer existing
questions about the details of the transport pathways for water and gas within the GDL structure.
In this study, we endeavor to study the surface distribution of PTFE on the GDL and relate the
surface studies to the bulk PTFE content.
An SEM image of a typical GDL used in this study is shown in Figure 7.1. The carbon
fiber network and pore entrances are easily discernable, however it is difficult to visualize the
PTFE distribution in the GDL from the micrograph. EDS spectra were collected that confirm the
presence of carbon from the fibers and fluorine from PTFE. EDS mapping was performed but
was not effective in resolving high concentrations of fluorine and carbon to give an accurate
description of local concentrations of either material.
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Figure 7.1. SEM image of a gas diffusion layer with 33 wt.% PTFE. Carbon fibers and pore
entrances can be discerned, but the chemical distribution cannot be resolved.
In this study, Raman microspectroscopy is employed to determine the distribution of
PTFE on the surface of the GDL. Raman spectroscopy is a vibrational spectroscopic technique
that detects functional groups, such as the C-F vibrations in PTFE, in a sample. When Raman
spectra are successively collected point-by-point over a defined area, the presence of these
functional groups can be extracted to give chemical maps, which yield a visual indication of the
distribution of these functional groups.18, 19 Thus, the material composition across the surface of
the GDL composite can be represented by the intensity of the Raman signals.

Raman

spectroscopy, by virtue of its detection of both PTFE and carbon, facilitates quantification of the
relative concentrations of PTFE on the surface of the GDLs, which will help to compare GDLs
with varying PTFE content. The GDL is a non-traditional sample for Raman microspectroscopy
in that the surface is not smooth and so several experimental conditions must be considered when
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determining quantitative information from the Raman chemical maps.

The optimal depth

resolution, number of spectra to be collected in a defined area, and a representative area to be
scanned were examined and optimized. Thus, this report aims to demonstrate scanning Raman
microspectroscopy as a useful tool for characterizing the structure and composition of GDLs.
Additionally, a systematic series of samples were examined to provide evidence that Raman
techniques may provide non-destructive analysis of GDL composition.

7.2 Results and Discussion
Spectral signatures for carbon and PTFE in the GDL were calibrated by using standard
spectra as shown in Figure 7.2. The GDL spectrum was recorded by collecting spectra from three
different areas of the GDL sample and averaging. Spectra of the GDL were compared to the
spectra of the standards and presented several peaks due to PTFE (295, 391, 599, 735, 1126,
1222, 1300 cm-1)200 and carbon (1382, 1575, 2711, 3245 cm-1).89 The peaks used for chemical
mapping of the GDL were 734 cm-1, corresponding C-F symmetric stretching mode in PTFE,200
and 1575 cm-1 for carbon, corresponding to the in-plane hexagonal vibrations of C-C in a
graphitic structure.89 These peaks do not interfere with one another in the GDL composite spectra
and thus provide maximum resolution for composition and spatial distribution without
deconvolution of the spectral features.
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Figure 7.2. Raman spectra of a gas diffusion layer with 33 wt. % PTFE. The 734 cm-1 peak was
used for PTFE mapping and the 1575 cm-1 peak was used for carbon mapping.

Raman spectra were collected point-by-point in a raster fashion from a 1000 x 1000 μm
area, with spectra collected every 10 μm in both the x and y directions. The presence of the 734
cm-1 PTFE peak and 1575 cm-1 carbon peak are shown in Figure 7.3(a) and (b), respectively.
Figure 7.3(c) is an overlaid image of the PTFE and carbon chemical maps, which illustrates
where the PTFE was distributed throughout the carbon fiber network. Figure 7.3(d) shows
corresponding Raman spectra of specific points in Figure 7.3(c). The carbon signatures dominate
the spectra in Figure 7.3(d) as could be expected by the high carbon content of the GDLs.
However, the presence of PTFE was clearly resolved in the spectra and allowed facile
determination of PTFE distribution in the presence of carbon. Spatially-resolved infrared (IR)
reflectance imaging was attempted to resolve the PTFE and carbon distribution in the GDLs, but
IR did not provide any spectral information on the carbon distribution in the sample due to its
high absorption. While some PTFE distribution information could be resolved with IR, the scan
times were 1 h or more for a 250 x 250 µm area, 3-10 times longer than for the Raman imaging.
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Figure 7.3. Overlay of carbon and PTFE Raman maps for a GDL with 24 wt. % PTFE. (a)
Intensity map of 1575 cm-1 peak, corresponding to carbon. The carbon fiber network is easily
discernible; (b) Intensity map of the 734 cm-1 peak, corresponding to PTFE. PTFE tends to form
at the intersection of multiple carbon fibers; (c) overlaid intensity maps of carbon and PTFE with
carbon shown in blue and PTFE shown in orange; (d) corresponding spectra to areas in the
overlaid image showing relative amounts of PTFE compared to carbon for high and low
concentrations of PTFE.

Figure 7.4 shows a series of representative images with overlaid PTFE and carbon
distributions obtained by Raman scanning. The carbon fiber network, represented in blue, was
easily discerned in each data set. The PTFE, shown in orange, was observed to increase as the
bulk PTFE content increased. Before quantitative analysis can be used to compare GDLs with
varying PTFE contents, the effects of two experimental parameters needed to be determined: 1)
the change in spectral features with focus depth, or depth resolution, and 2) the area over which
spectra were collected to obtain a representative value for the PTFE concentration.
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Figure 7.4. Average counts of PTFE as a function of focal depth for different resolutions of a
1000 x1000 µm area of a GDL with 41 wt. % PTFE.
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For the depth resolution experiments, the peak area measurements for PTFE and carbon
were extracted, averaged, and then plotted as a function of focal depth in the sample, Figure
7.5(a). The standard deviation was calculated from the average of five data sets for each focal
depth. The optimal depth resolution was found to be around -40 μm ± 10 µm from the surface
reference point and corresponded to the focal plane at which a majority of the fibers were in
focus. Figure 7.5(b) shows an optical image of the focused GDL at a -40µm focal depth while
Figure 7.5(c) shows an optical image of the out of focus GDL at -60µm focal depth.

Figure 7.5. (a) Average counts of carbon and PTFE as a function of focal depth for GDL with 41
wt. % PTFE. The average counts for both GDL components approached a maximum around -40
µm ± 10µm; (b) Optical image of focused GDL; (c) Out of focus optical image of GDL.
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For high resolution Raman maps, as shown in Figure 7.4, spectra were collected every 10
µm in a 1000 x 1000 µm area, which equated to 1,111 spectra collected over the sampling area.
The carbon fiber network can easily be discerned using this high resolution scanning of the
sample surface. Raman maps were taken with the step size ranging from 10 µm to 500 µm over a
1000 x 1000 µm area. The purpose of this set of experiments was to determine if increasing the
step size, or decreasing the total number of spectra collected over a defined area, would yield
similar values for average PTFE counts. The average PTFE counts with step size are shown in
Figure 7.6 along with error bars calculated from the standard deviation of the data set excluding
null values. It was determined that the average counts for PTFE were statistically similar at
various step sizes up to 125 µm. For step sizes greater than 125 µm, average counts of PTFE
decreases and standard deviation increased significantly.

Therefore, the data indicate that

scanning experiments can be performed at a larger step size without sacrificing quantitative
measurement of the PTFE content up to about 125 µm.

Figure 7.6. Overlaid PTFE and carbon Raman maps for GDLs with systematically increasing
PTFE content. Orange represents PTFE and blue represents carbon.

Based on the optimized imaging conditions, measurements of green (not heat treated) and
sintered GDLs were performed on both sides of the GDL for PTFE loadings that ranged from 11
to 29 wt. % and representative images are presented in Figure 7.7. In general, over this PTFE
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range, more PTFE is detected on the green material than on the sintered samples and less PTFE is
detected on one side of the GDL (denoted as side 1) than the other side (side 2).

Figure 7.7. Average counts of PTFE for green and sintered GDLs for (a) side 1 and (b) side 2 of
GDL.
High resolution Raman maps of green and sintered GDLs with 23wt % PTFE are shown
in Figure 7.8. Note that the color intensity range is different for each map because of the PTFE
signal strength for the green and sintered GDL samples differed greatly.

Figure 7.8. Raman maps of (a) green and (b) sintered GDL with 29 wt. % PTFE.

The green GDL showed highly concentrated PTFE agglomerates, with peak intensities of
up to 250 counts. The sintered GDL showed less concentrated PTFE domains (lower signal
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counts) but the PTFE was more spread across the surface of the GDL. Evidently, sintering allows
the PTFE to migrate within the GDL fibrous structure and there may be some PTFE that moves
from the surface of the sample to the bulk during the sintering process.

7.3 Conclusions
Raman microspectroscopy was used to map the distribution of carbon and PTFE on the
surface of gas diffusion layers with systematically varying contents of PTFE. While PTFE could
be spectroscopically detected over most of the GDL surface allowing quantification of PTFE
contents down to 1.8 wt. %, large PTFE features were readily observed on the surface of the
GDLs having greater than 20 wt. % PTFE. It was found that the average counts of PTFE detected
on the surface of the GDL increased monotonically for both green and sintered GDLs with
increased PTFE loading. Green GDLs showed large, high intensity PTFE agglomerates on the
surface and upon sintering, the distribution of PTFE spread across the surface of the GDL and the
detected intensities decreased.
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Chapter 8
Conclusions and Future Work
A comprehensive analysis of the Raman and IR spectral assignments of key AEM
samples allowed accurate analysis of the stability of the AEMs over a range of conditions. The
Raman and IR spectra of Q-PVBC, Q-SEBS, and Q-RADEL were systemically compared based
on key functional groups to determine their peak assignments. The degradation experiments
dictated which vibrational technique was appropriate with IR spectroscopy used in Chapters 5
and Raman spectroscopy used in Chapter 6.
In Chapter 5, the stability of quaternary ammonium in Q-PVBC, Q-SEBS, and QRADEL were examined using IR spectroscopy.

Q-RADEL and Q-SEBS are comprised of

polymeric backbones that are commercially available and have the potential for AEM use. QPVBC is a structural unit of Q-SEBS and is fully functionalized which allows for direct
comparison to Q-SEBS. The νasymC4N+vibrations of quaternary ammonium were present in the IR
spectra of Q-PVBC, Q-SEBS, and Q-RADEL as 3 degenerate peaks centered around 922, 955sh,
and 977 cm-1 which made them useful for comparing the stability of quaternary ammonium in
these AEMs. The AEMs were degraded at 135 °C for 10 h under O2 and the IR spectra was
carefully examined to determine overall changes and a method to properly normalize the dataset
to extract quaternary ammonium information. Both Q-PVBC and Q-SEBS employ an aliphatic
backbone and were expected to exhibit similar stabilities. However, the amount of quaternary
ammonium remaining after 10 h was 80 % for Q-PVBC, followed by 42 % for Q-RADEL and
5% for Q-SEBS. The behavior of the bicarbonate anion peaks in Q-RADEL and Q-SEBS
decreased in tandem with the quaternary ammonium peaks and the formation of carbonyl
moieties was observed in the IR spectra. By contrast, the bicarbonate peaks in Q-PVBC were
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fairly stable throughout degradation.

Q-PVBC is the most hydrophilic of the three AEMs

suggesting that it was hydrated throughout degradation contribution to the stability of quaternary
ammonium.
The δC4N+ (450 cm-1) and δCNC (350 cm-1) skeletal vibrations of quaternary ammonium
are present in the Raman spectra of Q-PVBC, Q-SEBS, and Q-RADEL, allowing this technique
to be useful observe the stability of quaternary ammonium over time. In Chapter 6, the effect of
temperature, hydration, and hydrogen oxidation reaction on Q-SEBS was studied using a
modified channel flow double electrode (CFDE) cell, capable of in situ collection of Raman
spectra at the electrodes. The skeletal vibrations of quaternary ammonium must be co-added
several times to obtain decent signal-to-noise ratio and were not used in these in situ experiments
since the molecular composition of the AEM may change before a decent spectra is reached.
Instead, key benzene vibrations, such as combined νCC + δCC (1600 cm-1 region) were used to
analyze quaternary ammonium stability in Q-SEBS because of their distinct intensities and
sensitivity to either monosubstitution or p-substitution.
The effect of temperature and hydration on the stability of quaternary ammonium in QSEBS showed that the cations degraded more quickly at higher temperature and lower hydration.
The amount of quaternary ammonium functionalized styrene remaining was 20 % (Tcell = 135 °C,
pH2O = 18.9 kPa), 43% (Tcell = 100 °C, pH2O = 13.9 kPa), 49 % (Tcell = 135 °C, pH2O = 79.8 kPa),
and 85 % (Tcell = 135 °C, pH2O = 13.9 kPa, -0.8 V vs. RHE). Electrochemical degradation was not
found to accelerate degradation due to hydration of the working electrode because of the
generation of water in the hydrogen oxidation reaction.
For Q-RADEL, the benzene vibrations present in the Raman spectra are characteristic psubstituted benzene vibrational modes due to the aromatic backbone, and characteristic 1,2,4trisubstituted benzene vibrations are typically only dominant in smaller organic molecules.
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Instead, the δCH2 peak (1300 cm-1) linking benzene and N+(CH3)3 or the νasymC4N+ vibration of
quaternary ammonium can be utilized for future in situ Raman studies of Q-RADEL.
In both Chapters 5 and 6, certain degradation conditions prompted formation of carbonyl
functionalized styrene residues in Q-SEBS and Q-RADEL.

A degradation mechanism was

presented where an alcohol end group on styrene forms, by S2N substitution of hydroxide at the
benzyl position of the quaternary ammonium, and proceeding to attack other quaternary
ammonium moiety to form an ether linkage to yield carbonyl and methyl-functionalized styrene
residues.
Future work for the studies presented in Chapter 5 and 6 include studying other AEMs
with respect to temperature, hydration, and electrochemical potential.

Initial stabilities of

quaternary ammonium functionalized poly(bromobutyl styrene), Q-PBBS, and quaternary
ammonium functionalized poly(phenylene oxide), Q-PPO, are presented in the Appendix.
Separate works by Tomoi, et al.28 and Komkova, et al.35, as discussed in Chapter 2.4.4, suggest
the use of alkyl chain spacers between styrene and the cationic group to increase stability of the
AEM, due to steric hindrance of the cationic group.
Now that there is a large database of vibrational spectra for these AEMs under
degradation conditions, it would be desirable to try to measure degradation in an operating fuel
cell device. Initial attempts were made at characterizing the ionomer in dispersed electrodes, but
the electrodes contain carbon black and metal nanoparticles, which tend to absorb strongly and
render Raman or IR experiments difficult. Additionally, the electrodes in fuel cells are very thin
and the polymer content is usually less than 30 wt.%, so gaining information on the polymer in
the electrode is not easy. With perfluorinated polymers, the fluoride emission from degraded
polymers can be measured in the exhaust of the cell, but often it is difficult to know whether the
fluoride from degradation is originating from the electrode or the membrane. Robust methods for
measuring degradation of non-fluorinated samples in a working device would be highly desired if
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the polymer signals from the electrode can be resolved. Future efforts in collaboration with
device groups may help to make progress on this issue.
Concurrent research in the Hickner Research Group studies the stability of these AEMs
in alkaline solution, rather than membrane form, at high temperatures via in situ NMR
spectroscopy.

The molecular degradation insights presented in this dissertation along with

concurrent efforts will facilitate interpretation of device degradation experiments and will aid in
the design of new polymers for robust stability in AMFCs.
In Chapter 7, Raman microspectroscopy was used to map the distribution of carbon and
PTFE on the surface of gas diffusion layers with 1.8 to 20 wt. % PTFE. It was found that the
average counts of PTFE detected on the surface of the GDL increased monotonically for both
green and sintered GDLs with increased PTFE loading.

Green GDLs showed large, high

intensity PTFE agglomerates on the surface and upon sintering, the distribution of PTFE spread
across the surface of the GDL and the detected intensities decreased. Recently, Bazylak, et al.201
used scanning electron microscopy (SEM) with energy dispersive X-ray spectrometry (EDS)
imaging to measure the through-plane distribution of PTFE. Both works serve to provide details
of PTFE distribution in GDLs for improving overall design and performance of ion exchange
membrane fuel cells.
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Appendix A. Computer Aided Design Schematics of CFDE Cell
Detailed Computer Aided Design (CAD) drawings of the modified Channel Flow Double
Electrode Cell (CFDE) with relevant dimensions are presented in the following pages. The
CFDE cell is comprised of three parts: an aluminum jacket to secure the CFDE cell: a polysulfone
base which houses the electrodes; and a polysulfone cover with window port for in situ Raman
collection. The base and cover have through-holes that allow both pieces to be secured by four
screws.

Figure A1. Complete CAD drawing of the spectroelectrochemical cell showing the Channel Flow
Double Electrode assembly housed in an aluminum jacket.
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Figure A2. CAD drawing of the aluminum jacket. Aluminum jacket has ports for thermocouple
and heat resistance cartridges, and a raised platform in the center to secure CFDE base.
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Figure A3. CAD Drawing of the CFDE base. The base houses the inlet for gas and channel. A
port on one side secures electrodes in place. A portion of the underside, parallel to the electrode
entry port, is recessed to fit securely into the raised bevel of the aluminum jacket.

140

Figure A4. CAD Drawing of CFDE cover. The cover has a window port for collection of in situ
Raman spectra and houses an optional thermocouple port on the side.
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Appendix B. Stability of Aliphatic based AEMs
The structure of Q-PVBC and Q-SEBS is spectroscopically similar, as discussed in
Chapter 4. These AEMs are modified to determine changes to the overall stability of these
AEMs. This Appendix is divided into three parts to systematically compare the stability of these
various AEMs to study the: (1) effect of IEC by varying functionalization of the styrene moieties,
(2) effect of the alkyl spacers within the backbone by varying the length of the ethylene-butylene
component, (3) effect of pendant chain length between quaternary ammonium and benzene.
Table 3.1 lists relevant properties of these AEMs. These AEMs were degraded at 135 °C in O2
environment for 10 h.

The intensity of the 922 cm-1 peak, due to νasymC4N+ of quaternary

ammonium, as a function of time was extracted for each of these AEMs, similar to the methods
listed in Chapter 5. Select properties of these AEMs are listed in Table 3.1. With respect to the
polymer structure, MWEB refers to the molecular weight of the ethylene-butylene content and
MWStyrene refers to the molecular weight of total styrene. The mol % QA refers to mol %
benzyltrimethylammonium styrene yielded as a function of total styrene in each AEM.
The same polymeric backbone, comprised of 38 kg mol-1 ethylene-butylene component
and 16 kg mol-1 styrene component, was used to examine the effect of IEC in Q-SEBS. In Figure
A5, the degradation of quaternary ammonium over 10 h proceeds similarly for all four AEMs
regardless of IEC. Stability of Q-SEBS is not dependent on degree of functionalization.

Figure A5. Intensity of the 922 cm-1 peak over time of Q-SEBS with varying IEC: IEC 0.90 (),
IEC 1.20 (),IEC 1.45 (),IEC 1.70 ().

Figure A6. Intensity of the 922 cm-1 peak over time of Q-PVBC and Q-SEBS with varying
ethylene-butylene component: Q-PVBC (), Q-SEBS 1.45 (), QSEBS_AS (), Q-SEBS_AT
().
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The effect of alkyl spacers within the backbone on the stability of these AEMs was
determined. Four AEMs with varying length of the ethylene-butylene component were used: QPVBC, which has no alkyl spacers between the poly(styrene) units, and 3 forms of Q-SEBS with
increasing ethylene-butylene component. In Figure A6, the degradation of quaternary ammonium
proceeds similarly for all Q-SEBS forms regardless of ethylene-butylene component. Q-PVBC is
most stable suggesting little advantage is using ethylene-butylene in the AEMs.
The effect of pendant side chain length on AEM stability was determined by comparing
Q-PVBC and a quaternary ammonium functionalized poly(bromobutyl styrene), Q-PBBS, Figure
A7.

Figure A7. Chemical structure of (a) quaternary ammonium functionalized poly(vinylbenzyl
chloride), Q-PVBC;(b) quaternary ammonium functionalized poly(bromobutyl styrene), Q-PBBS.

Raman spectroscopy was chosen to compare the stabilities of Q-PBBS and Q-PVBC was used to
compare stabilities of these two AEMs, because the IR spectra of Q-PBBS has uneven baseline
and lacked distinct peaks for normalization purposes. The Raman spectra of PBBS and Q-PBBS
are presented in Figure A8. Raman peak assignments of the quaternary ammonium peaks in QPBBS was discussed in Chpater 4.1.
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Figure A8. Raman spectra of (--) poly(bromobutyl styrene), PBBS, and (__)Q-PBBS. The 643
cm-1 peak is due to benzene δCC and the 912 and 971 cm-1 peaks are due to νasymC4N+of
quaternary ammonium.

Figure A9. [2*δC4N+] vibration over time of Q-PBBS at 912 cm-1, () and Q-PVBC at 922 cm-1
().
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Q-PBBS was normalized to the 1187 cm-1 peak and Q-PVBC was normalized to the 1192 cm-1
peak, both due to benzene δCH vibration. The νasymC4N+ band is not active in the Raman or IR of
+

Q-PBBS and so the overtone band [2 * δC4N ] was used instead for both Q-PBBS and Q-PVBC.
In Figure A9, the stability of quaternary ammonium is statistically similar for both Q-PBBS and
Q-PVBC. Accelerated degradation conditions are needed to further compare the two AEMs, but
allowed for comparisons to the other 6 AEMs in this work.
In summary, eight variations of aliphatic-based AEMs were studied to determine the
stability of quaternary ammonium. These AEMs were aged at 135 °C in O2 environment for up
to 10 h. Degree of functionalization had no effect on the stability of quaternary ammonium and
proceeded similarly for Q-SEBS with IEC ranging from 0.9 to 1.7. Q-PVBC and Q-PBBS, with
no alkyl spacers between the poly(styrene) units, were the most stable AEMs. Under the current
degradation conditions, the pendant side chain length differences between Q-PVBC and Q-PBBS
had no differences.
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Appendix C. Quaternary Ammonium functionalized Poly(phenylene oxide)
Quaternary ammonium functionalized poly(phenylene oxide), Q-PPO, Figure A10, was
degraded at 135 °C in O2 environment for 12 h.

Figure A10. Chemical structure of quaternary ammonium functionalized poly(phenylene oxide),
Q-PPO.

Figure A11. Raman spectra of fresh Q-PPO (__) and Q-PPO (--) degraded for 12 h at 135 °C in
O2. Relevant peaks of quaternary ammonium are labeled showing no significant changes after 12
h.
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A complete analysis of the vibrational spectra is needed to assign relevant peaks of Q-PPO but
several peaks of quaternary ammonium is inferred based on the Raman spectral analysis of
quaternary ammonium discussed in Chapter 4. 1. Figure A11 has overlaid Raman spectra of QPPO at 0 h and 12 h. No significant changes are observed for the quaternary ammonium peaks
and the other peaks, assumed to be of the polymeric backbone. With respect to the other AEMs
in this work, it is relatively similar in stability to Q-PVBC and Q-PBBS.
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