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ABSTRACT

In this thesis we studied the influence of annealing, heteropoy acid (HPA) doping, and
side chain chemistry to a perfluorosulfonic acid polymer’s (PFSA's) morphology and transport
properties. We also investigated the effects of polymer block structure on a co-polyamide

material's morphology and proton conduction properties.

We demonstrated that proton conductivity can be improved thorough annealing PFSA
polymers at higher temperatures, due to the formation of larger ionic clusters: at 95%RH, the
radius of gyration of the ionic domains increases from 11.9 A to 17.1 A, and the conductivity

increases from 0.20 to 0.36 S/cm, as annealing temperature increases from 180 °C to 200 °C.

We also observed that Grotthuss hoping can be facilitated by HPA doping: the proton
conductivity contributed from Grotthuss hopping increases from 0.10 to 0.15 S/cm for the
undoped and 5%HPW doped films. HPAs make the hydrophilic domains more homogeneous by
their bridging effect: the tortuosity at maximum humidity decreases from 1.40 to 1.08, upon

5%HPW addition.

To create larger ionic domains, bulky, highly flexible, and hydrophilic side chains, with
less steric hindrance from protogenic groups are desirable: the 3M PFIA (contains multiple
protogenic groups on the side chain), can form larger ionic domains than the 3M PFSA, which
has a shorter side chain containing only one photogenic group; the meta bis ionomer forms larger
ionic domains than the ortho bis ionomer, resulting from a larger separation distance between the

sulfonic group and the imide group, hence less steric hindrance to water uptake.

Ordered ionic domains (with inter domain distance ca. 60 A) were achieved by making a

block copolymer. The block copolymer has lower conductivity and smaller water uptake than the
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random polymer based on the same chemistry. The ionomer peak from the SAXS pattern of the
block copolymer becomes less prominent upon hydration, indicating water reaches the polymer

matrix.
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CHAPTER 1 INTRODUCTION

1.1 An Overview of Fuel Cells

The Fuel cell is an energy conversion device, which has recently drawn a lot of
attention.™* Fuel cell converts the chemical energy of a fuel to electrical energy through
electrochemical reactions without combustion. Fuel cells have much higher efficiencies than
traditional heat engines in low temperature ranges, and are promising to meet the ever-growing
energy demand of our society. Environmental pollution continues to be a major concern in
people’s lives. Fuel cells, which only produce water (or water and CO, when run on hydrocarbon
fuels) at the point of use, therefore, have great environmental significance. The major types of
fuel cells, named after their electrolyte, are: phosphoric acid fuel cell (PAFC), alkaline fuel cell
(AFC), molten carbonate fuel cell (MCFC), solid oxide fuel cell (SOFC), and polymer
electrolyte membrane fuel cell (PEMFC). Among them, the PEMFC has the highest power
density, a relatively low operating temperature, and the best start-up and on-off cycling
characteristics, making it most suitable for automotive and portable applications. Its ability to be
easily refueled also makes it advantageous over conventional batteries for long distance
transportation. The major types of fuel cells and their basic characteristics are summarized in

Table 1.1 and Figure 1.1.

1.1.1 Proton Exchange Membrane Fuel Cells

The schematic of the PEM fuel cell is shown in Figure 1.2. Protons are conducted

through a polymer electrolyte PEM. PEMFCs can operate at low temperature and are suitable for



Table 1.1 Basic characteristics of different types of fuel cells’ (Summarized from ref. 3)

Fuel Cell Type Anode Reaction Cathode Reaction Electrolyte Advantage Disadvantage Application
Fuel flexibility - .
Nonprecious metal catalyst Slgnlf_lcan_t high-temperature Stationary
1 . High-quality waste heat for matgr|al§ ISSUES energy sources
SOFC H,+0O, —>H,0+2¢ -0,+2e' -0, Ceramic - oo Sealing issues .
2 cogeneration applications . . Transportation
. Relatively expensive b
Solid electrolyte components/fabrication Military uses
Relative high power density P
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2 - -
MCFC Tﬁ;-c% —COz+2H,0 %02+C02+28'—>C0§_ Molten Carbonate H?nhp_rel::;ﬂl:s vaae;?é ‘F‘]aeﬁlifgtr Corrosive, molten electrolyte cgnwtér;uous
cogengratioﬁ applications Degradtion/lifetime issues g lications
g op Relative expensive materials PP
Expensive platinum catalyst
Mature technology .
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extremely low-cost electrolyte

Must remove water from
anode
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Figure 1.1 Types of fuel cells, their reactions, and operating temperatures.*
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Figure 1.2 The basic principle of operation of a PEM fuel cell.*

automobile and portable applications. The electrochemical reactions of PEM fuel cell are shown

below:
Anode: H,—2H" +2¢”

Cathode: §02+2H++2e'—>Hzo

Overall: H, +%02:H20



1.2 Proton Transport

Protons are transported through the hydrophilic phase mainly via two mechanisms, the
vehicle mechanism and the hopping or Grotthuss mechanism, and these mechanisms will have
different contributions to the overall conduction of protons depending on temperature, pressure,
counter-ion type, concentration and hydration level.” Under dry conditions, the transport is
mostly due to the suppression of structural diffusion from the high concentration of excess
protons. While under high hydrations, the hopping mechanism becomes the primary form of
proton transport. The vehicle mechanism is proton transport achieved through “hitch a ride”:
water and proton forms hydroniums (HsO" and HsO,", etc) and are transported via diffusion. ®’
The hopping or Grotthuss mechanism is more complicated and involves steps of proton transfer
(hopping), formation and breakage of hydrogen bonds, reorientation and reorganization of
environment, etc. Protons are transferred through a hydrogen bonding network. ®° It is proposed
that two forms of hydroniums are involved in this process: the HyO,4" (Eigen cation) and HsO,"
(Zundel cation), and their inter-conversion results in the displacement of the protonic defect
(figure 1.3): The diffusion coefficients of water in perfluorosulfonic acid polymers (PFSAs) and
other PEMSs under different hydrations have been measured using PGSE-NMR.**® ZawodzInski
et al. used the Nernst-Einstein equation to calculate the proton conductivity from the diffusion
coefficient and compared the calculated values to the conductivity measured by electrochemical
impedance spectroscopy (EIS). From these comparisons, the contributions of the Grotthuss
mechanism and vehicle mechanism were differentiated.*® For both proton transport mechanisms,

water uptake is essential for the PEMs to achieve high proton conductivity.
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Figure 1.3 Transport mechanism of a protonic defect in water as obtained from an ab-initio MD
simulation®’

1.3 PEMs

The proton exchange membrane is the key constituent of a PEMFC, through which

protons migrate from anode to cathode. It also serves as the separator for reactant gases and the
insulator for electrons. The development of a highly proton conducting polymer electrolyte is
essential for high performance of PEM fuel cells. Generally, PEMs should possess high proton
conductivity, low electronic conductivity, low gas crossover, and high chemical and mechanical
stability.*® PEMs should be hydrophilic and achieve ideal levels of hydration upon
humidification; and the material should maintain mechanical integrity, thermal and chemical

stability under harsh operating conditions, and also be of low manufacturing and operating costs.

1.3.1 PFSA

Perflouro Sulfonic Acid (PFSA) membranes are one promising material, which has high

proton conductivity, is thermally and chemically stable, and is capable of maintaining
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Scheme 1.1 Structure of Nafion™, 3M Ionomer(b) and Dow ionomer (c)

mechanical integrity under PEMFC operating conditions.'*?’ PFSAs contain a
polytetrafluoroethylene (PTFE) backbone, which provides mechanical strength, and a perfluoro
ether side chain, with a sulfonic acid terminal group attached at the end, which provides charge
sites for proton transport. Several PFSA materials have been developed by different companies
through the past decades, such as Nafion™ manufactured by Dupont, a short side chain (SSC)
ionomer originally synthesized by Dow Chemical Company and now as Hyflon lon™
manufactured by Solvay-Solexis and an intermediate side-chain material developed by the 3M
company.??? Their structures are shown in scheme 1.1. These ionomers all have the common
structural feature of a PTFE backbone, with their perfluoro ether side chain varying in length and

structure.



1.3.2 Hydrocarbon PEMs

Some stable aromatic hydrocarbon polymers can be sulfonated for use as PEM materials.
Although these alternative membranes generally have lower ionic conductivity at lower
temperature, and they are less stable chemically and mechanically, as compared to PFSAs, they
have the following advantages: a) hydrocarbon polymers are less expensive than PFSAs, and can
be made from commercially available materials; b) hydrocarbon polymers can be potentially
operated at higher temperatures due to their high water uptake over wider temperature ranges; c)
hydrocarbon polymers can be easily recycled hence they are environmentally friendly.?* The
most common backbone materials are polyether ketones (PEK) with varying number of ether and
ketone functionalities (such as PEEK, PEKK, PEKEKK, etc.), Polyether sulfones (PESF), poly
(arylene ethers), polyesters, and polyimides (P1), etc.?® The sulfonation can either take place
directly on the aromatic ring or on the side chain attached to the ring. Sulfonated
polyaryletherketone (SPEEK) has been studied extensively.?*?® Its structure is shown in scheme
1.2, and like a PFSA, it also contains sulfonic side groups serving as charge sites for proton
transport. In order to improve the ionic conductivity and mechanical properties, block

copolymers were studied, which show better phase separated morphology.?**

OO

SO H*

oO—0

Scheme 1.2 General chemical structure of sulfonated PEEK.



1.3.3 Acid-Base Complexes

Acid-base complexes?*3%

are extremely suitable for high-temperature operations.
Unlike PFSAs, their conductivity shows little dependence on humidity. Acid doped
Polybenzimidazole (scheme 1.3), e.g. PBI/H3PO4, has been demonstrated successfully in higher
temperature PEMFC applications (up to 200 °C). However, since the conductivity of acid-base

complexes depends heavily on acid doping levels, challenges such as acid leaching still hinder

this material's application. *

H H
Nj@il\l: ‘ |
N N
Scheme 1.3 General chemical structure of Polybenzimidazole (PBI).

1.3.4 Composite PEMs

It is beneficial to operate fuel cells at higher temperatures to simplify heat exchange
systems and to prevent poisoning of the Pt catalyst from CO.*** However, in hotter
environments, the PEM’s water retention capability becomes insufficient. The water loss results
in a dramatic decrease of the ionic conductivity. One way to tackle this problem is through
incorporation of inorganic components such as phosphates, heteropoly acids (HPAs), and
inorganic oxides (SiOy, TiO,, ZrO,, et al.) into polymer membranes to produce composite PEMs.
143638 These inorganic components can interact with water and the ionomer trough hydrogen

bonding and improve the water retention capability of the membrane hence enabling high proton



conductivity up to much higher temperatures (140 °C) than the traditional polymer membranes.
%37 The mechanical and thermal stability can also be improved as a result. HPAs and zirconium
phosphonates are among the most important additives, which show great improvement in proton

conductivity.

Zirconium phosphonates nano-particles have been incorporated into ionomers such as
Nafion™ to make nano-composite materials.**“° They can also be attached to the side chain or
the backbone of the ionomer through vinyl and methyl methacrylate functionalities among others.
Schlichting et al. studied the hybrid system of vinyl phosphonic acid (VPA) copolymerized with
vinyl-functionalized zirconium phosphonate (VZP) and showed an improved chemical and

mechanical stability as compared to VPA system. !

The HPAs are a subset of the larger polyoxometallate set of metal oxides. They are
considered as super acids under the Bronsted definition. The HPA’s structure has been studied
extensive through Nuclear Magnetic Resonance (NMR), X-ray diffraction (XRD), and Infrared
(IR) Spectroscopy techniques. **** A wide variety of HPA structures are known, e.g. the Keggin
structure [X""M12040]® ™", the Dawson structure [(X"),M15062]"' > and the Anderson
structure [X™*MgO24]® ~™". Among these, HPAs with the Keggin structure find their most
important applications in catalysis and as doping components for proton exchange membranes.
The Keggin structure (figure 1.4.) consists of a tetrahedral XO,4 with the central heteroatom X
generally from the p-block of the periodic table (such as silicon and phosphorus). This
tetrahedron is caged by 12 MOg oxometallate octahedral structures formed by oxygen and
addenda atoms M, which are typically tungsten or molybdenum. A number of studies have been
focused on the determination of HPA’s protonation sites.*** The edge bridging, corner bridging

or terminal oxygen are potential protonation centers of HPAs. HPA can adopt a series of



hydrated states, depending on hydration conditions. In these states, HPAs such as 12-
phosphotungstic acid (HPW) form a secondary structure* bridging the Keggin units, e.g., by H*
for dehydrated state and by Zundel H,Os" hydronium for HPW hexahydrate (HPW-6H,0)
(Figure 1.4). In such structures, the protonation centers are the terminal oxygen. When dissolved
in aqueous solution, HPAs such as HPW are believed to be completely deprotonated. HPAs have
very high conductivity in the solid state (up to 0.18 S cm™at room temperature for 12-
phosphotungstic acid).*’ Protons are thought to transport through space between the
heteropolyanions (HPANSs). The geometry of the HPA clusters influences the transport
phenomena of protons through HPA systems.*® With their extremely high intrinsic proton
conductivity and strong acidity, HPAs become an ideal choice for additives to enhance proton-
conducting characteristics of PEMs.*® HPAs with Keggin structures have been frequently
incorporated into ionomers, and show great improvement in ionic conductivity and water

retention capabilities of the resultant composite material.

Figure 1.4 Heteropoly acid structures (a) Ball and stick model of the silicotungstic Keggin anion
(SiW12040™). (b) Space filling model of the secondary crystalline structure of Keggin HPA with
base-centered cubic arranged cavities containing HsO," cations (red 14 O, gray 14 W, blue 14
H, purple 1/4 P or Si) 46
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1.4 Morphology of PEM

Due to the hydrophobicity of the PTFE backbone, and the hydrophilic nature of the
sulfonic acid group, PFSAs are generally believed to form a hydrophobic/hydrophilic phase
separated morphology. However, a thorough understanding of the PFSA’s morphology under
different hydration conditions and with different pretreatments is needed to aid in designing new
proton conductive materials with better performance. To date, there is no agreement on the
detailed morphology of a PFSA. Microscopy studies using SEM and AFM have obtained some
information about phase separation, particle shape, particle size, and separation distance.*®*
These characterization methods have limitations in that they are only capable of obtaining
surface or local structures, and often have difficulty in environmental control. SAXS, on the
other hand, can obtain in-situ dynamic bulk averaged morphology with very easy control of
temperature, humidity and other experimental conditions. Therefore, small angle X-ray
scattering has great significance in the morphological study of PEMs, and has became the most

important characterization technique in this field. Nevertheless, unlike other instruments, SAXS

is an indirect technique. Because of the loss of phase information, it is very difficult to obtain the

3D holographic morphological representation without assumptions. Due to these limitations, the

interpretation of scattering data requires adopting some morphological models.

For PFSAs, we generally observe an ionomer peak in the high g region, a matrix knee in
the low q region, and an upturn in the ultra low q region,*® as shown in figure 1.5. The so-called
ionomer peak is believed to arise from the scattering of the hydrophilic ionic domain; it is found
to increase in intensity and shift to lower g upon hydration. The matrix knee is absent in the
guenched samples, and has higher intensity for larger EW samples; therefore it is attributed to

interference between nano-crystalline structures within the fluorocarbon matrix. The ultra small

11
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Figure 1.5 SAXS pattern of one of 3M PFSA films. Three structural levels are shown on the

experimental SAXS pattern of PFSA as an ionomer peak on the high q region and a crystalline
matrix knee on the low g region, and an ultra-small angle upturn in the ultra law q region.>

angle upturn is associated with the morphological features of long-range inhomogeneity from the

ionic clusters distribution.?°

Contrast variation experiments have been performed and reported in various studies and
valuable structural information has been obtained for different PEMs.?***2 For neutrons,
isotopic replacement is generally performed (e.g. hydrogen for deuterium), and for X-ray studies,
ion exchange with different counterions (e.g. Na*, K*, and Cs”, etc.) is usually carried out. The
scattering length density of one phase is varied through the contrast variation technique and the
change of scattering spectra can yield additional morphological information to test the validity of

morphological models.>®

Fourier transformation of SAXS spectra is an appealing way to obtain direct
representation of morphology in real space. However this technique is severely hindered by the

insufficient angular range of SAXS data and the averaging effect introduced during the SAXS

12



data collection. Nevertheless, Elliot et al. and Aieta et al. managed to obtain a 2D visualization

of the ionic structures and compared with the AFM images.>*>**°

A deformation study is another important way to probe the shape and arrangement of
PEMs’ morphological features. The behavior of SAXS profiles upon stretch also has implication
to the validity of morphological models. SAXS measurements of stretched Nafion™ done by
Gierke et al.”® and Fujimura et al.>’ show the periodicity and orientation of crystalline/ionomer
domains. Moore et al.*® performed the deformation study of Nafion™ exchanged with different
counterions, and found the anisotropy of SAXS patterns disappeared upon heating at

temperatures corresponding to the a-relaxations of these materials.

Figure 1.6 Cluster-network model for the morphology of hydrated Nafion.?>*°

Based on the small angle scattering studies, a large number of structural models have

1.5% is the most influential

been proposed. The cluster-network model proposed by Gierke et a
model, and served as a foundation for further morphological studies. In this model, inverted
micelle clusters interconnected by 1 nm channels were proposed (figure 1.6). However, this
model does not mean to precisely describe the morphology of PFSA films. There is no

experimental proof of the existence of 1 nm channels and the spatial distribution of inverted
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cluster micelle either. Further, Fujimura et al. proposed a core-shell model:®* an ion rich core
surrounded by an ion depleted shell formed by Teflon™ like backbones. These core-shell
structures are distributed in a matrix formed by fluorocarbon chains. Unlike most structural
models such as the cluster network model and the hard-sphere model (figure 1.7a), which
attribute the ionomer peak to the interparticle scattering, the core-shell model (figure 1.7b)
attributes the high g maxima in the SAXS pattern to the intraparticle scattering from the scatterer
density inhomogeneity inside the core-shell particle, i.e. the existence of an ion rich core

surrounded by a ion depleted shell.

( TN {/“‘\ t
kA R /} ] inlermedinle// SR
(—\) S~ ionic phase ) /—\
TN NG : ; !
( ) o \—) lonic cluster -’—”\1/
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Figure 1.7 Two morphological models used to describe the origin of the ionic SAXS maximum
observed for Nafion: (a) the modified hard-sphere model depicting interparticle scattering and
(b) the depleted-zone core-shell model depicting intraparticle scattering.?*®*

1°2 using a tetrahedral as the radial

Dreyfus and co-workers proposed a local order mode
distribution function and a sphere as the form factor, and find excellent agreement with the
experimental SAXS data. A lamella model was proposed by Litt®® based on the observation that
D-spacing of ionomer peak varies linearly with water content. However, no parallel shift of two

maxima is found, which renders this model an oversimplification of morphology of PFSA films.

The lamella model also assumes no combination of clusters taking place, which again is found to
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be an unlikely situation, as shown by the inverted Fourier transform of experimental SAXS
curves.>* A modified lamellar model (sandwich model) was later proposed by Haubold et al.,®*
generating an ionomer peak in good agreement with other investigations. Further, Rubatat et al.
observed a q* power law region and a q* power law region in the SAXS patterns. While the g
power law decay indicates a sharp interface for the scatterers, the g™ is indicative of a rod-like
structure with a length of L and diameter of D, where the scattering vector at the start and the end
of the g™* power law region q; and g3 equal to 2pi/L and 2pi/D respectively.”’ Gebel et al.*
suggest a changing morphology of PFSA at different hydration states: the system will undergo a
structure inverting at ®s=0.5, from a solvent in polymer to a polymer in solvent system. And the
shape of the scattering object will also change according to different hydration levels (figure
1.8).

We already know that the morphology of PFSA films is very controversial. It is believed
to depend heavily on chemical structures, presence of additives, thermal history, pretreatment
conditions, and hydration. However, morphology to a large extent will determine the
performance of PEMs, such as proton conductivity and water transport properties, etc. SAXS
measurement remains the most important characterization technique to obtain meaningful
morphological information on PEMs. Continuing study of the morphology of PEMs using
SAXS, therefore, is essential for fundamentally understanding the transport properties and
performance of PEMs. The difficulty associated with SAXS measurements is that SAXS is an
indirect technique, which requires effort in using scattering theory to interpret experimental data.
Using appropriate scattering theory and morphological models to fit experimental curves will
still be the most important way to investigate morphology of PEMs. In this project, we adopted

SAXS as a main technique in the morphology study of PEMs with various pretreatment,
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Figure 1.8 Conceptual model for the morphological reorganization and continuity of the ionic
domains in Nafion™ as the dry membrane is swollen with water to the state of complete
dissolution.
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chemistry, and inorganic additives, in an effort to reveal the morphological behavior, and their

implication to membrane properties.

1.5 Thesis Statement

In this thesis, annealing conditions, heteropoly acid (HPA) doping level, and the
modification of side chain chemistries are varied to investigate the resulting effect on the
morphology and transport properties of the 3M PFSA ionomer. In addition to the 3M ionomer,
the morphology and proton conduction of newly developed random and block co-polyamide
PEMs were also studied. By addressing the following aspects in the present study, we see how
the knowledge gained by this investigation leads directly to a better scientific understanding of

how PEM design can improve fuel cell performance.

1.5.1 Improve PFSA Performance Through Annealing

When heated above the glass transition temperature (Tg), the polymer chains of perfluro-
sulfonic acids (PFSAs) will become mobilized. The resulting reorganization of the
microstructures of the polymer under these conditions is known to affect proton conductivity.®®
The morphology of PFSA and its influence on proton conduction has been a subject of
considerable debate. Some studies show that narrow and well-connected ionic channels are
favorable for proton transport, ® while other studies postulate that wider channels will be less
tortuous, and hence lead to faster proton conduction. "2 We hypothesize that a wider proton
conductive channel can be created through annealing because the affinity of ionic domains,

through a process of electrostatic attraction of ion pairs, will drive these domains to form larger

clusters during reorganization. Upon cooling and hydration, a higher degree of phase separation
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can be achieved. We also hypothesize that higher annealing temperatures can facilitate this
process by enabling more previously restricted structures to reorganize. This allows the system to
obtain even larger proton conducting channels, which will result in enhanced conductivity
characteristics. It is our expectation that a change in the domain's geometry will also occur from
annealing, and this will also affect proton conductivity.

In order to test the hypothesis that annealing at higher temperature will form larger ionic
domains and improve conductivity, we will use in-situ small angle X-ray scattering (SAXS)
measurements to reveal the dynamic morphological evolution of the 3M PFSA's ionic domains
during the heating, cooling and hydration processes, due to its easy environmental control and
ability to probe the bulk structure. Electrochemical impedance spectroscopy (EIS) will be used to
measure the conductivity. The sizes of ionic domains for the films annealed at various
temperatures will be obtained by SAXS measurements. A unified fit model, which is especially
suitable for material with multiple structure levels, " will be used to obtain size information of
the ionic domains, and a power law fit’* will be adopted to investigate the geometry of the
polymer domains. The 3M PFSA was chosen for our study material. The 3M PFSA has a shorter
side chain than Nafion™ resulting in better mechanical strength and higher conductivity when
compared to Nafion™ with same equivalent weight (EW). 1*">"® We will select 180, 190, and
200 °C as the annealing temperatures based on the T, 0of 3M ionomer (125 °C), which is 25 °C
higher than Nafion™. Excessive high temperature (beyond 200 °C) will result in deterioration
of the integrity of ionic clusters and desulfonation. "*° Industrially, these temperatures are also
selected for heat treatment of 3M PFSA to enhance PEM performance, although the fundamental

causes are not clear for these improvements.®* This study is shown in Chapter 2.
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1.5.2 Improve PEM Performance Through HPA Addition

Another method for improving PEM properties is to add acidic inorganic additives. The
HPAs are one of the most attractive additives to improve PEM performance due to their super
acidity, very high intrinsic conductivity, and water retention capabilities.*®®? We postulate that
HPA addition to a PFSA proton exchange membrane (PEM) can increase the homogeneity of the
ionic domains, due to hydration shells formed around the HPA that include both water and
hydronium ions. This modified solvent environment is hypothesized to increase the number and
stability of bridging waters between isolated ionic domains in the PFSA.**% The resulting
homogeneous hydrophilic domain can ultimately promote the mobility of water and hydronium
ions. Itis also postulated that the use of the Grotthuss hopping mechanism will be enhanced due
to the creation of a more interconnected hydrogen bonding network in the presence of HPA
addition. Conversely, an increase in proton transport due to the Grotthuss mechanism will be
accompanied by a reduction in the mobility of water via the vehicle mechanism of proton
transport as a result of the strong hydration energy of the HPA nano-particles. Due to these duel
effects, we expect a non-monotonic behavior of water diffusion upon HPA doping, while the
overall conductivity, which is a combination of proton conduction through Grotthuss hopping
and vehicle mechanism, will also be affected. We hypothesize that these transport properties will
depend heavily on the loading levels of HPA.

To test this hypothesis, we will use pulsed gradient-spin echo nuclear magnetic resonance
(PGSE-NMR) spectroscopy to probe the geometry of the ionic domain, through a fitting of the
measured time dependent water diffusion coefficients to the Mitra equation.®* PGSE-NMR and
EIS will also be used to measure diffusion coefficients and conductivity, respectively, for films

with various HPA loadings. We will then compare the measured conductivity from EIS with the
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calculated conductivity through the use of the Nernst-Einstein equation utilizing the diffusion
coefficients obtained by PGSE-NMR. The measured conductivity from EIS will include the
contribution of protonic conduction from both vehicular and the Grotthuss mechanisms, while
the calculated diffusion coefficients will only take into account the vehicle mechanism.
Therefore, the difference between these two measurements will give us the contribution of
proton transfer through the Grotthuss hopping mechanism. Phosphotungstic acid (HPW) is
chosen in this study because of its high acidity and good stability compared to other HPAs with
the Keggin structure. To study the effects of HPA concentration, HPA loadings of 1% and 5%
were investigated, due to the fact that conductivity improvement is most effective in this range of
HPW addition. Higher HPA loadings will lead to aggregation, resulting in minimal improvement
to conductivity.®® Such aggregation will also hinder our understanding of HPA nano-crystal's

interaction with water, hydronium ions, and the ionomer. This study is shown in Chapter 3.

1.5.3 Improve PEM Performance Through Modifying the Side Chain Chemistry

PEM performance can also be improved through side chain modification. 3M developed
a modified PFSA material-- the Per Fluoro Imide Acid lonomer (PFIA), with multiple protogenic
groups, i.e., a very acidic imide group in addition to the sulfonic group, on the side chain. Such
structure is capable of achieving high IEC and conductivity, while at the same time maintaining
sufficient degree of crystallinity, and hence the mechanical strength.® To further optimize the
side chain structure, 3M also developed ionomers with different separation distance between
protogenic groups, i.e., the ortho bis and the meta bis ionomer. We hypothesize that a flexible
and hydrophilic side chain (e.g., with multiple protogenic sites) will lead to the formation of

larger ionic domains. We also hypothesize that a larger separation distance between protogenic
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groups will avoid the steric hindrance observed during water uptake, resulting in the formation of
larger ionic domains as well.

The formed domain sizes of 3M PFIA and 3M PFSA will be measured through SAXS to
test the hypothesis that a flexible and hydrophilic side chain will facilitate the formation of larger
ionic domains, and to confirm the presence of nano-crystal structures in PFIA. To investigate the
hydrophilicity difference between side chains with single (3M PFSA) and multiple (3M PFIA)
protogenic groups, we will measure the water uptake in these ionomers through dynamic vapor
sorption (DVS). The hypothesis pertaining to steric effects will be tested through the SAXS
investigation of the formed ionic domain sizes of the ortho bis and the meta bis ionomers. This

study is shown in chapter 4.

1.5.4 Improve PEM Performance Through Modifying the Backbone Structure

It is easier to control the morphology of a hydrocarbon material, e.g., the geometry of
ionic conductive channels, than that of a PFSA. A well defined phase separated morphology can
be achieved by synthesizing block copolymers.®*#®8” \We hypothesize that block copolymers will
have higher dimensional stability than the random copolymers, due to their ordered ionic
conductive channels that have a defined geometry. We also hypothesize that both random and
block copolymers will have higher conductivity than PFSA at higher temperatures (>80 °C), due
to their better water retention capability resulting from the polar groups on the backbone.

To test this hypothesis, we will investigate a random and block copolyamide ionomer,
and measure their stability in water at various temperatures. We will also measure their
conductivity using EIS and the structure of the ionic channels under different hydration levels

using SAXS. This study is shown in chapter 5.
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CHAPTER 2 A SMALL-ANGLE X-RAY SCATTERING STUDY OF THE
DEVELOPMENT OF MORPHOLOGY IN FILMS FORMED FROM THE 3M
PERFLUORINATED SULFONIC ACID IONOMER

Reproduced from Macromolecules 2012, 45, 7495-7503. Copyright ACS 2012.
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2.1 Abstract

An extensive SAXS investigation of the 3M perfluorinated sulfonic acid ionomer was
performed to investigate the morphological changes that occur during and after annealing at
temperatures above the T,. The effect of film thickness in the range studied, 11—45 pum, was
found to be negligible. These properties were studied as a function of equivalent weight from
700 to 1100 and correlated with the water uptake as measured by dynamic vapor sorption.
Isoscattering points were observed in dynamic annealing experiments of the unboiled annealed
films at g = 0.023, 0.096 A™*. On initial water uptake these films also showed isoscattering points
atq=0.024,0.220 A™; q=0.029, 0.223 A™*; and q = 0.030, 0.211 A ' at 50, 80, or 95 °C,

respectively, indicating a decrease in the symmetry of the scattering objects in these size
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regimes. Isoscattering points were absent in similar water uptake experiment for the films

after boiling. Annealing at elevated temperature results in morphology change and improves

proton conductivity.

2.2 Introduction

Proton exchange membrane (PEM) fuel cells have advantages over other fuel cells in
terms of their high power density and lower temperature of operation. However, there is much
interest in operating these devices at hotter and drier conditions to enable system simplification
and to minimize the presence of liquid water and the need for system humidification."? In order
to produce PEM fuel cells, which meet both the cost and performance requirements, it is
desirable to generate new materials that have higher proton conductivities and better durability in
an operating fuel cell. As a starting point it is necessary to understand the properties of the
incumbent materials that work well under conditions of water saturation. Perfluorosulfonic acid
(PFSA) membranes are currently widely used in PEM fuel cells because of their high proton
conductivity, good thermal and chemical stability, and their ability to maintain their mechanical
integrity under harsh operating conditions.®* The Nafion Membrane (Scheme 2.1 top) was
developed in the late 1960s by Walther Grot at DuPont and still serves as a benchmark PEM
PFSA material. Several other PFSA membranes have subsequently been introduced by other
companies such as the 3M Company (Scheme 2.1 bottom),> Solvey-Solexis,® and Dow.”® These
PFSA-based membranes all have similar structures: a hydrophobic polytetrafluoroethylene
(PTFE)-like backbone and hydrophilic side chains, which contain a SO’ X* end group, where X
can be a proton or another cation. In contact with water, the side chain becomes hydrated and the

sulfonic acid dissociates providing a proton. During fuel cell operation, the proton is thought to
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Scheme 2.1 Structure of Nafion™ Membrane (top) and 3M PFSA Ionomer (bottom).

910 and Grotthus mechanisms.!

be transported through the PEM via a combination of the vehicle
The observation is that practical levels of proton conduction occur under conditions of water
saturation in PFSA PEMs. Structurally, the physical and chemical properties of PFSA
membranes depend largely on the equivalent weight (EW), which is defined as the number of
grams of dry ionomer per mole of sulfonic acid groups when the material is in the acid form, and
the length and structure of the side chain. These properties are also affected by different thermal
treatments, such as annealing (i.e., the thermal treatment conditions above the T, the onset
temperature of long-range mobility of the ionomer main chains and side chains via a thermally
activated destabilization of the electrostatic interactions, which yields a dynamic network
involving significant ion-hopping processes). For reference, B-relaxation was found to be due to
principally main-chain (backbone) motions within the framework of a static physically cross-
linked electrostatic) network, ™ necessary to form mechanically robust films, can also greatly
change the properties and performance of a PFSA membrane. Other factors that influence film

forming such as casting from different solvents and film thickness may affect membrane

properties and performances as well. Although the morphology of PFSA membranes has been
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investigated extensively using small-angle X-ray scattering (SAXS) and other characterization
techniques since the 1970s,* the exact morphology is still highly debated. Part of the reason for
this is that the membranes pretreatment conditions has a significant effect on its properties, and
the films used in these studies have not been pretreated in exactly the same manner. Through the
history of the study of PFSA ionomers, various morphological models have been proposed based

13
I

on different observations and assumptions, including the cluster network model,™ the core—shell

15 16
l, l.

model,** the lamella model,*® and the parallel cylindrical channel mode

Generally, it is thought that the morphology changes with different water sorption states,
as suggested by Gebel et al. In addition, a structural inversion may take place at a 50% solvent
content, i.e., the system undergoes a transformation from polymer in solvent to solvent in
polymer or vice versa, and that the shape of different structural levels will also vary
accordingly.*” Small perturbations in the conditions under which these films are studied, such as
stretching, have been shown to dramatically change their morphology and proton conductivity.*®
20 \We suggest in this paper that the conditions under which films are prepared for SAXS by
various experimenters are not always equivalent and that the PFSAs studied may not be in their

equilibrium structure.

In order to obtain in-depth morphological information on PFSA membranes under
environmental conditions, SAXS (using synchrotron radiation) is one of the most useful
characterization techniques, capable of giving dynamic information during thermal treatments or
hydration events. Typical SAXS images are shown in our previous work? and in Figure 2.1 for a
sample of the 3M PFSA. Typically there are three structural features (peaks or upturns) observed
in the SAXS patterns due to the short-range and long-range differences in electron density

between structures of different types and their backgrounds. The interpretations of the origin of
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Figure 2.1 A typical SAXS pattern of 3M PFSA membranes.”

these peaks/ upturns are still being debated based on which structural model is being invoked.
The peak in the high-q region is usually attributed to the so-called ionomer peak, which
originates from the constructive scattering of the ionic clusters.* This peak will vary with
different cations and different water uptake levels. The cluster network model proposed by
Gierke et al. attributes the ionomer peak to interparticle scattering between ionomer clusters,
which are distributed in an organic paracrystalline matrix of a similar structure to liquid water.
The core-shell model, on the other hand, suggests the ionomer peak originates from intraparticle
scattering of short-range order inside the core—shell structure, which is also distributed in the
para-crystalline region. The core—shell model matches the experimental observations well, for it
can better explain the fact that microswelling dominates over macroswelling; however, its poor
fitting to the data over a wide range of length scales made it somewhat neglected until recently.®
The upturn in the q = 0.04—0.08 A™* region is named the matrix knee and arises from the
scattering by the crystalline region.?? If completely amorphous structures were made, e.g., by

guenching, this knee pattern would no longer be observable. The upturn of intensity in the very
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low-q region is the ultrasmall angle upturn, which is caused the long-range order of larger

structures.?>?

In this paper we present a study of the evolution of morphology in a PFSA ionomer from
casting, annealing, initial hydration, and boiling. SAXS is used to investigate the 3M PFSA
ionomer (Scheme 2.1 bottom), complemented by water uptake measurements. In previous work
we presented the static wet and dry SAXS data for a series of EWs of this film annealed at 160
°C.2! The data were analyzed by a numerical model, the unified fit, and a graphical method, the
clipped random wave model. The results from the two models were in good agreement with each
other and with the dissipative particle dynamic model of the ionomer.?® Although this modeling
provided useful information on the size of the scattering objects, it did not provide any
conclusive information on the morphology of the polymer. Here we first study the water
equilibration of an unannealed film. This is followed by the effect of water uptake on the
swelling of films with various pretreatments. Next we present an investigation of the dynamic
morphological changes that occur during or after annealing at temperatures above the T, or from
the effect of film thickness as a function of RH, temperature, and EW. Finally, we show the
initial hydration of annealed films varies by their thermal history. We show that isoscattering
points are observed in the dynamic annealing experiments of the unannealed films for
measurement performed at 50, 80, and 95 °C, indicating a possible change in the symmetry of
the scattering objects in these size regimes. We discuss this data in terms of the changes to the

morphology that occur when these PFSA films are formed and hydrated.

2.3 Experimental Section

Detailed description of the experimental materials and experimental methods about
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SAXS, DVS and conductivity measurement are presented in this section.

2.3.1 Materials

PFSA films were cast from an ionomer to provide membranes thicknesses of either 20 or
50 um. The membranes were then dried at 110 °C. The films were then annealed at either 180,
190, or 200 °C for 20 min. The annealed films were boiled in deionized (DI) water, 3% H,0,,
0.5 M H,SO,, and DI water for 1 h each, to remove organic and ionic contaminants and to ensure
all of the ionomer film is in the acid form. A piece of unannealed 825 EW film, a piece of the
same film annealed at 190 °C for 5 min, and a piece of annealed film boiled by the process

described above were used in the water uptake measurement.

2.3.2 SAXS Measurement

SAXS data were obtained using beamline 121D C-D at the Advanced Photon Source
(APS) at Argonne National Laboratory, Argonne, IL, using X-rays of 18 keV. The experimental
setup is shown in Figure 2.2. A custom-made, humidity- controlled oven oven with four sample
slots covered with Kapton windows was used. During each experiment, three samples were
loaded in to the oven, and one slot was used for a Kapton blank. Humidity was achieved by
mixing dry and humidified N,. Gas flow was controlled with mass flow controllers (MKS Mass-
Flo RS-485 controller). Wet N, was bubbled through deionized water in a humidifying bottle
(Fuel Cell Technologies, Inc.) with dry N entering downstream. Dew points were monitored by
a Visala HMT337 humidity sensor allowing the RH to be calculated. The oven temperature was

controlled by a Watlow PID temperature controller. Dynamic annealing was carried out on an
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unannealed 825 EW PFSA film. The 50 um films were put into the oven for 20 min at 200 °C,
and multiple SAXS patterns were recorded using a 0 s delay and a 3 s exposure time. In addition,
a full dynamic experiment was performed on the same films as follows: the film was annealed at
200 °C for 5 min and then cooled to 80 °C, and immediately after, a dynamic humidification was
performed from 25% to 95% RH. Multiple SAXS patterns were again recorded during this
process. Both dynamic and steady-state SAXS measurements of humidification experiment at 80
°C as well as 25%, 50%, 75%, and 95% RH were performed on the films with different

thicknesses, equivalent weights, and casting dispersions.
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Figure 2.2 Experimental setup of the environmentally controlled sample SAXS measurement.

For the ex-situ annealing experiments, the conditions were as follows: The oven was set
to 25% RH, and three SAXS patterns were recorded for each film and one pattern was recorded
for the Kapton background; then the oven was set to 50% RH, where 45 SAXS shots were taken

while the films equilibrated for about 20 min. Then, three patterns were recorded on the films
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and on the Kapton blank. The same steps were performed up to 95% RH. For the long-term
water equilibration study, the sample was taken out of the water and loaded very quickly into the
RH chamber, and SAXS images were recorded at 100% RH. During the SAXS measurements,

the g range was adjusted for different samples by adjusting the camera length.

2.3.3 DVS Measurement

Dynamic vapor sorption (DVS Advantage, SMS Inc.) measurements were performed on
the 825 EW PFSA unannealed film, annealed film, and boiled annealed film. Water sorption
experiments were carried out at similar conditions to the SAXS experiments in order to obtain
accurate values of water sorption under the different RHs studied. The membrane was put into a
humidity chamber, which is set to a constant temperature. The RH of the chamber was
programmed to stay at 0% RH for 20 min and then increased in the order of 25%, 50%, 75%, and
95% RH in a step-by- step manner corresponding to the SAXS experiments, with a 20 min
equilibrating time for each step. The mass change of the membrane with time and RH was
recorded. With the dry weight of the membrane measured, the A values which are defined as
number of water molecule attached per —SO3H group were calculated: A = wEW/18, where w =
(Mwet — mary)/Mgry. Water sorption isotherms were obtained for various 3M ionomer films. No

condensation was observed by the in-situ camera during the water sorption range we studied.

2.3.4 Conductivity Measurement

Proton conductivity was measured for films annealed at 3 different temperatures.

Electrochemical impedance spectroscopy (EIS) with a Bio-Logic VMP3 potentiostat was
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adopted to obtain the impedance profiles over a wide range of frequency (from 100 000 to 0.7
Hz). A four-electrode in-plane setup was used in these measurements.?” Specific conductivity
was calculated from o = d/Rlh, where ¢ is specific ionic conductivity, d is the distance between
two inner electrodes, R is the measured resistance, | is the membrane width, and h is the

membrane thickness.

2.4 Data Processing

In this work, we used the Irena macros package for Igor Pro for the unified fit model?® to
analyze the SAXS data. A representative fit is shown in our previous work.?* Through these fits,
quantitative information such as radius of gyration (Ry) was obtained for the different structural
levels observed. The unified fit is applicable to a variety of systems such as filled polymers,
foams, polymer blends, colloids, and composites, etc.?® In addition, values of Rq were also
obtained through a one-level local fit;*® the Porod factors were obtained using a Porod fit.?® Full

details of the mathematics involved in the unified fit are shown below:

For a dilute and isotropic system with q<<1/Ry,*' we have the well known Guinier’s law

for the scattering intensity: 2
1(q) = I.N,pgexp(—Rgq?/3)

N, is the particle density in the scattering volume; I, is the scattering factor for a single electron;
pe IS the electron density in a particle; Ry is the radius of gyration; and q is the scattering vector.

For the “structurally limited” Porod scattering, which assumes a curved Porod regi0n28,

with the motion of the particle is considered, the Porod’s law expression for the form factor

becomes:?®
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- 3 p
F2(q) = 2mp2S {[erf(ng/61/2)] /q}
S is the surface area of the particle, and p is the porod factor.

The combination of Guinier component and structurally limited Porod component is

found to be capable of modeling a wide variety of systems, which is called unified fit model:*®

1(q) = Gexp(—q®R%/3) + B{[erf(ng/61/2)]3/q}p
Where G=n°N,le and B=21NypeSple.

For structures with multiple structural levels, with the smaller structures superimposed on
the larger structure, the following expression is used:*®

n

I(q) = Z (G iexp(— qZRgi/3) + B exp(— qué(i+1)/3) X {[erf(ngi/61/2)]3/q}pi>

1

For a densely packed system which shows correlation between particles, a structure
factor S(q) is used to modify the intensity with AF(g)® being the intensity of independent

scattering, the express for the intensity becomes:*®

1(q) = AF(q)?S(q)

2.5 Results and Discussion

The high energy (18 keV) of the APS X-rays allows us to collect SAXS images in <1s.
This enables the study of dynamic morphological changes in polymer structures in situ not
accessible via conventional laboratory X-ray sources. To ensure that we were not observing
artifacts due to the variation of the film thickness, a SAXS study on a series of 825 EW films as

a function of thickness was first performed, which will be discussed in the later section. No
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significant variation in the SAXS data was seen with thickness from 11 to 45 pm. The data

reported in the remainder of this paper are for the 45 um film.

2.5.1 Water Equilibration Study

We were interested to see how a sample of unannealed as-cast 825 EW PFSA exposed to
liquid water at ambient temperature would change with time: if it would eventually have the
same SAXS features as the boiled state, and how long that would take, or if it would eventually
just swell to dissolution or some other form. From the SAXS patterns (Figure 2.3), we see a shift
of the ionomer peak from q = 0.165 A™* in the as-cast 825 EW film to q = 0.145 A" in the
materials equilibrated in water for 33 h with a large increase of intensity as the unannealed film
takes up water. This trend continues as the membrane was equilibrated in liquid water over time,
giving q = 0.124 A™* after water equilibration at ambient temperatures after 26 days. One-half of
the swelling observed after almost 1 month was obtained in the first day. Unsurprisingly, PFSA
ionomers swell in water and form lager structures as the ionomer swells.** The data obtained
from the unified fit for Ry and the calculated D-spacing are shown in figure 2.4. The process to
reach true equilibrium is clearly very slow for the PFSA membrane in the water sorption

process. >3

The change of the shape of the SAXS patterns is also observed. The slopes of the lines
below g = 0.1 A™* which obey a power law continue to decrease, indicating the changing of
particle shape of both ionic and crystalline domains upon water uptake and relaxation of the
polymer structure.”® We notice that the crystalline matrix knee is hardly discernible in the SAXS
patterns of the unannealed film and the 33 h water equilibrated film and appears more noticeably,

with an increase in intensity, at q = 0.8 A™* for the 26 day equilibrated film, similar to the boiled
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Figure 2.3 SAXS patterns of the long-term water equilibration experiment on 825 EW 3M PFSA
films: (#) unannealed; (A) 33 h in DI water; (m) 26 days in DI water.
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Figure 2.4 Unified fit Ry and calculated D-spacing of 3M PFSA films with different water
equilibrating time: (light gray) unannealed; (dark gray) 33 h in DI water; (black) 26 days in DI

water.
film, where the change takes place much more rapidly. In fact, WAXS measurements, not

shown, confirm that the 825 EW material has a very low crystallinity index of 0.09. This

suggests that uptake of water could plasticize the polymer chain, making morphological changes
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from amorphous to orderly structures or crystallization possible.***” However, we should note
again that the morphological changes of the PFSA membranes at room temperature take place

very slowly.

2.5.2 Water Sorption Study

A piece of unannealed 825 EW film, a piece of such film annealed for 190 °C for 5 min,
and a piece of such annealed film which is also boiled in deionized (DI) water, 3% H,0,, 0.5 M
H,SO,, and DI water for 1 h each were used in the water uptake measurement. In order to
explain the morphological information for the membranes at different water contents, it is
necessary to obtain the number of water molecule per sulfonic acid site, i.e., the A value, under
the corresponding conditions of the SAXS measurement. This information is conveniently
obtained using a dynamic vapor sorption instrument set to the same RH for the same time
periods as the SAXS measurements. For the 825 EW film dried at 110 °C, or subsequently
annealed or annealed and boiled using the SAXS data, presented and discussed below, we were
able to calculate the D-spacing of the ionomer peak. The D-spacing is defined as 2n/q from the
position of the SAXS ionomer peak. Combining the SAXS and DVS results, we obtain the
relationship between the D-spacing of the ionomer clusters and A of the film (Figure 2.5). From
this figure, we see that the D-spacing for the films increases with amount of water taken up by
the film as a result of swelling. Using simple geometric arguments, the D-spacing would have a
linear dependence on A, if the swelling corresponded to a swelling lamellar structure, or a Y% or

A2 dependence which would correspond to a cylindrical or spherical structure, respectively.®

We first consider the swelling of the unannealed dried film of the 825 EW ionomer

(Figure 2.5). This film shows a swelling relationship with D of A*®; the dependence change at
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different water contents cannot be attributed to the swelling of any one simple geometrical
object. However, this behavior is that predicted for a self-repelling polymer chain.* This is
explained as these membranes are not expected to have any crystallinity in their hydrophobic
backbones as they have not been annealed by heating above their T,. These results are supported
by our dynamic SAXS experiments of hydration discussed in the following section, which also
suggest a changing morphology upon different water uptake levels as these dried only films are
swelled. It should be noted that the study by Gebel et al. also shows a changing morphology of

the PFSA Nafion™ membrane upon water uptake.”*

A comparison of the domain spacing—water content relationship for films with different
treatment conditions, i.e., unannealed, annealed for 5 min at 190 °C, and annealed and boiled
films for 1 h, is also shown in Figure 2.5. For the annealed film we see that the D-spacing
becomes smaller at the same amount of water sorption the as-cast film. The D-spacing
relationship to A is almost but not quite linear, which may be indicative of crystallite lamella in
the form of ribbons in the structure. The intercept of both the as-cast and annealed films seem to
converge at ca. 26 A at a A value of 1, which would represent as dry as an ionomer film could
achieve under the conditions to which it was exposed here. Annealing does not destroy the
ionomer domains, but the heating has changed the morphology with the new swelling behavior
consistent with increased chain entanglement. The annealed film does not swell as much as the
unannealed film. Boiling an ionomer film rapidly equilibrates a membrane to its fully hydrated
state, making a variety of tests more consistent than the same tests performed at a transient state
of hydration. The boiled film may represent the state of the film after break-in, in a fuel cell.
Here we see that the ionomer peak after boiling is much larger; extrapolation would suggest ca.

42 A at a } value of 1. The swelling of this peak is not as dramatic as for the unboiled films and
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shows no trend in D versus A that can be easily attributed to the swelling of one geometric object.
Although different swelling behavior may indicate different geometry of the swelling structure,
still more data points are needed to conclude the exact morphology which led to corresponding

swelling behavior.
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Figure 2.5 D-spacing calculated from ionomer peak positions of SAXS patterns of the 3M 825
EW membrane with different pretreatment conditions at different water uptake: (A ) unannealed;
(#) annealed at 190 °C for 5 min; (m) annealed and boiled for 1 h.

2.5.3 Annealing Study

PFSA films are typically annealed above their T, to facilitate chain entanglement and to
induce crystallinity in the polymer backbone, giving the material intrinsic strength and added
stability toward long-term dissolution in hot water. The T, of the 3M ionomer has been
determined to occur at 100 °C.** The decomposition temperature of PFSAs is widely accepted to

be as high as 280 °C.**3
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2.5.3a Ex-Situ Annealing

For the films annealed at three different temperatures (180, 190, and 200 °C) and then
boiled in deionized (DI) water, 3% H,0,, 0.5 M H,SO,4, and DI water for 1 h each, the SAXS
patterns are shown in Figure 2.6 (top). From the unified fit results shown in Figure 2.6 (bottom),
we can see that generally sizes of both the crystalline and ionomer cluster regions increase as the
annealing temperature increases from 180 to 190 °C. This is due to the polymer chains having
larger mobility close to or above the T, gives rise to the development of crystallinity on cooling**
and the electrostatic affinity of ionic domains drives them to form larger clusters. This agrees
with the study by Hensley et al. for thin membranes (ca. 20 um).* The increase of domain sizes
becomes less obvious for the ionic domain as the annealing temperature increases to 200 °C,
especially at low RH. While for the crystalline domain, the films annealed at 200 °C show a
larger crystalline size feature at 95% RH compared to the same film at 25% RH; this suggests
some morphological changes have taken place in the higher temperature annealing, making
water a better plasticizer*>* for the PFSA backbone to form larger crystalline regions upon
water uptake. The morphological changes resulting from annealing have substantial effect on the
proton conductivity, as we can see from figure 2.7: at 80 °C and 95%RH, the proton conductivity
increases from 0.20 to 0.25 S/cm as annealing temperature increases from 180 to 190 °C. This is
due to the ionic conductive channel, which becomes wider (from 11.9 to 15.5 A) as annealing
temperature increases from 180 to 190 °C, as mentioned above. Interestingly, the conductivity

increases substantially (from 0.25 to 0.36 S/cm) as annealing temperature increases from 190 to

200 °C, despite the minimal increase of domain sizes. We then investigated the power law slope
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Figure 2.6 SAXS patterns and unified fit results for an annealing study of the 3M PFSA
membranes. SAXS patterns of ex-situ annealing of 3M 825 EW PFSA films at different
temperatures (top): (gray diamond) 25% RH and 180 °C; (gray triangle) 25% RH and 190 °C;
(gray square) 25% RH and 200 °C; (black diamond) 95% RH and 180 °C; (black triangle) 95%
RH and 190 °C; (black square) 95% RH and 200 °C. Unified fit results of ex- situ annealing of
3M 825 EW PFSA films at different temperatures (bottom): (gray square) 25% RH level 1; (gray
triangle) 95% RH level 1; (black square) 25% RH level 2; (black triangle) 95% RH level 2.
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of the low q range of the SAXS pattern and found out that the inverse power law slope shows no
significant change (from 1.5 to 1.4), when annealing temperature increases from 180 to 190 °C,
while it decreases to 1.1 as annealing temperature reaches 200 °C, indicating the formation of
lower dimension and more elongated crystal structures. Therefore, the increase of conductivity
from 190 to 200 °C annealing temperatures is primary caused by a geometrical change of

polymer domains.
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Figure 2.7 Conductivity at 95%RH of films annealed at (4) 180 °C, (m) 190 °C, and (A) 200 °C

2.5.3b In-Situ Annealing

For the in-situ dynamic annealing experiments on the 50 um 825 EW film (Figure 2.8),
we can see from the dynamic SAXS patterns shown in Figure 2.8 (top): as the annealing
proceeds, the scattering intensity of the crystalline level of g range between 0.027 and 0.085 A™
decreases, which shows that the crystalline structures were disrupted as the backbone chains gain

thermal energy and become very mobile, i.e., the polymer melted. While for the ionic cluster
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Figure 2.8 SAXS patterns of in-situ dynamic annealing of 20 min at 200 °C on 3M 825 EW
PFSA films (top): annealing time increases from the light to dark colors. SAXS patterns of the
full dynamic experiment on 3M 825 EW PFSA membranes (bottom): patterns from light to dark
red: film annealed at 200 °C for 5 min; from dark yellow to light yellow: film cooled from 200 to
80 °C; from light blue to dark blue: film humidified from 25% RH to 95% RH.
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region of q = 0.148—0.332 A, although the scattering intensity increases, there is no ionic peak

due to the very dry conditions, 0% RH, giving no contrast and so no scattering. Two

isoscattering points are observed at g = 0.0228 and 0.0989 A™. This is an indication of the
polymer melting and the lack of any water in the hydrophilic domains of the polymer®® as well as

the decrease of particle number density*’ taking place in the annealing process.

In Figure 2.8 (bottom), we show SAXS data for film annealing under practical conditions
where the film is held at 200 °C for 5 min followed by quenching as fast as the oven would allow
to 80 °C for 5 min, followed by its initial hydration. The first 5 min of annealing shows a similar
result to the longer dynamic annealing experiment as shown in Figure 2.8 (top). During the
cooling process the crystalline hydrophobic region forms low g. Further studies will be required
to determine the effect of rate of cooling on this process. We speculate that if the sample had
been cooled very fast, most of the structure would have remained amorphous, resulting in less
crystallinity after annealing. For this experiment, we see general results of higher crystallinity
after annealing, from the increase of intensity of the crystalline peak at the g range of
0.032—-0.143 A™*. The humidification immediately after the cooling shows a continuing increase
of the crystalline level; we suspect it is due to the plasticization of water on the PFSA ionomer.
We also observe the evolution of the ionomer peak in the q range between 0.158 and 0.240 A™.

This SAXS profile agrees well with other studies of other PFSAs.*

2.5.4 SAXS Study on the Effect of Hydration

The effect of hydration on the film's morphology were investigated through in situ SAXS
measurement at different RHs and temperatures for both unboiled and boiled films, as shown in

figure 2.9.
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Figure 2.9 SAXS patterns of dynamic humidification of unannealed PFSA membranes from
25% to 95% RH at (a) 50, (b) 80, and (c) 95 °C, and (d) boiled PFSA film at 80 °C. Light colors

are dry, and dark colors are wet.
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2.5.4a Unboiled Films

From the dynamic SAXS patterns of the unboiled films, which are annealed at 200 °C for
10 min (Figure 2.9a—c), the hydrophilic ionomer peaks, resulting from interparticle interference,
can be seen in the g range between 0.158 and 0.205 A™, 0.162 and 0.191 A™*, and 0.164 and
0.186 A™ at 50, 80, and 95 °C, respectively. The second structural level, i.e., of the crystalline
backbone on the other hand, results in a less obvious pattern in the scattering profile. The feature
observed resembles the crystalline knee often cited for as supplied Nafion™ membrane due to
the fact that the crystalline structures are a weaker correlated system than the ionic structures.
Generally both hydrophilic and hydrophobic peaks/ knees shift to a lower g range as relative
humidity increases, which indicates an increase of particle domain spacing as the effect of

swelling.

We observed isoscattering points for the SAXS patterns of the swelling of the
unannealed, PFSA films, at q = 0.024, 0.220 A™*; g = 0.029, 0.223 A™*; and q = 0.030, 0.211 A™*
for measurements performed at 50, 80, and 95 °C, respectively. The isoscattering points are
caused by scattering from systems undergoing a phase transition as the scattering objects change
their symmetry on swelling. In this study, we observed two isoscattering points at different
values of g, for unboiled films at three different temperatures, indicating changes in the
symmetry of the scattering objects taking place at two different length scales, i.e., phase
transition within the hydrophilic ionic domain and hydrophobic crystalline domains, induced by

4648 and possibly the decrease of particle number density.*’

the effect of heating and hydration,
Since the scattering intensity is the linear combination of scattering from two different scattering
structures, 1 = Fly + (1 — F)Ip,***° where F is the fractional composition of each. The scatterers at

each level are composed of two phases, starting with a total composition of unity. As a result, all

49



scattering curves will pass the points where | = I; = I, independent of F, i.e., the composition of
these two phases. Therefore, the change of composition between two phases induced by the
humidification process makes a series of changing SAXS patterns, which pass the isoscattering
points. From the SAXS patterns, we clearly see the changing of the under lying slope that can be
fit to a power law of both structural levels at different water uptake (Figure 2.9a—c), indicating a
changing morphology of the films upon hydration, contrary to results suggested for annealed
films>* which claims an invariable particle shape independent of water content with only the

change of particle size.

Table 2.1 Parameters from Numerical Fitting and Calculation for an 825 EW 3M PFSA
Ionomer (Fits Agree with Experimental Data to <5%)

Calculated Rod-

Unified Fit Results Local Fit Results %a's‘;‘g;tﬁg Porod Fit ke Structure
Membrane Exigi(n?ent Level#1  Level#2  Level#1 Level#2 Ry Level#1 D Level#2 D* L* (A)
Type Conditions Ry (A) Ry (A) Ry (A) A) A) P Factor A)
un-annealed  50°G25%RH 46 24.6 6.3 21.7 314 15 N/A N/A
un-annealed  50°C/95%RH 125 384 11.0 30.8 40.1 11 754 2182
un-annealed  80°CU25%RH 7.0 28.8 74 235 32.1 24 N/A N/A
un-annealed  80°C95%RH 11.7 34.4 10.4 27.0 38.7 11 715 1974
un-annealed  95°025%RH 9.1 27.1 9.3 248 334 26 N/A N/A
un-annealed  95°095%RH 136 329 105 N/A 38.4 12 69.7 2126
boiled 80°025%RH N/A N/A N/A N/A N/A 13 N/A N/A
boiled 80°(/95%RH 22.9 711 19.2 N/A 66.9 0.7 N/A N/A

Numerical fittings were performed on the SAXS patterns of the annealed 825 EW films
at the start (25% RH) and the end (95% RH) of the dynamic swelling experiments. Values of the
Porod factor “P” and radius of gyration, Ry, at different RHs are shown in Table 2.1. Different
values of the Porod P factor correspond to different particle symmetries. From Table 2.1, we

notice that for the hydrophobic crystalline structure, when the RH reaches 95%, the P factor
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2952 \which also fits the

becomes about 1, indicating a randomly distributed rod-like structure
cylinder model recently proposed for Nafion™.*® This shows the particle shape changes with
different hydration states.” The rod-like structure is of length L* = 2x/q; and diameter D* =
2m/q2, Where g; and g are the g values at the start (low q) and the end (high q) of the region of
slope = —1 on the log—log SAXS patterns.?? The calculated L* and D* are shown in Table 2.1,
showing a D* of ca. 72 A and a L* of ca. 209 A. The Ry obtained from the unified fits is in good
agreement with the values obtained by our previous SAXS studies in PFSA membranes® and
shows an increase of particle size upon water uptake. The radiuses of gyration of unboiled films
are in the range of 4.6—13.6 A for the ionic clusters and 24.6-32.9 A for the crystalline

structures, depending on RH. For the boiled films, this becomes 22.9 A for the ionic clusters and

71.2 A for the crystalline structure.

The results of a local fit to one structural level are also shown in Table 2.1. From both the
unified fit and the local fit, we observe an hydrophilic ionic structure, at low RH, i.e. 25% RH,
which appears to be larger at higher temperatures (increase from 4.6 A at 50 °C to 9.1 A at 95 °C
for the unified fit; from 6.3 A at 50 °C to 10.5 A at 95 °C for the local fit), while at higher RH,
i.e., 95% RH, this temperature dependence is not observed, resulting in less swelling of this
feature at higher temperatures. For the hydrophobic crystalline structure, no such dependence is
observed. The calculated D-spacing of the hydrophilic ionomer level (range from 31.4 to 40.1 A
depending on RH and temperature) also reflects the swelling of the films, which is in good
agreement with the results of the size changes we obtained from numerical fitting. We noted that
the values of D-spacing are generally bigger than the values of the diameter (defined as diameter
= 2((5/3)0'5)R@J for a spherical object); this is because we clearly see the effect of dense packing

from the ionomer peak on the SAXS pattern and use a correlated system which accounts for the
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interparticle interference to fit our experimental SAXS data, rather than use an intraparticle

scattering mechanism, as suggested by many studies, such as the core—shell model.*®

2.5.4b Boiled Films

Upon boiling in DI water for 1 h, films show more equilibrated properties, in which
dynamic changes are much less obvious, often allowing more steady-state data to be obtained.
For the water-boiled 825 EW annealed film (Figure 2.9d), similar peak/knee shifts as the
unboiled films are observed. The peaks/knees of both structural levels are at much lower q and
have a higher intensity compared to those of the unboiled films, indicating an increase in size
and abundance of ionic conductive channels caused by larger amount of water uptake.
Interestingly, at the start of the experiment at 25% RH, the boiled film shows almost no ionomer
peak. A comparison of Ry for the unboiled films and the boiled films at 95% RH shows an
increase in swelling as an effect of water sorption upon boiling from an R of ca. 12-22 A%
Isoscattering points are absent on the SAXS patterns of preboiled samples due to the fact that the
reorientation of the polymer to a randomly distributed rod like structure, P ca. 1, observed upon
initial hydration of the films was completed during the boiling prior to the humidification

process.

2.5.5 Equivalent Weight Study

In Figure 2.10, we show the results of the unified fit analysis on the SAXS data for a
series of PFSAs of differing EW (SAXS not shown). These materials were all annealed at 200 °C

for 10 min. Depending on EW and RH, the Ry of the first structural level, i.e., the ionic clusters
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ranges from 7.4 to 14.7 A, and that of the second structural level, which is formed by backbones,
ranges from 24.9 to 34.3 A. At the lowest EW studied, 700, there is no crystalline structure
formed by the backbone observed. We can see that as the as EW increases above 825, the R, of
the second structural level increase approximately linearly. This is because polymers of larger
EW have higher portion of the hydrophobic backbone; hence, they form larger crystalline

structures as they have a higher fraction of tetrafluoroethylene.
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Figure 2.10 Unified fit results of 3M PFSA films with different equivalent weights.

For the first level, the sizes of ionic clusters remain mostly constant, increasing at an EW
of 1100. This observation agrees with our previous work.? The ionic clusters for the 825 EW
film were ca. 1/2 the size of those observed for the less severe annealing condition of 190 °C for
5 min. We also notice that the sizes for both structural levels are smaller than these for the
materials we studied in our previous work.?! This is due to the fact that the materials for this
study are not boiled prior to the measurements, accounting for smaller domains. All of the ionic

clusters swelled upon hydration. The reason for the larger ionic cluster at 1100 EW is curious;
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one possible reason is that the energy required for the polymer coil to deform is less for the
polymer with less side chains, i.e., of higher EW, and it is easier to form larger ionic clusters

under the same conditions than for ionomers with lower EW.

A study from molecular dynamics simulations suggests that polymers with longer
separation distances between side chains form larger domain spacing, which is in good
agreement with our observations.?! This is possibly because the ionic clusters are at a relatively
stable energy state compared to those at low EW films.? It is observed that the 700 EW films do
not have a crystalline region, as there is not enough TFE to from one. This low equivalent weight
film also has shows more swelling than the 825 and 1000 EW films ionic cluster domains due to

its gel-like behavior.

2.5.6 Solvent Study

The solvents from which an ionomer is cast could have a big effect on the properties of
the membrane. We can see significant differences in the SAXS patterns of the cast films from
two different solvents, water and aqueous methanol (Figure 2.11.). Membranes cast from H,O do
not show a crystalline hydrophobic region as shown by the absence of the crystalline knee in the
middle q range between 0.135 to 0.293 A ™*.** While the membranes cast from aqueous MeOH
still maintain their crystalline structure, and have larger hydrophilic ionomer clusters from the
presence of obvious ionomer peaks at g=0.183 A *and 0.229 A . Also, we notice that the
structures of the membranes cast from MeOH take up more water upon the humidification
process. The interaction between the polymer and solvent in the casting process, and the residual
solvent remaining in the as-cast membrane play an important role in the morphology of the

membrane. Therefore, the solubility parameters of the solvents and the 3M ionomer, and the rate
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of evaporation of both solvents will be important parameters. These parameters are tabulated in
table 2.2. The PFSA shows dual solubility parameters due to the presence of the backbone region
and the side chain groups, and they are calculated using the group contribution method.>® The
ionomer shows different solubility behavior in different solvents, and gives rise to the different
morphologies of the cast membranes. From table 2.2, we notice that the solubility parameter of
MeOH is very close to that of the SO3H group, therefore, the cast film will form very large ionic
clusters, as we see from the ionomer peaks at q=0.183 A *and 0.229 A "in the SAXS patterns,
Figure 2.11. For the same reason, since H,O has a solubility parameter twice that of the SO3;H
group, and the ionomer peak in this case, g=0.402 A ™, is almost absent from the SAXS pattern.
We also notice that the crystalline region is absent from the H,O cast films, while we can
observe crystalline peaks in the SAXS patterns of MeOH cast films at g=0.035 and 0.039 A ™.
This is also due to the fact that MeOH has a solubility parameter, which is closer to that of the
3M ionomer backbone. Another reason for the formation of the larger ionomer clusters upon
hydration for MeOH cast films is the lower boiling point of MeOH, and its higher volatility. This
means MeOH will evaporate faster than water under the same temperature and pressure. A more
porous structure will form as a result of the rapid evaporation of the solvent,>* and this structure
makes the film form larger water conductive channel domains upon humidification, which is
consistent with the SAXS profile, Figure 2.11. However, we found from the water sorption
isotherm shown in Figure 2.12, that overall the aqueous MeOH cast film is more hydrophobic
than the H,O cast film. This is due to the fact that the aqueous MeOH cast films form a larger

portion of crystalline domains than the H,O cast films, as mentioned above.
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Figure 2.11 SAXS patterns of 3M PFSA films at different RHs and cast from different solvents:
(m) at 25%RH for films cast from MeOH; (A ) at 95%RH for films cast from MeOH; (+) at
25%RH for films cast from H,0; (x) at 95%RH for films cast from H,0.

Table 2.2 Solubility Parameter and Boiling Point of Solvents and Ionomer

Solvent Solubility Parameter (3" cm™?) Boiling Point at 1 bar (°C)
MeOH 29.7 65
H,0 47.9 100
3M PFSA Backbone 145 N/A
SO;H Group 26.2 N/A
18
16
14
12
10
al:
6
4
2
0
0 50 100
RH%

Figure 2.12 Water sorption isotherm of 3M PFSA films cast from different solvents. (A ) Cast
from MeOH; (4) Cast from H,0.
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Figure 2.13 Unified fit results of 3M PFSA films of different thicknesses. (A ) Hydrophilic ionic
cluster level at 80% RH; () hydrophobic crystalline level at 80% RH.

2.5.7 Thickness Study

From figure 2.13, we notice the Ry of the ionic clusters range from 8.5 to 10.0A and that
of crystalline structures range from 34.4 to 35.2 A, with little effect of the thickness on the size
of both structural levels observed. This is simply due to the fact that the difference in thickness is
not significant in the thickness range studied (0.011mm to 0.045mm), and the mass transfer is
governed by interfacial transport of water, with a constant solvent concentration boundary
condition at the surface of the film.>®> Water is transported from both sides of the membrane and a
pseudo steady state is rapidly achieved. An approximately flat water-concentration profile is
established very rapidly. As the SAXS images were recorded, the structures in the films had
already reached a pseudo steady state structure. Therefore, the films with different thicknesses
will reach the same degree of micro swelling of the structure levels within a very short time scale.
The effect of membrane thickness on water uptake will be more obvious for thicker membranes
with larger thickness differences, because of the effect of mass and heat transfer, and

subsequently will affect the morphology of the membranes.*®
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2.6 Conclusion

In this paper we showed changes in the microswelling of the 3M PFSA that occur
between the unannealed, annealed, and boiled films. We showed that the swelling behavior of
the ionic domains in the 3M PFSA differed between the unannealed film, showing no polymer
chain entanglement, to the almost laminar morphology of the annealed film, to the more random
behavior of the boiled material. The observation of isoscattering points observed during dynamic
annealing or dynamic hydration experiments on unboiled annealed films shows that the
symmetry of certain domain sizes in the polymer clearly changes during these events. Using the
unified fit model for the 825 EW PFSA annealed films show the size of ionic clusters is in the
range of Ry = 4.6—13.6 A and the crystalline backbone structures in the range of 24.6-34.4 A,
while values for the boiled films are much larger, 22.9-71.1 A. We obtained a P factor of
hydrophobic level of about 1 for 825 EW films at 95% RH, suggesting a rod-like structure for
the polymer backbone. The backbone PTFE-like structural level is found to increase with EW
(range between 700 and 1100) 25-35 A. For hydrophilic domains the size increases with RH,
showing larger increases at both the lowest and highest EW studied. From long-term water
equilibrating experiment, we see a large increase of the size and abundance for both structural
levels and also the very long time scale required for PFSA to achieve equilibrium. Annealing at
higher temperatures leads to the formation of larger ionic domains and the change of film's
domain geometry and results in the increase of proton conductivity. Films casted from MeOH
shows defined ionic and crystal features, while these casted from H,O are amorphous.

Membrane thickness exerts no effect to domain sizes for the thickness range we studied.
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CHAPTER 3 A COMBINED THEORETICAL AND EXPERIMENTAL
INVESTIGATION OF THE TRANSPORT PROPERTIES OF WATER IN A
PERFLUSOROSULFONIC ACID PROTON EXCHANGE MEMBRANE DOPED WITH
THE HETEROPOLY ACIDS, H3PW1,049 OR HsSiW12049

Reproduced from J. Phys. Chem. C 2014, 118, 854-863. Copyright ACS 2014.

Yuan Liu,™ Somisetti V. Sambasivarao,™ James L. Horan,” Yuan Yang,* C. Mark Maupin,™'

and Andrew M. Herring™!
3.1 Abstract

The 3M 825EW perfluorosulfonic acid (PFSA) ionomer was doped with the heteropoly
acids (HPASs), H3PW1,049 (HPW) and H4SiW1,04 (HSiW). Dynamic vapor sorption
measurements at 95% RH showed a decrease in water content as a result of HPA doping from A
= 8.05 for the undoped 825EW 3M ionmer to A = 4.40 for a 5% HSiW doped film. FTIR
measurement revealed strong interactions between the HPAs, ionomer, and H,O. Irrespective of
hydration level, it was found that the PFSA films showed tortuous proton diffusion behavior. At
maximum hydration and 25 °C, the self-diffusion coefficient of water was found to decrease
upon addition of HPA from 4.97 to 2.19 (x10 ° cm?s) for the undoped 825EW 3M ionomer and

1% HPW, respectively, in excellent agreement with computation. The model at low HPA
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loadings revealed the decreased diffusion coefficient was due to the water preferentially residing
near the HPA as opposed to the SOz groups. The addition of HPA generally improved overall
conductivity due to additional formation of hydrogen-bonding networks between the HPA
particles. At high RH, it was observed that the proton conductivity increased while the water
diffusion coefficient decreased as HPA was incorporated. In addition, a mismatch between the
conductivity values and those calculated from the Nernst—Einstein equation using the self-
diffusion coefficient of water in the system indicated an enhancement in Grotthuss hopping

mechanism upon addition of HPA.

3.2 Introduction

Perfluorinated proton exchange membranes (PEMSs) have been shown to provide
favorable properties such as high power densities, dynamic operation, and system versatility for
their use in polymer electrolyte fuel cells.! Over the years, several PEM materials have been
developed, such as Nafion by the Dupont Co., an ionomer by the 3M Co.,%* and a short side-
chain ionomer, Aquivion, currently produced by Solvay Solexis.*> The morphology of these
films is highly debated and believed to change under different thermal and hydration levels.®
However, it is generally accepted that they will form a hydrophilic/ hydrophobic phase separated
morphology, due to their chemical structures, that is, a hydrophobic polytetrafluoroethylene
(PTFE) backbone and a hydrophilic side-chain.”® In these systems, practical proton conductivity
is achieved at adequate water saturation. Only under very wet conditions do ion conductive
channels form that are capable of transporting protons through a combination of vehicular
diffusion®® and the Grotthuss mechanisms.**? Therefore, the water retention capability and

proton conductivity of the PEM will be greatly reduced at elevated temperatures and lower RH
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with the current incumbent materials. However, excessive water uptake and swelling will
decrease the mechanical strength and result in bad contact between the PEM and the electrode,
which is found to be especially severe for low equivalent weight films. It is also beneficial for
fuel cells to operate at lower water inlet RH to reduce system complexity and improve overall
system volumetric power density. The ability to operate at higher temperatures can also simplify
the heat exchange system.*® Because of the competitive adsorption of CO and H,, higher
operating temperatures are desirable because they shift the adsorption equilibrium toward a

lower CO and higher H coverage of the catalyst sites.*

One solution to this problem is achieved through the addition of inorganic solid oxide materials
such as heteropoly acids (HPAs).*>*® HPAs are proton conducting super acids and a subset of the
polyoxometallates, which contain a central heteroatom, addenda atoms, oxygen atoms, and
acidic hydrogen atoms. The structures and ion conductive properties of HPAs have been studied
extensively.’*# The best-known structure of the HPAs is the Keggin, H,XM1,04o, structure
(Figure 3.1). In the crystal structure, the anions of the HPAs are thought to be interconnected
either by hydronium ions or by solvated protons residing in an extended hydrogen-bonding
network of waters to form a secondary structure, depending on the hydration conditions.™® It has
been shown that HPAs have very high proton conductivity in the solid state and are therefore
ideal additives to enhance proton conducting characteristics.?’ Because of the HPAs” strong
interactions with the sulfonic acid groups of the ionomers,*® morphological and chemical
changes may occur in the hydrophilic ionic clusters. Upon doping, alteration of performances
and properties of the PFSAs under drier conditions should improve.

In this work, we investigated the water sorption, proton conduction, and transport

properties, as a result of HPA addition to the PFSA ionomer experimentally and through
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Figure 3.1 Keggin structure of a heteropoly acid. The P (orange), W (pink), and O (red) are
depicted by Van der Waals spheres generated using the Visual Molecular Dynamics visualization
software. %

molecular dynamics simulations. For this study, the commercially available 12-phosphotungstic
acid, H3PW1,040 (HPW), and 12-silicotungstic acid, H;SiW1,049 (HSiW), which have the

Keggin structure (Figure 2.1),*"® were added to the 825EW PFSA ionomer from 3M.

A significant amount of experimental research has been conducted on the effect of HPA
addition to the performance and properties of PFSAs.}1>1718212326 \alhotra et al. conducted the
first study on Nafion™ membrane impregnated with HPA and found a dramatic improvement in
power density at elevated temperatures for HPA impregnated films as compared to traditional
ionomer films.?* Fenton et al. measured in situ the resistance and conductivity of
phosphotungstic acid (PTA)/ Nafion™ composite film and concluded that improvement in the
proton conductivity of the composite membrane was mainly caused by lowering the barrier for
proton hopping.? They also investigated the size effect of HPA particles on the conductivity of

HPA doped Nafion™ films and found that only nanosize particle improved proton conductivity
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by bridging the water clusters in Nafion™.?® Savadogo et al. studied the ionic conductivity and
hydration of various HPA doped Nafion™ films in fuel cells and concluded that the
silicotungstic acid (STA)/Nafion™ composite film had the highest ionic conductivity and that
the water uptake of HPA doped film was greater than for the undoped Nafion™ 117
membranes.?® Our early work*" revealed the strong interaction of HPAs with the ionomer and a
shifting of the IR bands for HPA to lower energy. Morphology alteration was also observed from
small-angle X-ray scattering (SAXS) measurement upon addition of HPA and for various
hydration levels. Diffusion coefficients were found to increase at the minimum hydration level as
a result of HPA addition, while the opposite trend was observed under maximum hydration.
Proton conductivity generally increased in HPA doped films as opposed to undoped films. It was
speculated that the Grotthuss mechanism dominating over the vehicle mechanism at this

maximum hydration level, but no definitive proof was available.

In addition to the vast experimental literature, molecular dynamics simulations have been
used to elucidate the molecular level interactions of PEMs.2"* In Nafion™, a perfluoronated
hydrocarbon similar to 3M, it has been determined that the waters available to the system
primarily reside near the charged sulfonic acid groups.?’ The diffusion of the hydrated excess
proton, which is typically delocalized over several waters, was found to strongly depend on the
local environment’s charge distribution, hydration levels, and the pendant side-chain motion.
These findings strongly indicate a highly coupled system with properties vastly different from
bulk water proton transport.®? One significant difference from bulk water systems is that the
transport of water and protons is highly dependent on interactions with the sulfonic functional
groups in the hydrophilic pockets.**! Overall, the proton transport is believed to occurs through

the Grotthuss shuttling mechanism as opposed to vehicular transport.?®
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In our recent study on Nafion™ and the 3M ionomer with different water models using
MS-EVB and molecular dynamics simulations,® it was found that the self-diffusion coefficient
of the excess proton was higher for the 3M ionomer than for Nafion™ at 300 K and for high
hydration levels. This line of work also continues from our preliminary work,*” which showed an
improvement in proton conductivity of the 3M ionomer by doping with HPAs, but offered little
explanation of how this worked. In this article, we present, for the first time, the simulated
transport properties of water in the 3M ionomer doped with HPAs. We present an improved
comparison between experimental and theory of the doped film to the transport properties of the
pure 3M ionomer at different hydration levels. A consideration of morphological behavior from
the investigation of tortuous transport phenomena of water and our molecular dynamic simulated
PEM morphology also provides new insights into the ion transport behavior of the hybrid PEM

materials.

3.3 Methods

Experimental materials and procedures of DVS, ATR FTIR, EIS and PGSE-NMR
measurements are described below. Details of the computational simulation method are also

provided in this section.

3.3.1 Materials

HSiIW and HPW were obtained from Aldrich and dried at 110 °C in an oven for 12 h
prior to use. The 825EW 3M ionomer casting dispersion in a solvent of mixed n-propanol and

water was provided by 3M and was used as control. An appropriate amount (corresponding to
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the desired doping level) of the dried HPA was dissolved in the casting dispersion. The casting
dispersion with dopant was cast on a Kapton™ sheet and then dried in oven under 50 °C for 20
min to a uniform dried thickness of 40 um, using a multigap applicator. The dried films were
then annealed at 180 °C for 10 min. The following films doped with weight percentage (wt %) of

HPA or HSiW were made: 0% HPA (undoped), 1% HPW, 5% HPW, 1% HSiIW, and 5% HSIW.

3.3.2 DVS Measurement

The water uptake of films under different relative humidity (RH) was measured by
dynamic vapor sorption (DVS Advantage, SMS Inc.). The membrane was put into a humidity
chamber, which was set to a constant temperature, and the dynamic weight change of the
membrane with respect to time and RH was recorded. All samples were dried in a vacuum oven
overnight before DVS measurements. The A values®**® defined as the number of water molecules
per charge were calculated from A = w*EW/18, where w = (myet — Mary)/Mgry, With dry weight
taken as the weight after the initial 4 h in the DVS oven at 0% RH. Water sorption isotherms

were obtained for all films doped with different loadings of HPW or HSiW.

3.3.3 ATR FTIR Measurement

A Thermo Nicolet Nexus 470 FTIR spectrometer with a Specac GS11000 ATR unit was
used to perform attenuated total reflectance (ATR) infrared measurements at 80 °C under dry and
wet conditions. For the dry condition, samples were predried in a vacuum oven overnight. Dry
N2 was set to a flow rate of 100 SCCM during the measurement to preserve the samples RH

levels. N either flowed directly to the environmental chamber to achieve dry condition or passed
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through DI water to maintain wet condition.

3.3.4 Proton Conductivity Measurements with EIS

Impedance profiles over a wide range of frequency (from 100 000 to 0.7 Hz) were
obtained through electrical impedance spectroscopy (EIS) measurements with a Bio-Logic
VMP3 potentiostat. A four-electrode in-plane setup was adopted in these measurements.>* Model
fits were then performed on the impedance profiles using an equivalent circuit shown in Figure
3.2, to obtain the resistance values. Specific conductivity was calculated from ¢ = d/Rlh, where o
is specific ionic conductivity, d is the distance between two inner electrodes, R is the measured
resistance, | is the membrane width, and h is the membrane thickness. Different temperature and

humidity were achieved through a Testequity H1000 oven.

R1

Figure 3.2 The equivalent circuit used in the analysis of the Electrical Impedance Spectroscopy
to determine the conductivity.

3.3.5 Proton Diffusion Measurement with PGSE (Pulsed Gradient Spin—Echo) NMR

Pulsed gradient spin—echo (PGSE) NMR proton diffusion measurements were carried out
on a Bruker AVANCEIII NMR spectrometer operating at 400 MHz using a 5 mm Bruker single-

axis DIFF60L Z-diffusion probe, and a nine-interval stimulated-echo pulse sequence.***° For
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each measurement, 32 scans were performed with the gradient, g, being set to a suitable range
for each sample. Values of the spin echo attenuation, E, at different g were obtained and then fit

to the “Stejskal and Tanner” equation to obtain the diffusion coefficient:*°

B(g4) = B(g 27) = o = exp (—yzgzDSZ (1- §)>

where g is the gradient, v is the gyromagnetic ratio, and D is the apparent diffusion coefficient.
Samples were put in an NMR tube and flushed with dry N, gas, and then sealed to achieve
minimum hydration, or a drop of DI water was added to the bottom of the tube using a syringe,
and then sealed to reach 100% RH. All samples were prepared at least 72 h prior to the

measurements to achieve equilibrium.

3.3.6 Computational Simulations

The DRIEDING force field potential** was used to describe the 825EW 3M ionomer
membrane, as it has previously been successfully used to study polymers.**! The force field for
HPW was taken from the density functional calculations of Brodbeck et al.,** while the flexible
3-centered (F3C)* force field was used to model the waters and the classical hydronium ions.
The 3M polymeric systems were created using a previously developed code** resulting in an
entangled polymer system at the experimentally determined density. The resulting system
contained 64 polymers with each polymer made of 10 monomers. Equivalent numbers of
hydroniums to sulfonate groups were added to make the system neutral, and then the systems
were doped with 0%, 1%, or 5% HPW nanoparticles. Three hydration levels corresponding to A

=5, 9, 14 were then created for the pure and doped 3M ionomer systems.

The nine systems outlined above were subjected to all atomistic molecular dynamics
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simulations using the LAMMPS code.*® The systems were initially heated to 400 K and
simulated for 5 ns in the iso-thermal iso-baric ensemble (NPT) to achieve mixing of the
entangled polymer strands, water, hydroniums, and HPW when present. The initial NPT
simulation was then followed by 5 ns of simulation in NPT at 300 K and 1 atm to cool the
systems and to calculate the density. The above heat—cool cycle was repeated until the measured
density was within 5% of the experimentally determined density. The resulting systems were
then subjected to 20 ns of equilibration in the canonical ensemble (NVT) at 300 K followed by

20 ns production simulations conducted in the microcanonical ensemble (NVE).

The mobility (i.e., diffusion constants) of water was evaluated by the mean squared

displacement (MSD):

where D is the diffusion coefficient, t is time, and r is the coordinates for the particle of interest.
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Figure 3.3 Diffusion coefficient as a function of time. This is generated using the water MSD
data from 0%HPW-5A.
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A plot depicting the convergence of the diffusion coefficient for various simulation lengths is

shown in Figure 3.3.

3.4 Result and Discussion

As the thermal history of ionomer treatment is known to affect the properties of the film,
including morphology and proton transport, it should be noted that comparisons between this
work and our previous study'’ may not be possible. Importantly, the films in this study were

annealed at 180 °C, whereas in the previous study they were not.
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Figure 3.4 Water content at different RHs for (A) undoped, () 1% HPW, (x) 5% HPW, (o)
1% HSiW, and (m) 5% HS1W doped 825EW 3M ionomer

3.4.1 Water Uptake

The A values measured for each film at six different RHs are shown in Figure 3.4. It is
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found that A increases to 8.05 at 90% RH for the undoped 825EW 3M ionomer and 7.54, 5.30,
6.23, and 4.40 for the 1% HPW, 5% HPW, 1% HSiW, and 5% HSiW doped films, respectively.
It is found that the films swell with increasing RH and that the addition of HPAs at various levels
makes the films less hydrophilic,'® with the highest loadings of HSiW being the least
hydrophilic. This observation can be attributed to the HPA particles competing with the sulfonic
acid groups for the available water sites. Also, there is a strong hydrogen-bonding interaction
between the sulfonic acid and the HPA particles.'® This competition is most apparent at high
hydration levels. Another possible cause could be due to morphological changes in the polymer
brought on by the presence of HPAs; that is, the micro water conductive structures in the films
are altered as a result of HPASs’ interaction with the ionomer. The result of these interactions
changes the electrostatic environment and therefore the solvent properties. It is noted that under
dry conditions it was observed that the HPAs exist in the form of aggregates, as shown in the
TEM images (Figure 3.5), which implies there are also more HPAs on the surface than in the
bulk. From the DVS water sorption isotherms (Figure 3.6), we observed a phase change for the
HPA doped films, as indicated by the reduction of mass upon the dissolution of HPA at 25% and
40% RH for 1% and 5% HPA doped films, respectively. This observation has implications for
the observed diffusive properties of the system as it represents an inhomogeneous system and
significantly different mass transport limitation than systems without mass reorganization. The
phase change takes place at higher RH for lower doping level, which could also be a reflection of
the size and abundance of the aggregates. We note that the water numbers we obtained through
DVS could be an underestimation due to the well-known difficulty of making the samples
completely dehydrated to obtain the dry weight of the films. Also, the DVS equilibration time is

relatively short as compared to longer term studies over saturated salt solutions.*®
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Figure 3.5 TEM image of doped films: a. 1%HSIW; b. 5%HSiW; c. 1%HPW; d. 5%HPW doped
825EW 3M ionomer.
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and e. 5%HSIW doped 825EW 3M ionomer.
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3.4.2 ATR-FTIR

The IR spectra for both dry and hydrated films are presented in Figure 3.7. Four
characteristic peaks*’ are obtained when the spectrum of pure ionomer film was subtracted from
the 5% HPW doped film: heteroatom—oxygen, v(P—0), at 1080 cm ", tungsten—terminal oxygen,
v(W=0), at 983 cm*, tungsten—corner shared oxygen, v(W—Oc), at 889 cm *, and
tungsten—edge shared oxygen, v(W—0eg), at 810 cm ! for the dried films, and 1075, 976, 887,
and 809 cm*, respectively, for hydrated films. The v(P—O) and v(W=0) peaks shift to lower
wavenumber as the films hydrate, reflecting the interaction between HPA, ionomer, and water,
while the v(W—Oc) and the v(W—0Oe) peaks show no significant shift. Because of the
involvement of the ionomer, this interaction is different from the interaction observed between
water and the pure HPA, as investigated by Zecchina et al., where the v(P—O) shifts to higher
frequency, and the v(W=0) and v(W—0Oe) shift to lower frequency on hydlra‘[ion.48 The peaks at
dry conditions agree better with the characteristic peaks of HPW at solid states,*” which is due to
HPA aggregates at dry conditions and has less interaction with water and ionomer environment.
Upon hydration, the HPA dissolves and disperses in the ionomer, causing further deviation from
the solid states. For HSIW doped films, similar peaks are observed, but at lower wave numbers,
indicating a stronger interaction between HPA, water, and acid group of ionomer (SO3 ). The
bands between 1550 and 1800 are associated with the bending OH mode. For the 5% HPW
doped film, we observed a peak at 1688 cm™*, which is the 8(OH) of neutral water and Eigen
ions, and a peak at 1773 cm ™, which is attributed to the 5(OH) of the Zundel cation (Hs0,").*
We observed these two peaks for all hydrated films. It was observed that doping of HPA shifted
these peaks to lower wavenumbers. Interestingly, for the dry films, the Zundel ion 6(OH) band is

absent in the spectrum of the undoped 825EW 3M ionmer. This could be due to small residual
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Figure 3.7 IR spectra for (a) undoped, (b) 1% HPW, (c) 1% HSiW, (d) 5% HPW, and (e)
5% HSiW doped 825EW 3M ionomer, (f) is the subtracted spectra (d—a) of 5% HPW doped
825EW 3M ionomer, and (g) is the subtracted spectra (e—a) of 5% HSiW doped 825EW 3M
ionomer. Peak 1 is v(X— 0), 2 is y(W=0), 3 is v(W—0c), 4 is o(W—0e), 5 is 8(OH), and 6
1s V(OH). (A) and (C) represent the maximum hydration, while (B) and (D) represent the
minimum hydration.
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amounts of water that remain after drying due to the hydrophilicity of the ionic domains. The
residual water would enable the formation of HsO,", from the interaction with HPAs, and serve
as a connection between HPA Keggin units through hydrogen bonding, while it is not the case
for the pure ionomer films. Upon hydration, Zundel ions are likely to be formed in the
hydrophilic domains of the ionomer. The presence of HPA could induce changes in morphology
and the electrostatic environment, which could facilitate the formation and retention of Zundel
ions under drier conditions. Zecchina et al. observed the 6(OH) of neutral water and Eigen ions
at 1620 cm * and 5(OH) of the Zundel cation (HsO,") at 1720 cm * on the spectra of fully
hydrated HPW solid. The peak at 1620 cm™* disappears after short degassing at room
temperature, indicating a loss of free water, and both peaks became no longer visible upon
drying at elevated temperature.*® We observed that the peaks around 1688 cm ™, which is
attributed to 6(OH) of neutral water and Eigen ions for all films, did not disappear, but became
less apparent under dry conditions than under wet conditions. This observation could be
attributed to the involvement of ionomer in the interaction and, again, the hydrophilicity of ionic

domains in the ionomer.

3.4.3 Water Diffusion

The self-diffusion coefficient of water was measured by PGSE-NMR spectroscopy. The
presence of HPAs in the ionomer is hypothesized to destabilize the morphological arrangement
of the ionomeric system causing alterations to the mobility of water. From Figure 3.8, it is found
that for all temperatures at the minimum humidity, HPA doped films have higher diffusion
coefficients than the undoped 825EW 3M ionmer, and that the differences become larger as the

temperature increases. However, at the maximum humidity, the diffusion coefficients generally
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Figure 3.8 Water diffusion coefficient as measured by PGSE-NMR at different temperatures for
(® undoped, (+) 1% HPW, (m) 5% HPW, (x) 1% HSiW, and (A) 5% HSiW doped 825EW 3M
ionomer. Minimum hydration (top) and maximum hydration (bottom).
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Figure 3.9 Water diffusion coefficient at different hydration levels for simulated values, (4)
undoped, (m) 1% HPW, and (A) 5% HPW doped 825EW 3M ionomer; experimental values, (<)
undoped, (0) 1% HPW, and (A) 5% HPW doped 825EW 3M ionomer. HPA exists in aggregates
in region I and dissolved state in region II. All of the A for experimental data are obtained from
extrapolation of the water sorption plot (Figure 3.3) to 100% RH (maximum hydration). A is 1
for the minimum hydration.

decrease with doping of HPA (except for 1% HSiW). The HPA through favorable charge
interactions stabilizes the hydroniums and retains water, thereby slowing the diffusion of water.
A comparison of computed and experimental diffusion coefficient (standard errors are
within10%) is shown in Figure 3.9 and is in excellent agreement at high hydration levels
(corresponding to 100% RH). However, the simulation may only be suitable for the dispersed
system, because HPAS exists in aggregates at low hydration levels (Figure 3.9, region I). Upon
hydration, HPA will start to dissolve in the ionomer (Figure 3.9, region 1), yielding good
agreement between the simulation model and the actual experiment system. Because of the
discrepancy between the model and experimental system at low hydration levels, we have only

obtained the simulated diffusion coefficient for A > 5.
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Figure 3.10 Diffusion coefficients of water at maximum humidity for 0%, 1%, and 5% HPW
doped 825EW 3M ionomer: (®) experimental, (m) simulated.

The impact of HPW loading on the mobility of water is shown in Figure 3.10. It is found
that from 0 to 1% HPW the diffusion decreases, a phenomenon observed in both experiment and
simulation. It is hypothesized that for the 1% HPW system, the available hydroniums previously
near the SOz functional groups move toward the highly charged HPW nanoparticles (data not
shown). This favorable charge—charge interaction results in a decrease in the diffusion
coefficient upon addition of HPW to the 3M ionomer. However, increasing the amount of HPW
from 1% to 5%, it is observed that the diffusion coefficients increase. The increase in diffusions
from low to high amounts of HPW is due to the relatively high mobility of water in the adjacent
solvation shell of HPW, while at low doping levels the HPWs are isolated from one another and
therefore the diffusion restricted to that of the HPW in the ionomer, which is not the case at
higher doping levels. Upon adding additional HPW, the solvation shells around the HPWs have a
higher probability of merging, thereby creating an interconnected pathway through which the
hydrated protons may travel. This in effect creates pathways for the proton and water to move

along and results in the observed increase in the diffusion coefficients.
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The self-diffusion coefficient of water was also recorded at different diffusion times at 25 °C, as
shown in Figure 3.11. Films with different HPA loadings show the same extent of tortuous
diffusion behavior under both maximum and minimum hydration, as we see from the diffusion
time (A) dependence of the water diffusion coefficient. This indicates that water diffuses in a
heterogeneous space and is affected by morphology and different water networks. This is
expected, as it is already shown that PFSA or other types of ion exchange films form
hydrophilic/hydrophobic phase separated morphology from numerous scattering and microscopy
studies, with the size of the hydrophilic domains range from nanometer to micrometer meter
levels, depending on hydration level and technique adopted.®° This size discrepancy may result
from the PFSA’s hierarchical structure; that is, multiple structure levels may exist, with the
smaller structures, when combined, forming the larger structures and the long-range order
between these substructures. Generally, at short diffusion time, the diffusion coefficients
decrease rapidly and then level off at a steady state. The steady state represents the condition
where the waters are constricted by the ionomer environment and therefore feel all geometrical
restrictions for the corresponding size range. Similar observations were made for PFSA films
under both high and low hydration levels.**> We observed that all films experience a larger
restriction under minimum hydration than maximum hydration for the size scale concerned. The
doping of HPAs also has some effect on the decay of diffusion coefficient, with the undoped
825EW 3M ionomer membrane exhibiting larger A dependence than the doped films, especially
under maximum hydration, which indicates different pore structures for these films, as discussed

below in more detail.
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Figure 3.11 Diffusion coefficient at 25 °C and different diffusion times for (4) undoped, (m) 1%
HPW, and (A) 5% HPW doped 825EW 3M ionomer. Minimum hydration (top) and maximum
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Mitra et al.>**® have developed a theory to describe the transport behavior in porous
medium: at short diffusion time A, the volume fraction of spins that feel the pore wall is given by

S/V(2Dgt)"2. The following expression was obtained for short time diffusion:*

4 S
D(A) =D [1———,/D A]
( ) 0 9\/EV 0
where Dy is the self-diffusion at time zero.

At very long diffusion intervals A, the spins feel the full geometrical restriction and only
the tortuosity affects the diffusion. They obtained the following expression for the large A

limit:>®
D(A) = Dyt
where o is the tortuosity.

From fitting our diffusion data at short time interval to D(A)-A"° plots (figure 3.12), we
obtained the S/V values (from the slope) for films with different HPA loadings and at both
minimum and maximum hydration states, Table 3.1. The S/V value is an indication of the
dimension of the domains in which the proton is able to move.>® A larger S/V indicates a less
homogeneous distributed domain. This is better presented as its reciprocal property R, which is
the structure length scale. We noticed that the increase of hydration greatly improved the
homogeneity of the hydrophilic domain (from a structure length of a few hundred nanometers to
a few micrometers), due to the increased connectivity between cavities in this porous structure.
Interestingly, the addition of HPW achieved the same effect under both hydrations, due to the
HPW particle’s strong interaction with the ionomer. The increased hydration also greatly
decreased the tortuosity o, which is an indication of the connectivity between the hydrophilic

water conductive channels. The addition of HPAs also decreases the tortuosity, except for 1%
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HPW under minimum hydration. This could be due to the HPAs bridging the ionic clusters and
making a more interconnected water wire; hence the HPA doped films generally show a less A

dependence of water diffusion coefficient than do the undoped 825EW 3M ionomer films.

Table 3.1 Surface to volumes ratio (S/V) and R, (V/S) for samples with different HPA
loadings at different hydration conditions

SAMPLE HYDRATION S/V (um™) Re=V/S (um) Tortuosity o
Undoped Minimum 3.52 0.28 9.07
19%HPW Minimum 2.60 0.38 13.55
596HPW Minimum 3.09 0.32 3.32
Undoped Maximum 0.23 4.43 1.40
19%HPW Maximum 0.14 7.17 1.08
596HPW Maximum 0.09 11.70 1.08
3.4.4 Conductivity

From Figure 3.13, we can see that addition of HPA can yield higher conductivity except
for 5% HPW at 80% RH and 1% wt HPW at 95% RH. The doping of 1% HPA decreases the
diffusion coefficient of water at maximum RH (except for the 5% HPW), which is consistent
with the reduced conductivity. This could be caused by the high intrinsic conductivity of HPA
and the ability of HPA to increase the solvent acidity (i.e., decrease the pH) and accelerate the
dissociation of protons.>”*® In addition, it is believed that HPA doping increases the number of
hydrogen-bonding networks and the proposed Grotthuss hopping, which are critical for efficient
proton transport. This hypothesis is supported by a comparison (at 95% RH and 50 °C) of
measured conductivity, o, from EIS and calculated proton conductivity, 64, from the Nernst—

Einstein equation:>*®
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Figure 3.13 Arrhenius plots of proton conductivity versus temperature for (4) undoped, (m) 1%
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Figure 3.14 Conductivity at 95% RH and 50 °C: measured and calculated from Nernst—Einstein
equation.

e’nD
kT

Oq =

where o is the conductivity, e is the elementary electric charge, n is the number density of the
charge carrier, D is the diffusion coefficient of charge carrier, kg is the Boltzmann constant, and
T is the absolute temperature. The number density of charge carrier n is obtained through the
method described by Kawamura et al.>® By assuming that hydroniums diffuse at the same rate as
water, we used the diffusion coefficient of water measured through PGSE-NMR under maximum
humidity to obtain 64.>® The discrepancy (om—oq) indicates the effect of proton transport through
other mechanisms such as Grotthuss hopping. From Figure 3.14, o, is found to be generally
higher than the oq4. This discrepancy increases as the HPA doping level increases, with the 5%
HSiW doped film generating the largest difference (om-04) 0f 0.18 S/cm. This shows us (i) the
real transport process of the excess proton takes place much faster than water diffusion (i.e.,
facilitated by Grotthuss mechanism), especially under higher hydration states;*"®* (ii) the

addition of HPA can enhance proton hopping by facilitating the formation of hydrogen-bonding
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network; and (iii) HPA particles are mobile at high hydration level, which could also contribute

to the higher rate of proton transfer.

Figure 3.15 Water morphology from simulations of various HPW loadings, (a) undoped, (b) 1%
HPW, and (c) 5% HPW doped 825EW 3M ionomer; and waters around HPW nanoparticles up to
20 A from particle center, (d) 1% HPW and (e) 5% HPW doped 825EW 3M ionomer. Isosurface
images at 40% are generated using a volmap plug-in in Visual Molecular Dynamics visualization
software.?

3.4.5 Effect of Morphology on Proton Transport

From both simulation (Figure 3.15) and experiment,®* we observed the effect of HPA
addition to the morphology of films in terms of water/hydronium distributions (This work is
presented in Appendix A). The addition of HPA tends to redistribute the hydrophilic domains to
a more interconnected morphology, with the water molecules forming a shell around the HPAs.

As we increased the HPA loadings, the hydrophilic domains become more interconnected as
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shown in Figure 3.15, provided that HPAs are distributed evenly. Thus, as a result of HPA
addition, while the diffusion coefficient of water is not necessarily increased, the proton
conductivity of films is greatly improved especially under drier conditions, as a result of shorter

transport pathways and less overall resistance.

3.5 Conclusions

HPA doping generally makes the ionomer component of the films less hydrated by
hindering the water uptake to the sulfonic acid groups in favor of solvating the HPA particle.
HPAs have strong interaction with the ionomer and H,0O, revealed by shifts in the IR bands to
lower energy upon HPA addition and hydration. The PFSA films show tortuous proton diffusion
behavior at both minimum and maximum hydration levels, and the hydrophilic domain of the
films becomes more homogeneous upon HPA addition and hydration. The self-diffusion
coefficient of water was found to decrease upon addition of HPA at the maximum hydration
level in excellent agreement with computation. The model at low HPA loadings reveals the
decreased diffusion coefficient was due to a higher probability of water residing near the HPA as
opposed to the sulfonic acid groups, which reduced the mobility of the water. The conductivity
of HPA doped film generally improved at both wet and dry conditions, due to the formation of
water clusters round HPA particles that have an increased probability of forming solvent bridges
resulting in a more interconnected hydrogen-bonding network. At high RH, it was observed that
the proton conductivity increased while the water diffusion coefficient decreased upon HPA
doping. This unexpected behavior implies the addition of HPA particles enhances the Grotthuss
hoping mechanism, and that this mechanism is believed to dominate over the vehicular transport

at this hydration level. This is further confirmed by the mismatch between conductivity values
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and those calculated from the Nernst—Einstein equation using the self-diffusion coefficient of
water in the system. The discrepancy generally increases as more HPA is added to the system,

again indicating an acceleration of proton conduction through the Grotthuss mechanism.
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CHAPTER 4 A SMALL ANGLE X-RAY SCATTERING STUDY OF THE
MORPHOLOGY OF A PERFLUORINATED PROTON EXCHANGE MEMBRANE
WITH VARIOUS SIDE-CHAIN CHEMISTRIES

Yuan Liu," James L. Horan,” Gregory J. Schlichting,” Benjamin R. Caire,” Steven J. Hamrock,®
Michael A. Yandrasits,® Gregory M. Haugen,® Soenke Seifert* and Andrew M. Herring™ '

4.1 Abstract

Perfluorinated proton exchange membranes (PEMSs) with different side-chain chemistries
were studied with respect to their morphological change upon water uptake. Information about
the size and shape of the phase-separated nano-structures are obtained from a numerical
modeling of the SAXS data. The radius of gyration of these structures are found to range from
5.8 to 16.5A for the ionic clusters and from 24.8 to 65.7A for crystalline structures formed by the
backbone, depending on the chemical structure of the side chain and the hydration level. The
functional group chemistry of the side-chain has a large effect on chain mobility and
hydrophilicity, and consequently affects the kinetics of water sorption, crystallization of the

perfluorinated backbone and the formation of the ionic clusters. The two structural levels
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Colorado 80401, United States
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*X-ray Science Division, Argonne National Laboratory, Argonne, Illinois 60439, United States
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identified here, show significant differences in the reversibility of swelling behavior, with the

ionic clusters showing reversible swelling, while that of the crystalline region is irreversible.

4.2 Introduction

Perfluorinated proton exchange membranes (PEMSs) show great potential in meeting the
targets of high proton conductivity, adequate oxidative stability, and low cost for an operating
PEM fuel cell.} Several such materials have been developed, such as Nafion™ by Dupont, the
3M ionomer by 3M Corp., *° and a short side-chain ionomer, Aquivion™, currently by Solvay
Solexis. ®’ These perfluorinated sulfonic acid polymer (PFSA) films all contain a hydrophobic
polytetrafluoroethylene (PTFE) backbone and a hydrophilic side-chain, with a sulfonic acid
group attached at the end. Upon hydration, protons dissociate from the sulfonic group and could
be transported through the PEM via a combination of the vehicular®® and Grotthus
mechanisms.'®** The structure of PFSA, i.e., the equivalent weight (EW)*? and the chemistry of
the side chain has a large effect on the transport and mechanical properties of PFSA. Since the
side-chain provides ion exchange sites, more side chains, i.e., lower equivalent (EW) is required
to achieve practical levels of proton conductivity. However, because of the dependence on the
PTFE backbone to provide mechanical strength to the membrane,**** low EW films tend to swell
and dissolve in the presence of excessive water due to the absence of regions with crystalline
structure. To make films mechanically stable and at the same time have an acceptable ion
conductivity, films will have to be fabricated with sufficiently high crystallinity, and also capable
of providing sufficient ion exchange sites for proton transfer. One important way to achieve this
objective is through attaching more than one protogenic group to the side chain of a PEM with a

mechanically robust backbone.
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It is possible that ionomers with different chemical structures will result in different
morphology, which will determine the physical and chemical properties of the films. Although a
hydrophilic/hydrophobic phase separated morphology is widely accepted, detailed
morphological description of the shape, size and arrangement of both domains under different
hydration levels is highly desired for the purpose of understanding the membrane performance.
Gebel suggests that the morphology of a PFSA ionomer changes with different water contents.™
The system undergoes a transformation from polymer in solvent to solvent in polymer or vice
versa, and that the shape of different structural levels will also vary accordingly.™ Several
simulation works conducted by Paddison et al. also show the effect of side chain length, inter
side-chain distances and side chain chemistry on the resulting membrane’s morphology, water

uptake, and ion transport characteristics.>***’

Small angle X-ray scattering (SAXS) using synchrotron radiation is one of the most
useful characterization techniques to obtain in-depth morphological information of PFSA
membranes under different thermal and hydration conditions. A typical SAXS image ® and a
SAXS pattern of the 3M PFSA ioniomer? is available from our previous works. Due to the
inhomogeneous electron density between structures at different levels and their backgrounds,?*#
the SAXS pattern typically possess 3 structural levels. The peak in the high q region is ionomer
peak, which originates from the constructive scattering of the ionic clusters. The upturn in low g
region is matrix knee, and arises from the scattering by the crystalline domain.? The ultra-small
angle upturn, which resides in the very low q region, is attributed to the long-range

inhomogeneity of the ionic domains.?*%*

In this paper, extensive SAXS investigation were performed on perfluorinated PEMs with

various side-chain structures, which were provided by 3M Company. We investigated the
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morphological changes at different hydration levels from 25%RH to 95%RH and various
morphological and water uptake behavior of films arising from differences in the EW, side-chain

length, functional group, symmetry and substitution group.

4.3 Experimental Section

Experimental methods and data processing are presented in this section. Experimental

materials are also described below.

4.3.1 Materials

Perfluorinated proton exchange membranes with different chemical structures were
supplied by 3M and coded as SC1 to SC6 (see table 4.1). Their chemical structures, side chains

and EW backbone that they are shown in scheme 4.1 and table 4.1.°

4.3.2 SAXS Measurement

SAXS data were obtained at beamline 12ID C-D at the Advanced Photon Source (APS)
at Argonne National Laboratory, Argonne, IL using X-rays of 18keV. The diagram and detailed
description of the experimental setup were presented in our previous work.™ Steady state SAXS
measurement of the humidification experiment at 80 °C, evaluated a cycle of RH's consisting of
75%, 50%, 25%, 15%, 25%, 50%, 75% and 95% were was performed on the 3M films: the oven
was first set to 75%RH and 3 SAXS patterns recorded on the films and 1 pattern recorded for the
Kapton™ background, then the oven was set to 50%RH, 3 patterns were recorded on the films

and on the Kapton™ blank. The same steps were performed according to the step described
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Table 4.1 Code of 3M Side-Chain Series Ionomer Films

SC1 SC2 SC3 SC4 SC5 SC6
Backbone EW 1000 812 812 644 733 583
Polymer name  Orthobis ~ PFIA  Ortho bis Phenyl imide Metabis Penta Flouride
(F:z Ez ) 22 F2 N F2 F N Fay Fp . F2 F2 N
ot AN AN Y Y
vk noLh £ T W
FZC\CF FZC\CF FzC/ FZC/ FZC<
Fc P2 e >CF2 FC>CF2 . . Fo—CF
OZS<CFZ QSOQNHSOZ/CFQ F2C>CF2 ’ >CF2 E SO,NHSO >CF2
NH < >7 SO,NHSO:. 2 2
025< . SO,NHSO, Q/ 2 2
F2c<Z:Z S04 HO5S F F
H033/ ’
a b c d e

Scheme 4.1 Side-Chain Structures of 3M Side-Chain Series lonomer Films: a. PFIA; b. Ortho
bis; c. Phenyl imide; d. Meta bis; e. Penta fluoride.

above. During the SAXS measurements, the ¢ range was adjusted according to different samples

by adjusting the camera length.

4.3.3 DVS Measurement

Dynamic vapor sorption measurements were performed on the 3M side chain series
(SC2, SC4 and SC6) membranes with a DVS instrument (DVS Advantage, SMS Inc.). These
experiments were carried out with a corresponding environmental control to the SAXS

experiments Water sorption isotherms were obtained for 3M ionomer films with various side-

chain structures. Values of water uptake (Water Uptake (%) = w %X 100%) for the
dry

different RHs were determined gravimetrically.

100



4.4 Data Processing

In this work, we use the Irena macros package for Igor Pro for the unified fit model®® to
analyze the SAXS data. A representative fit is shown in our previous work.*®*° Full details of the
mathematics involved in the unified fit are also given in the supplemental information of our
previous work.™ Through these fits, quantitative information such as radius of gyration (Rg), and

27,28

power law slope were obtained for the different structural levels observed.

4.5 Results and Discussion

The high energy (18kev) of the APS X-rays has the potential to allow us to collect SAXS
images in a very short time. This enables the study of morphological changes in polymer

structures in-situ not accessible via conventional laboratory x-ray sources.

4.5.1 Effect of Hydration

From the SAXS curves on Figure 4.1, we can see that for all of these films, the SAXS
pattern exhibits two structural levels, i.e., one ionomer peak and one crystalline knee/peak within
the g range here. Upon water uptake, the curves move to higher intensity and both of these
peaks/knees shift to a lower g region, indicating the increase of D-spacing d which defined as
d=2m/q, as a result of swelling of the clusters and the filling out of water conductive channels by

water, 2%

as shown in table 4.2. From a unified fit model, we obtained quantitative information
of size variation at different RHs for films with different chemical structures. From figure 4.2,
we observed that the sizes of the first structural level, i.e., the ionic cluster domain, increase for

all films with different chemical structures, ranging from 5.8 to 16.5A for ionic clusters and 24.8

to 65.7A for crystalline structures. This is well expected since it is widely accepted that the ionic
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Figure 4.1 SAXS patterns of 3M side-chain series: at 25%RH (top), and at 95%RH (bottom). o
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domain will swell and form aggregates with an increase of water content.***? Interestingly, the
size of the second structural level, which is the crystal domain, also increases in the
humidification process, except for the phenyl imide, SC4. This is probably due to the plasticizing
effect of water to the amorphous region of the ionomer, and makes the polymer chains mobile
enough to crystallize.*** This effect is the most obvious in the case of SC5 and SC3, which all
have SOj3 groups attached to phenyl rings. This structure may be attributable to the easier
recrystallization upon hydration, due to their higher hydrophilicity compared to SC4 but lack of
flexibility compared to the PFIA, SC2. In the case of SC4, where the size of the crystalline
structure shows no significant change, one reason for this should be due to its well phase
separated morphology from a hydrophobic crystalline region. Taking its chemical structure into
consideration, we can see that there is only one imide group on its side-chain, making it more
hydrophobic compared to other ionomers, which have more than one water sorption functional
group. The symmetrical phenyl group may also contribute to its relatively more hydrophobic

nature of its crystalline domains.

Table 4.2 Ionic level D-spacing of different samples at low (25%) RH and high (95%) RH

Sample 25%RH Q (A 95%RH Q (A ™) 25%RH D-spacing (A)  95%RH D-spacing (A)
SC1 0.16 0.14 39.3 44.9
sc2 0.15 0.14 41.9 44.9
SC3 0.22 0.17 28.6 36.9
Sc4 0.26 N/A 24.2 N/A
SC5 0.14 0.13 44.9 48.3
SC6 0.23 0.17 27.3 37.0
3M825EW 0.20 0.16 321 38.7

“Values of 3M PFSA (3M825EW) are extracted from our previous work.™
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SC1 SC2 SC3 SC4 SC5 SC6 3M825EW

Figure 4.2 Unified fit results: sizes of ionic domain L1 and crystalline domain L2 for 3M SC
series at different RHs: m L1 25%RH; = L1 95%RH; & L2 25%RH; = L2 95%RH. Values for 3M
PFSA (3M825EW) are extracted from our previous work.™

4.5.2 Reversibility of Swelling

Figure 4.3 is the comparison of the domain size of both crystalline and ionic structures
with the drying process (A) and the humidification (B) at the same RH. We can see from the
figures that for the ionic domain, the swelling is quite reversible, especially for SC2, SC3 and
SC5. Some of our water sorption isotherms of PFSA films (not shown) also reveal the
reversibility of water uptake, which are in agreement with our SAXS fit results. For the second
structural level, i.e., the hydrophobic crystalline domain, for films under 25%RH, the size
variation is not significant, probably due to the relatively dry condition that will not cause much
changes for the crystal structure. However, if we compare the sizes of crystalline structures at
75%RH under drying process and humidification, respectively, we will find that the sizes of
crystalline structures under humidification process are perceivably larger. This shows on the one
side, the established crystalline structure may not be disrupted by the drying process, and the

crystallization process will resume as the humidification process starts, hence the general
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increase of size at the end of the ramp; on the other hand, this is also possibly due to that the

films do not achieve their equilibrium structure while at the 75%RH of the drying process.® ¥’

SC1 SC2 SC3 SC4 SC5 SC6

SC1 SC2 SC3 SC4 SC5 SC6

Figure 4.3 Numerical fit results: comparison of sizes at drying process A and humidification
process B for different films at 25%RH (top) and 75%RH (bottom): m L1 Drying; = L1
Humidification; & L2 Drying; = L2 Humidification.

4.5.3 Particle Shape

From table 4.3, we observed that for the crystal structure (L2) of SC1, SC3, SC4, and
SC6, the inverse power low slope decreases upon hydration at 95%RH, indicating the formation

of low dimensional particles e.g. elongated rod (with inverse power low slope of 1), as suggested

105



by Beaucage.® This agrees with our previous results on PFSAs.*® At 95%RH, when the films
absorb more water, the structures become more mobile and has more freedom to form aggregates
of energetically favorable shapes corresponding to different hydration levels, as shown by the

research done by Gebel, et al.*®

Table 4.3 Inverse power law slope for 3M side chain series at different RHs

SC1 SC2 SC3 SC4 SC5 SC6 3MB825EW

25%RH P L2 (A) 2.1 1.1 1.8 2.0 1.4 1.8 2.4

95%RH P L2 (A) 1.6 N/A 1.6 1.7 N/A 1.3 11

* Values of 3M PFSA (3M825EW) are extracted from our previous work."

4.5.4 Effect of Chemical Structures

A comparison of morphology for films with different structures is shown in Figure 4.4,
From Figure 4.4a, we can see that SC2 (PFIA) forms much larger structures for both levels (11.2
and 64 for levell and level2 respectively at 25% RH and 16.5 and 65.7 for level 1 and level2
respectively at 95%RH) as compared to that of SC3 (Ortho bis) (8.3 and 28.8 A for levell and
level2, respectively at 25% RH and 12 and 36.3 A for level 1 and level2, respectively at
95%RH). Although both ionomers have the same EW and same number of sorption functional
groups on the side chain, i.e., they have similar IEC, however, due to the presence of phenyl
group on the side-chain of SC3, the mobility of its side-chain is greatly reduced by the steric
hindrance of this group. As a result, they form much smaller ionic clusters as well as the
crystalline domains than the SC2 ionomer, which has very hydrophilic and mobile side-chains.

As compared to 3M 825EW PFSA, SC2 also was larger ionic and crystal domains. For the ionic
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domain, since SC2 has two acid sites on the side chain, making it more hydrophilic. It has a
larger hydrophilic region. For the second structure level, i.e., the crystal domain, SC2 possesses
much larger structure size of SC2 than 3M 825EW PFSA. We hypothesize that the plasticizing
effect of water on the extremely hydrophilic side chains of SC2 could make it very flexible and
capable of being incorperated to the crystal domain. For SC4 (Phenyl imide) and SC6 (Penta
Flouride) (Figure 4.4b), the sizes of the ionic domains are about the same at 25%RH (8.4 A for
SC4 and 8.7 A for SC6), while at 95%RH, that of SC6 (11.7 A) is larger than SC4 (9.1 A). This
is in good agreement with our dynamic vapor sorption (DVS) measurement result (Figure 4.5),
where the water uptake are 2.8% and 4.6% for SC4 and SC6, respectively at 25%RH; while the
large scale water uptake really takes place at higher 95%RH for SC6, where the water uptake
values become 13% and 50.3% for SC4 and SC6, respectively. This shows that the penta
fluoridated phenyl group makes the water sorption site more hydrophilic, possibly due to the
change of charge distribution in the side chain groups caused by this substitution. To the
contrary, the crystalline structural levels of SC6 (24.6 and 27.6 A at 25%RH and 95%RH,
respectively) are much smaller than that of SC4 (41.8 and 40.3 A at 25% and 95% RH,
respectively). The exact reason for this is unknown at this moment; however, the slightly smaller
EW of SC6 could contribute to a smaller crystal domain. As for SC3 (Ortho bis), SC4 (Phenyl
imide), and SC5 (Meta bis) (Figure 4.4c), despite a much smaller EW (644EW), compared to the
other two ionomers, we notice that SC4 forms the smallest ionic clusters among the three
ionomers, while SC5 forms the largest ones (8.3, 8.4, and 15.1 A at 25%RH; 12, 9.1 and 16.3 A
at 95%RH for SC3, SC4 and SC5). The following factors can cause these differences: firstly, the
additional sulfonic group attached to the phenyl group makes the film more hydrophilic, as

compared to ionomers with only one acid group on the side chain, i.e., the effective EW should
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be much lower due to the presence of additional acid sites; secondly, as for the difference
between SC3 and SC4, we should consider the steric effect again, in this case, the sulfonic acid
group at Ortho-bis position (SC3) will receive more steric hindrance than at Meta-bis position
(SC5) in the water sorption process. For the crystalline structures, SC4 has the largest domain
size, due to its hydrophobicity and more symmetrical side-chain groups. However, we observed a
huge increase in crystal size at SC5 at high RH. One possible reason is again the plasticizing
effect of water on this ionomer. Last, we compare the SC1 and SC3 (Figure 4.6d), which are the
same ionomer with different EWs (1000EW for SC1 and 812 EW for SC3). At low RH, we
observe that SC1 has larger crystalline domain size (35.2 A) but smaller ionic domain size (5.8
A) than SC3 (28.8 and 8.3 A), which is well expected according to the definition of EW, i.e., the
higher EW ionomer has larger portion of backbone region and smaller portion of side chain
region. However, at high RH, the ionic domain size of SC1 (16.1 A) exceeds that of SC3 (12 A),
while the sizes of crystalline domain become about the same (36.7 A for SC1 and 36.3 A for
SC3). The cause of this is not clear for now, but we can see the huge effect of water presence to
the morphology of perfluorated PEMs.

From the water sorption isotherm (Figure 4.5), we noticed that SC4 has the smallest
water uptake, due to its hydrophobic side chain structure. SC6 exhibited the highest water uptake
at 95%RH, possibly caused by its very low backbone EW. SC2 (PFIA) has more water uptake
than 3AM825EW (PFSA), due to its extra acid sites on the side chain. We also noticed that SC2
has a larger rate of size increase (from 11.2 A at 25%RH to 16.5 A at 95%RH) upon hydration
for the ionic clusters compared to SC6, with relatively lower water uptake (from 9.8% at 25%RH

to 35% at 95%RH), probably due to more combination effect of ionic clusters with water uptake,
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i.e. smaller numbers of larger clusters are formed in SC2, while ionic clusters mainly existed as

smaller isolated domains in SC6.
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Figure 4.5 DVS water sorption isotherm for: () SC2, (o) SC4, (A) SC6, and (x) 3M825EW
PFSA.

4.6 Conclusion

For perfluorinated PEMs with different chemical structures studies, sizes of both
hydrophilic ionic domain and hydrophobic crystalline domains increase with water content. The
size variation of hydrophilic ionic domains is found to be reversible, and the crystallization
process on the other hand irreversible. The shapes of crystalline structures are found to change
with variation in water content. Chemical structures especially side-chain structures are found to
have significant effect on the morphology of perfluorinated PEMs: PFIA forms larger ionic

domains than Ortho bis ionomer due to its flexible and bulky side chain with less steric
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hindrance; and contrary to the low EW PFSA (EW<700), for which no crystallinity is observed,

the nano crystal structures present in all PEMs investigated in this study.
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CHAPTER 5 MORPHOLOGY STUDY OF RANDOM AND BLOCK COPOLYAMIDE
PEMS SYNTHESIZED THROUGH COPOLYMERIZATION OF M-PHYLENE
DIAMINE (MPDA), 5-SULFOISOPHTHALIC ACID (SIPA) AND ISOPHTHALIC ACID
(IPA): IMPLICATION OF MORPHOLOGY TO THEIR WATER UPTAKE AND
PROTON CONDUCTIVE PROPERTIES

Yuan Liu,™ Feilong Liu,*® Daniel M. Knauss,™* and Andrew M. Herring™'
5.1 Abstract

Both random and block copolyamide proton exchange membranes (PEMSs) were
synthesized through copolymerization of m-phenylene diamine (MPDA), 5-sulfoisophthalic acid
(SIPA) and isophthalic acid (IPA), and then characterized. The water uptake is found to increase
with IEC. The block copolymer shows less water uptake than the random one, indicating a

higher dimensional stability. Both random and block copolymers show higher conductivity than

Nafion™ at higher temperatures, with the random and block copolymer achieving 163 mS/cm
at80 °C and 156 mS/cm at 90 °C, respectively. SAXS patterns show the ionomer peak at ca.
g=0.1 A for the dry block copolymer, and its intensity increases upon the initial humidification

at 25%RH, then decreases with the following humidification at 50%, 75%, and 95%RH. No
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peak is observed for the random copolymer.

5.2 Introduction

Fuel cells are promising energy conversion devices, which are receiving considerable
attention due to their high efficiency and low pollution at the point of use.»? Proton exchange
membrane fuel cells (PEMFCs) in particular possess favorable properties such as high power
density, system versatility, quick startup, and are suitable for portable applications.®> Several
perfluorosulfonic acid (PFSA) polymers have been developed such as Nafion™ by Du Pont Co.
primarily as a permselective separator in chlor-alkali electrolyzers,* an intermediate side-chain
ionomer by 3M company,” and a short side-chain ionomer, originally developed by Dow and
currently produced by Solvay Solexis as Aquivion™.%" These PFSAs generally have excellent
chemical stability and high proton conductivity, and are capable of maintaining mechanical
integrity under harsh operating conditions,®° and so serve as benchmark materials in a lot of fuel
cell studies. However, the application of fluorinated PEMs in fuel cells are always hindered by
their potential high-cost and environmental concerns of their manufacture.”’® The loss of water
at elevated temperatures (above 100 °C) for PFSAs also leads to a dramatic decrease in
conductivity.”™ Operating fuel cells at higher temperatures will be beneficial in that CO
tolerance can be improved and the heat exchange system can also be simplified.***® Therefore,
the development of less expensive and more environmentally friendly alternative PEMs, which
are capable of operation at higher temperatures, becomes a major effort in fuel cell research.
Sulfonated aromatic hydrocarbon PEMs such as sulfonated polyetheretherketone (SPEEK) are

potential materials to meet these requirements that have been studied extensively.'%
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A morphological study of PEMs is essential to understand their transport and mechanical
properties. A tremendous amount of such studies have been carried out through the last 3
decades.?**? These studies have been greatly facilitated by the adaption of small angle X-ray and
neutron scattering techniques. A phase-separated morphology has been generally accepted for
PFSA;* however, the exact morphology regarding the shape, size and distribution of these
nanostructures is still the subject of some debate. Gierke et al. proposed a cluster network
model,” which served as a base for morphology study of PFSA, and adequately explained the
high-q maxima or so-called ionomer peak observed in small angle scattering studies. Several
such inter-particle models which attribute the ionomer peak to the inter-particular origin have

been proposed such as a lamella model by Litt et al.,*

and a parallel cylindrical model by
Schmitt et al.*® An intra-particle model, which associates the ionomer peak with the intra-particle
core-shell structure: the core-shell model was also proposed by Fujimura et al.*® Gebel et al.
studied the evolution of structure at different hydration levels and found the shape of nano
domains changes upon hydration.®” Like PFSA, sulfonated aromatic hydrocarbon PEMs such as
SPEEK also contain sulfonic side groups serving as charge sites for proton transport. Therefore,
they also form hydrophilic-hydrophobic phase separated morphology, but to a lower degree as
compared to PFSAs, indicated by narrower ion conductive channels.*® To improve the ion
conductivity and mechanical properties, several block copolymers with better phase separated
morphology were studied.3**

In our previous work, we found that the connectivity of hydrophilic domains will have a

large effect on PEM’s transport properties.”’ In this work, we investigated the morphology

evolution of newly developed MPDA-SIPA copolymers upon hydration, in an effort to relate
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their morphology to the proton conductivity, water uptake behavior, chemical and mechanical

stability. Properties of random and block copolymers have also been compared.

5.3 Experimental

Detailed descriptions of water uptake, conductivity, and SAXS measurements are

presented in this section.

5.3.1 Materials

Both random MPDA-SIPA (H) and block (MPDA-SIPA,)-b-(MPDA-IPA)(H)
copolyamides with various IECs were prepared (details about synthesis, NMR characterization,

and IEC determination are provided in Appendix B).

5.3.2 Characterization and Measurements

The water uptake of films at different RH were determined gravimetrically using a
dynamic vapor sorption instrument (DVS Advantage, SMS Inc.) The weight of film was
measured with respect to time and RH. The A values defined as the number of water molecules
per charge were calculated for 25%, 50%, 75% and 95%RH, based on the obtained water

sorption isotherms.

In-plane conductivity was measured by electrochemical impedance spectroscopy (EIS)
using a 4-probe Teflon cell with Pt electrodes connected to a BioLogic VMP3 Potentiostat in a
frequency range from 1 Hz to 100 kHz. A TestEquity® (Solatron 1007H Model) environmental

chamber was used to control the temperature and RH. The ionic conductivity was obtained from
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the following equation:

_d
"~ LW.R

o

where ¢ is the ionic conductivity of the membrane (S cm™), d is the distance between
reference electrodes (mm), Ls and W are the thickness (mm) and width (mm) of the membrane,

R is the ohmic resistance of the membrane ().

SAXS experiments were performed using X-rays of 18keV from synchrotron radiation
source at beamline (121D C-D) of Advanced Photon Source (APS), Argonne National
Laboratory, (Argonne, 1L). The detailed experimental setup is shown in our previous work.*?
SAXS measurements were performed under 0%, 25%, 50%, 75% and 95%RH at 60 °C. A one-
hour equilibrating time was set for each humidification step up to 95%RH, with X-ray shots
taken for 3 samples and 1 Kapton background at the end of each equilibrating step. During the
equilibration, multiple dynamic shots were performed at one chosen sample. Kapton background

was subtracted using Argonne SAXS software package for Igor Pro.

5.4 Results and Discussion

In this work, both random (with a measured IEC of 1.44) and block copolyamides with a
degree of sulfonation (DS) of 40 mol% are studied, hereafter referred as random copolymer and

block copolymer, respectively.
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5.4.1 Water Uptake

The water sorption isotherms for the random and block copolymers are shown in figure
5.1. The water number A (defined as number of water molecules per charge) at equilibrium
under different RH is calculated from water sorption profiles and shown in figure 5.2. The block
copolymer has less water uptake than the random copolymer, indicating less swelling and better
dimensional stability. This is expected because compared to the structure of random copolymer,
there are longer hydrophobic and hydrophilic chains in block copolymer. These structures could
form much stronger hydrogen bonds between the unsulfonated chains and keep fewer water
molecules around the polymer chain, and so provide higher dimensional stability and lower
water uptake than in the random copolymer. This is further elucidated by the cluster network
morphology and higher degree of phase separation in the block copolymer, and we will discuss
this with more detail in the following section. We also observed a threshold of massive water
uptake at around 75%RH, which is in agreement with our previous observation.*° This is because
at lower RHs, the water uptake is hindered by the hydrophobic nature of the polymer;** at high
RHs under which H,O vapor has sufficient chemical potential to overcome the resistance, the

polymer swells, so large amounts of water uptake begin.

5.4.2 Stability in Water

From table 5.1, we can see that the block copolymer has longer sustainability than the
random one: the block copolymer is insoluble in water at temperatures <70 °C, while the random
one starts to lose its mechanical integrity at 70 °C. Such difference in water solubility is

attributed to their different morphologies, i.e., ordered nano-structures exist in the block
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Figure 5.1 Water sorption isotherm at 60 °C: random copolymer (top) and block copolymer
(bottom).
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Figure 5.2 Water number at different temperature: random copolymer (4) and block copolymer

(m).

Table 5.1 Film's Stability in Water at Various Temperatures

Membrane 25°C | 40°C | 50°C | 60°C | 70°C | 80°C 90°C | 100°C
Block copolymer - - - - - 180min | 171min | 28min
Random copolymer | - - - - 62min | 32min | 21min | 9min

"-" represents insoluble

copolymer, while the random ones are amorphous. This difference will be further discussed in

the following section.

5.4.3 Proton Conductivity

From figure 5.3, we notice both random and block copolymers have higher proton
conductivity than Nafion™ at 80 °C (163, 124, and 114 mS/cm for random copolymer, block

copolymer, and Nafion™ 117, respectively.), resulting from a better water retention capability
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for these aromatic hydrocarbon PEMs. The conductivity of random copolymer is not

measureable at temperatures above 80 °C, due to the loss of mechanical integrity.
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Figure 5.3 Conductivity of the random copolymer (4), block copolymer (m), and Nafion™-117
(A) at 95%RH and different temperature.

5.4.4 Morphology

From the SAXS results of the block copolymer (Figure 5.4) we notice a maxima at
around g=0.09 A™ for each curve at different hydrations. The SAXS patterns of films exchanged
with different cations were also obtained as shown in figure 5.5, we observed the maxima at
similar g and it increases as the electron density of cations increases, i.e. Na<K<Cs. This
confirms that this maximum is arising from ionic domains--the so-called ionomer peak, which is
in good agreement with the results obtained by Gebel et al. for SPEEK.?® The dynamic change of
the ionomer peaks, therefore, provides insights into the film's morphology at different humidities.
At the initial 25%RH after drying (figure 5.4 top), we observed that the intensity of the ionomer

peak increased with equilibration time, showing that water gets into the hydrophilic ionic
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Figure 5.4 Dynamic SAXS curves of block copolymer: (top) light to dark brown: equilibrating
at 25%RH after drying; (bottom) light to dark green: equilibrating at 50%, 75% and 95%RH.

domains. The following humidification steps at 50%, 75% and 95%RH (Figure 5.4 bottom) show
the opposite trend: the intensity of ionomer peak decreased monotonically. This trend is also
observed by Ohira et al. for poly(phenylene sulfide),** but normally not observed in PFSAs, as
shown by our previous results.®* To confirm that the decrease of ionomer peak intensity is not

caused by the degradation of the polymer backbone, we performed a reversibility test (Figure 5.6)
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Figure 5.5 SAXS patterns of block copolymer exchanged with different ions: Na* (red), K*
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Figure 5.6 Reversibility tests of ionomer peaks for block copolymer.

124



0 20 40 60 80 100
RH%

D-Spacing (A)
(2] (o] ~l ~ (]
o (4] o (6] o
L 4
4
4
2

ul
ol

a
o

0 20 40 60 80 100
RH%

Figure 5.7 Calculated SAXS results at different RH for block copolymer: radius of gyration (top)
and D-spacing (bottom).
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where films went through a dry-wet-dry-wet cycle for both Cs™ and H* form films, which shows
excellent reversibility of the ionomer peak. This precludes the possibility of degradation of the
polymer even under acidic conditions. Based on these observations, we propose a morphological
evolution process: after the initial water uptake and swelling, when the ionic clusters reach a
certain size, due to the rigidity of aromatic polymer chains, water starts getting into the polymer
matrix, such that the ionic domains will become less prominent, as indicated by the ionomer
peak. To further investigate this observation, we calculated the Ry of the ionic cluster using the
unified fit model (Figure 5.7 top), and as we noticed, although Ry increases with RH, this
increase is not as prominent as for the PFSA we observed in our previous study.** This could be
due to some water diffusing into the polymer matrix instead of contributing to the swelling of the
cluster, unlike PFSA, which has a very sharp hydrophobic/hydrophilic separation. The D-spacing
calculated from the ionomer peak positions (Figure 5.7 bottom) also increases as film gets
hydrated, showing the swelling of the film. Since the overall intensity of the high q region
decreases, it is also possible that some large structures were formed which could show on the
lower q range.* Indeed, we observed an iso-scattering point around 0.008 A™. This indicates a
phase transition between two structures. The ultra small angle upturn is commonly attributed
tothe long-range homogeneity of hydrophilic domains; therefore, the hydrophilic domains at
such size-scale generally become more homogeneous as more water reaches the film, which is in

agreement with our previous PGSE-NMR study of the tortuous diffusion of HPA doped PFSA.*

The SAXS pattern of random copolymer (Figure 5.8) shows no ionomer peak under all
RHs. There is a shoulder appearing at 75%RH, which is usually attributed to the so-called
55 33

“crystal knee”,” originated from the scattering of nano-crystal structures. It is a well-known fact

that water can serve as a plasticizer and greatly lower the glass transition temperature of
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polymers, and allow polymer chains to gain enough mobility to crystallize.** We also observed a
peak at around g=0.4 A™, with a D-spacing of about 15.7A. This feature is caused by scattering
from sulfonic acid groups. The sudden increase in intensity at 95%RH indicates the excessive

uptake of water, possibly caused by the loss of integrity of the film.
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Figure 5.8 SAXS curves of random copolymer at different RHs.

The striking differences of the scattering pattern of block and random copolymers
revealed a great difference in morphology, i.e. an ordered structure with a network of ionic
clusters vs. a random morphology formed by entanglements of polymer chains. This difference
has further implication for their mechanical and transport behaviors. For block copolymer, the
existence of ordered nano-structures provides more mechanical and thermal stability than the
random copolymer, where the ion-conductive channels randomly cross through the films. On the
other hand, the water in the ionic domains of the block copolymer could get into the polymer

matrix, which results in a less degree of phase separation. This observation can partially explain
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the block copolymer's lower proton conductivity than the random one, and provide guideline to
further improve its proton transport properties, i.e., by inducing a larger degree of

hydrophilic/hydrophobic phase separation, which is favorable to proton transport.

5.5 Conclusion

The water uptake of films was found to increase with IEC. The block copolymer shows
less water uptake than the random one, indicating a higher dimensional stability. Both random
and block copolymers show higher conductivity than Nafion™ at higher temperatures, resulting
from the better water retention capability of aromatic hydrocarbon PEMs. For the block
copolymer, we observes the ionomer peak at around q=0.1 A, indicating the existence of an
ordered ionic cluster network, and such a morphological feature can maintain better mechanical
stability. A unique morphology evolution of block copolymer was observed from the dynamic
change of the ionomer peak: its intensity increased at the initial humidification of 25%RH, then
decreased at the following humidification of 50%, 75%, and 95%RH. This indicates that water
reached out into the polymer matrix from the clusters, resulting in lower degree of phase
separation. No ionomer peak was observed for the random copolymer, indicating a random
arrangement of the polymer matrix, which accounts for a lower dimensional stability caused by

excessive water uptake at high RHs.
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CHAPTER 6 CONCLUSIONS

In this thesis we tested the influence of annealing, HPA doping, and side chain chemistry
on the morphology and transport behavior of a PFSA ionomer membrane. The effect of block
structure compared to random structure on a copolyamide material's morphology, dimensional

stability, and proton conductivity was also investigated.

6.1 Annealing

For the first time we revealed the structural evolution process of as-cast PFSA
membranes during heating, cooling, and hydration through dynamic SAXS measurement. This
study shows the ionic domains grow upon heating. It also revealed that crystallization take place
during cooling. Larger ionic domains are achieved upon hydration compared to the as-cast film.
We demonstrated that the radius of gyration (Rg) of the ionic domains increase as annealing
temperature increases (11.9, 15.5, and 17.1 A for films annealed at 180, 190, and 200 °C,
respectively), leading to higher conductivity (0.20, 0.25, and 0.36 S/cm for films annealed at 180,
190, and 200 °C, respectively). These results are attributed to the decreased tortuosity of the
wider protonic conductive channels. This is in accordance with our hypothesis that higher
temperature will lead to the formation of larger ionic clusters and improvement in conductivity.
The increased thermal energy at higher temperatures enables the previous restricted ionic group
to aggregates together with electrostatic force, and the existing cluster to rearrange, resulting in
larger ionic clusters after annealing. The increase of ionic domain size is not so obvious as
annealing temperature increased from 190 to 200 °C (from 15.5 to 17.1 A), while the
conductivity still increase substantially (from 0.25 to 0.36 S/cm). From a fit of the power law

slope in the low g range of the SAXS pattern, we found out that the inverse power law slope
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shows no significant change (from 1.5 to 1.4), when annealing temperature increased from 180
to 190 °C. However, the inverse power law slope decreased to 1.1 as annealing temperature
reached 200 °C, indicating the formation of lower dimension and more elongated crystal
structures. Such morphology is believed to improve proton conductivity. Therefore, we
conclude that the increase of conductivity from 190 to 200 °C annealing temperatures is primary
due to a geometrical change of polymer domains, which only occurs at very high annealing

temperature (200 °C).

6.2 HPA Doping

A comparison of the measured conductivity by EIS and the calculated conductivity using
Nernst-Einstein equation based on the water diffusion coefficient obtained from the PGSE-NMR
study, we found out that the contribution of proton transport through the Grotthuss mechanism
increased from 0.1 S/cm for undoped ionomer to 0.15 S/cm as the HPA doping level increases to
5%. This proves that the addition of HPA facilitates the Grotthuss hopping. HPAs are highly
charged particles which will attract water and hydroniums to form hydration shells around the
exterior oxygen atoms of the Keggin structure. This allows the HPA molecules to serve as
hydration centers bridging the hydrophilic domains resulting in an interconnected hydrogen
bonding network. The addition of HPA causes the hydrophilic domains to become more
homogeneous, as revealed by the tortuous diffusion measurement: the tortuosity decreases 1.4 to
1.1, upon addition of 5% HPA. The decrease in tortuosity can be attributed to HPA's bridging
effect. Although studies usually attribute the conductivity improvement to the facilitation of
Grotthuss hopping by HPA addition, the proton transport through vehicle mechanism also affects

the overall conductivity. The relative contribution of the Grotthuss mechanism compared to the
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vehicle mechanism is heavily dependent on HPA doping level. At a 1% HPA doping level, the
diffusion coefficient decreases from 4.1*107° to 2.2*10° cm?/s. 5%HPA doping then increases
the diffusion coefficient to 2.7*10° cm?/s. This confirmed our hypothesis that non-monotonic
behavior of water diffusion due to the dual effects of HPA doping on the water diffusion. The
overall conductivity shows the similar trend. Upon 1%HPA doping, the system is disturbed by
the reformation of hydrophilic domains around HPAs. Although domains become more
interconnected, the water trapped by hydrogen bonding will greatly decrease the diffusion
coefficient. Hence the conductivity decreases from 0.14 to 0.13 S/cm. Upon 5%HPA doping, the
water domains reach a threshold of connectivity that the morphological factor will dominate to
improve the diffusion coefficient, as compare to the 1%HPW doped system. The conductivity
increases to 0.19 S/cm as a result. From above observations, we conclude that 5% HPA loading

are desirable to achieve high conductivity.

6.3 Side Chain Chemistries

We found that the 3M PFIA forms larger ionic domains (Rg=17 A) than the 3M PFSA
(Rg=12 A), due to its highly flexible and hydrophilic side chains. As expected, the water uptake
at 95%RH is 35% for 3M PFIA, which is higher than 22% for 3M PFSA, showing the higher
hydrophilicity of PFIA side chain. The meta bis forms larger ionic domains (R;=16 A) than the
orth bis (Rg=12 A), resulting from a larger separation distance between the sulfonic group and
the imide group, as indicated by their chemical structures. A highly flexible side chain will have
higher mobility to reach out and form ionic clusters; while more hydrophilic groups on the side
chain will create larger hydration shells through electrostatic attraction with water and

hydronium ions. The proximity of protogenic groups will hinder the water uptake because of
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direct hydrogen bonding between the groups. A flexible, and hydrophilic side chain, with
sufficient separation distance between protogenic groups therefore is desirable to obtain larger
ionic channels favoring rapid proton transport. We also noticed that the crystalline peaks (g= ca.
0.05 A™) are present in the SAXS patterns of 3M PFIA, while they are absent from those of the
low EW PFSA. This result confirms that nano-crystals are preserved in the 3M PFIA, while lost
in the 3M PFSA with similar effective EW. Since crystalline structures are known to provide
films with mechanical strength, this difference in morphology can account for their different
mechanical behaviors: the low EW PFSA (< 700 EW) completely lost their mechanical integrity
in water resulting from excessive swelling. This precludes the PFSA membranes with <700 EW
from serving as a viable PEM for fuel cell applications. The PFIA with similar EW forms
crystalline structures which provide it with the mechanical integrity to survive harsh fuel cell

operating condition (typically >80 °C with maximum humidity for PEMFC).

6.4 Hydrocarbon Copolyamide Material

The block copolyamide possesses ordered ionic domains, as shown by the presence of an
ionomer peak in the SAXS patterns. Such ordered structures lead to higher dimensional stability
of the block copolyamide compared to the random copolyamide, as indicated by their longer
sustainability in water (3 hours at 80 °C and insoluble at temperature <70 °C), compared to
random copolyamide (1 hour at 70 °C and 1/2 hour at 80 °C). The conductivity of the block
copolyamide, although not as high as the random copolyamides, is higher than that of Nafion™
at temperatures >80 °C. This is attributed to the increased hydrophilicity of the backbone
structure of the block copolyamide as compared to the tetrafluoroethylene (TFE) backbone of

Nafion™. Based on these evaluations, we decided that block copolyamide is a material worth
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pursuing. Its conductivity and dimensional stability can be potentially further improved. From
the observations made in our present study, we identified the following factors that can be
attributed to the lower conductivity of the block copolyamide: 1) the relative narrow hydrophilic
domains, as calculated from the ionomer peak position of the SAXS patterns, and 2) a lower
degree of phase separation between the hydrophobic and the hydrophilic domains which is
evident in the SAXS patterns of the block copolyimide. The ionomer peak becomes less
prominent upon hydration, indicating water becomes dispersed in the polymer matrix. We will

address these issues in our proposed future work.

6.5 Suggested Future Work

The desired outcome of this study is to optimize the synthetic variables and pretreatment
conditions that will produce PEMSs with very high conductivity and dimensional stability capable
of operating at drier (ambient humidity) and hotter (above 100 °C) conditions. Based on the
knowledge we obtained through the present research, we suggest the following two approaches
to achieve this objective: one based on modification of PFIA, and one based on the development
of hydrocarbon materials. Performance enhancements through annealing and incorporation of

HPA to the backbone will be adopted.

6.5.1 Approach A: Modification of PFIA

Based on the current study of the structure-morphology relationship of PEMs (Figure
6.1), the membrane structure containing PFIA side chains® is a preferred choice compared to the
3M membrane containing PFSA side chains to achieve wide ionic conductive channels favorable

to the proton conduction, and at the same time maintain the crystalline structures, therefore
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Figure 6.1 Structure-morphology relationship of PEMs based on 3M PFSA (a) and 3M PFIA (b),
and the effect of HPA addition and annealing to 3M PFIA's morphology (b).
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provide sufficient mechanical strength. This selected PEM then will be treated with HPA
addition and annealing, to tune its morphology and improve its performance (figure 6.1b). When
HPAs functionalized with vinyl groups are incorporated into the PFIA ionomer system, the water
soluble HPA moieties are immobilized” which further improves the conductivity and water
retention capability of the membrane under hotter conditions. An interconnected hydrogen
bonding network within the ionic conductive channels can be obtained through this HPA
addition. These channels can also be made more homogeneous and less tortuous with an optimal
HPA loading (5% for HPW from our current study on 3M PFSA). The last step to further
improve the membrane performance is thermal treatment. We already demonstrated in the
present work that annealing of PFSA at elevated temperatures is able to improve conductivity
through inducing morphological change and making wider ionic domains. The ideal annealing

temperature based on our present study of 3M PFSA films is 200 °C.

6.5.2 Approach B: Hydrocarbon-Based Material

This approach is schematically shown in Figure 6.2. A PFIA side chain® can be
incorporated to hydrocarbon backbone to make hydrophilic blocks. A multiblock copolymer with
blocks of hydrophobic component copolymerized with hydrophilic blocks creates the desired
effect of a higher degree of phase separation.® Such a phase separated morphology is desirable
for protonic conduction and dimensional stability. HPAs can also be incorporated and
immobilized? in this system to create an interconnected hydrogen bonding network within the
ionic conductive channels, and hence to facilitate proton transported through Grotthuss hopping
mechanism. Besides the improvement of conductivity and water retention capability, HPA can

also improve the oxidative stability of the polymer.* Thermal annealing of these multi-block
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hydrocarbon ionomers is not practical due to their high glass transition temperature and lower

desulfonation temperature compared to PFSA.
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Figure 6.2 Structure-morphology relationship of new PEM based on hydrocarbon materials, and
the effect of HPA addition.
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APPENDIX A A COMBINED COMPUTATIONAL AND EXPERIMENTAL
EVALUATION OF THE STRUCTURE AND MORPHOLOGY OF A H3PW1,04 DOPED
PERFLUORO SULFONIC ACID PROTON EXCHANGE MEMBRANE

Reproduced from a paper submitted to J. Phys. Chem. C. Unpublished work copyright ACS
2014.

Somisetti VV Sambasivarao,” ® Yuan Liu,"® James L Horan,” Andrew M Herring,”" C Mark
Maupin®”

Al Abstract

The impact of heteropoly acid (HPW) loading on a perflurosulfonic acid (PFSA) polymer
exchange membrane’s morphology was evaluated by means of molecular dynamics (MD)
simulations and small angle X-ray scattering (SAXS) experiments. It is found that the addition of
HPW significantly modifies the solvent structure and dynamics in the PFSA membrane. It is
hypothesized that the HPW induced solvent modifications account for the enhanced proton
conducting characteristics of these doped membranes by enhancing the formation of
interconnected proton conducting water network. Radial distribution functions and water cluster
analysis indicate that HPW organizes the solvent water while attracting excess protons thereby
creating nodes to which water wires/channels connect resulting in a more efficient proton
conducting network. This redistribution of solvent and hydronium ions upon addition of HPW
creates a shift in the pore size distribution and the overall membrane morphology. Pore size

analysis indicates that a high percentage of small pores (d < 15 A) exist in low HPW doped
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systems (i.e. 1%), while larger pores (d > 15 A) exist for the high HPW doped systems (i.e. 5%).
At low hydration levels the water domains are found to be spheroidal inverted micelles
embedded in an ionomer matrix, while at high hydration levels the solvent morphology shifts to
a parallel spheroidal elongated cylinder. It is also observed that for the high HPW doping levels
the SAXS pattern changes intensity at the low q region and Bragg peaks become present,
indicating the presence of crystalline HPW. These morphological changes create a more
interconnected pathway through which the hydrated excess protons may transverse thereby

enhancing the PFSA membrane’s conductivity.

A2 Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) have been studied since 1960,* due
to their promising characteristics as a power conversion device. For durability reasons, the
Perflurosulfonic acid (PFSA) polymers are a populer proton exchange membranes (PEM) used in
the electrode assembly of PEM fuel cells, where they serve as the protonic conductor.?®
PEMFCs electrochemical devices have attracted significant attention due to their high power
densities, high efficiency, and non-polluting exhaust, which makes them suitable for portable,
transportation, and stationary uses.* Extensive studies have been performed on benchmark PFSA
PEMs such as Nafion™, Aquivion™, and the 3M ionomer for fuel cell applications. > "®
However, there is still an insufficient fundamental understanding, at the molecular-level, of the
water structure and the impact of dopants on these critically important membranes.

Although PFSA polymers can achieve high conductivity when hydrated, their

performance is hindered by their poor water retention characteristics, which is exacerbated at

higher temperature and drier operation conditions.® The loss of water from the polymer at high
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temperatures results in a dramatic decrease in the conductivity of the fuel cell. Unfortunately, it
is favorable for fuel cells to operate at high temperature in order to enhance heat transfer and
decrease the poisoning of the Pt catalyst by CO adsorption and lower RH to eliminate unit
operations associated with water management. Therefore, the development of ionomeric
membranes capable of operating at higher temperature and lower RH is greatly needed. Several
strategies have been adopted to achieve this objective, such as the addition of inorganic super-
acids (e.g. Heteropoly acids (HPA), and zirconiumphosphonates) that have been shown to enable
films to achieve high conductivity at elevated temperature.>*” HPAs have become one of the
most promising additives to improve the conductivity of PEMs under drier and hotter conditions,
due to their high ionic conductivity in the solid state, favorable interactions with the ionomer,
ability to increase the local proton concentration, and their favorable impact on forming
hydrogen bonding networks.’

In order to fully understand the performance and properties of PFSAs and hybrid
materials made from them, it is imperative that there is a molecular-level understanding of the
PEM’s morphology at various hydration levels. Although the hydrophobic/hydrophilic phase
separated structure is generally accepted, the exact morphology of PFSAs is a subject of debate,
due to the variation in materials synthesis techniques, and experimental conditions. Small angle

X-ray scattering (SAXS) techniques have been used to study numerous PFSA films,*®2

resulting
in a number of proposed morphological models, such as the cluster network model, the
core—shell model, the lamella model, and the parallel cylindrical channel model. ¥ It is
commonly accepted that the morphology of PFSAs vary depending on the hydration levels.

Gebel et al. suggested that at moderate to low hydration levels the PFSA membranes possess an

inverted micellar structure embedded in the ionomer, while at hydration levels greater than 50%
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the membranes are hypothesized to become more ordered structures consisting of rod-like
polymer crystallites.?® Other notable studies including that of Elliott et al. obtained the 2D
reconstruction of the ionic domain network of Nafion™ using a maximum entropy method,?®
while Aeita et al. used both a unified fit and a clipped random wave (CRW) methods to analyze
SAXS data of 3M ionomer films thereby obtaining size information of the ionic clusters and the
crystal domains.? In our previous study, we investigated the dynamic morphological changes of
the 3M ionomer upon hydration and annealing using in-situ dynamic SAXS measurement, and
found the phase transition behaviour between the amorphous and crystal domains.* In addition
to experimental investigations, there have been several simulation studies on PFSA films,?
including Wu et al. who used dissipative particle dynamics simulations to examine the
morphology of the 3M membrane, which are in good agreement with SAXS findings by Aeita et
al.* % In order to study the role of connectivity of adjacent pendant groups of the 3M ionomer,
Paddison et al. used first principle calculations on fragments of the short side chain (SSC) PFSA
ionomer and they concluded that water binding to the sulfonate functional group is favored only
after the proton dissociated from the pendant, and increasing the side chain separation requires
more waters to form hydrogen bonded networks between —~CF; units.** In an MD study carried
out by Sunda et al. on Dow’s Aciflex and Nafion, it was found that side chain size directly
impacts the nanostructure and properties of the polymer. Shortening the side chain length was
found to have minimal impact on the structure or morphology of the water domains®*, while
adding multiple —CF, units was found to induce additional phase segregation and resulted in a
more rigid polymer.3% 3

Despite the extensive morphological studies that have been performed on PFSA films,

there has no been a detailed MD study conducted on the HPA doped PFSA 3M films. In our
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recent work,*® we studied the transport properties of HPA doped 3M ionomer films, through
experiment and simulation. In this work, we utilize experiment and simulation to investigate the
detailed morphology of the water structures in an effort to better understanding the impact of
doping PFSA’s with HPA has on the morphology and the proton transport properties. In this
study we used long time all atomistic molecular dynamics (MD) simulations and small angle x-
ray scattering (SAXS) experiments to elucidate the detailed structural and dynamic properties in
the 3M polymeric system at various water contents (A=5, 9, and 14) and HPA loadings (0, 1, and
5%). This work represents the first all atomistic molecular dynamics simulations and SAXS
experiments, which probe the morphological impact of adding 12-phosphotungstic acid,

H3PW 1,040 (HPW), to the PFSA functionalized 3M polymer

A3 Methods

Details about experimental materials, SAXS measurement and molecular dynamics

simulations are provided in this section.

A3.1 Materials

3M 825EW PFSA ionomer was doped with 1 wt% and 5 wt% HPW, and annealed at 180
°C for 10 min. The detailed procedure to prepare the study material is described in our previous

work. ¢
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A3.2 Molecular Dynamics Simulations

The 825 equivalent weight (EW) of 3M ionomer was described using the DRIEDING,*
and recent study®® ** force field potential as it has successfully been utilized to study similar
types of PFSA polymers. The force field parameters for HPW were taken from Brodbeck et al.*®
while the flexible 3-centered (F3C)** ** force field was used to represent the waters and the
classical hydronium ions. The 3M polymeric systems were generated using a dynamic structure
creation code®® resulting in an entangled polymer system at the experimentally determined
density. The resulting systems consisted of 64 polymers with each polymer containing 10
monomers. Equivalent numbers of hydronium ions to sulfonate groups were added to ensure
system neutrality. The resulting systems were then doped with 0, 1, or 5% (w/w) HPW
nanoparticles. Three hydration levels corresponding to A= 5, 9, and 14 were then created for the
pure and doped 3M ionomer systems for a total of 9 systems. All molecular dynamics
simulations were conducted using the LAMMPS software code.**

The 9 systems were initially heated to 400 K and simulated for 5 ns in the iso-thermal
iso-baric ensemble (NPT) at 1 atm to achieve mixing of the entangled polymer strands, water,
hydroniums, and HPW nanoparticles when present. The initial high temperature NPT
simulations were then followed by a set of 5 ns NPT ensemble simulations at 300 K and 1 atm to
cool down the systems. The density of the system was then evaluated using the box dimensions
at the end of the 5 ns cool down simulation. The heat-cool cycle outlined above was repeated
until the measured density of the system was within 5% of the experimentally determined
density. The resulting systems were then subjected to 20 ns of equilibration in the canonical
ensemble (NVT) at 300 K followed by a 20 ns production simulation conducted in the micro-

canonical ensemble (NVE).

145



To evaluate the morphology of the ionomer system the ImageJ software, which is widely
used for medical and engineering purposes, was used to analyze various snapshots of the
simulations.**** The images were generated for slices through the simulation box that were
spaced 6 A apart along one of the primary (e.g. X, y, or z) axis of the simulation box using the
Visual Molecular Dynamics (VMD) software.*® The diameter of the water oxygen atom (i.e. the
effective water sphere) in the images was set to 2.8 A as determined by Murata et al.*®, which
enabled the calculation of the hydrophilic domain size. The images generated by VMD were then
imported and analyzed by the ImageJ software. The error bars, when appropriate, were
calculated using images generated at every 100 ps intervals over the last 2 ns of the trajectory.
The errors in the distributions of pore size for all system types were estimated to be less than 1%

of the reported values.

A3.3 SAXS Measurement

SAXS experiments were performed using the synchrotron radiation source at the
Argonne National Laboratory’s, (Argonne, IL) beamline (12ID C-D of the Advanced Photon
Source (APS) using X-rays of 18 keV). Details of the experimental setup can be found in our
previous work, therefore only a brief explanation will be given here.?* SAXS measurements with
humidification levels of 25%, 50%, 75% and 95% relative humidity (RH) were performed on
films with different HPA loadings. For each experiment, the oven was first set to 25%RH and 3
SAXS patterns were taken for the films and 1 pattern for the Kapton™ background. The
humidity was then increased to 50%RH, and the SAXS patterns were recoded after 20 minutes
equilibration time. This procedure was repeated for each hydration level from 25%RH to

95%RH. In order to make it comparable to data obtained from simulations, which is in terms of
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A, we convert our experimental data from RH to A based on the water sorption isotherm

measured by DVS.

A4 Results and Discussions

Important results obtained through both simulation and SAXS measurements pertaining

to film morphology at various hydration levels are discussed in great detail below.

A4.1 Density

The densities of the hydrated 3M composites at 300 K for the three A’s simulated are
shown in Tablel, and are in good agreement with recently published work.* It is observed from
simulations that the density of the pure and HPW doped 3M systems gradually decrease as A

increases closely matching the experimentally measured density (within 5% error). Upon loading

Table A1 Densities for pure and HPW doped 3M ionomer systems

3M Systems Densitysmmlaﬁon DensityEx " DensitySimulation
hydration level (1)-% HPW 3 3 T 3
(g/cm ) (g/em ) (g/em )
300 K 300 K 353K
0%HPW-5WAT 1.77 1.8 1.72
0%HPW-9WAT 1.69 1.64 1.64
0%HPW-14WAT 1.54 1.47 1.54
1%HPW-5WAT 1.70 1.65 1.64
1%HPW-9WAT 1.64 1.53 1.57
1%HPW-14WAT 1.55 1.39 1.54
5%HPW-5WAT 1.84 2 1.79
5%HPW-9WAT 1.74 1.84 1.63
5%HPW-14WAT 1.65 1.64 1.59
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of HPW from 0% to 1% (w/w) the density decreases slightly while additional HPW loading from
1% to 5% (w/w) resulted in an increase in the density of the simulations in good agreement with
experimental measurements. We hypothesized that the change in density is due to morphological

changes induced by the addition of HPW as discussed in section 3.2.

A4.2 Structure of the undoped and HPW doped 3M ionomer systems

The morphology of the undoped and HPW doped 3M ionomer systems with various
HPW loading and hydration levels were analyzed through simulation and SAXS experiment. In
the following sections a detailed discussion of the radial distribution functions, nanophase

segregated hydrophilic domains, and SAXS data is presented.

A4.2.1 Structural Properties of Sulfonic Acid Side Chain Pendants

For all doping levels it is found that as A levels increase the distance between neighboring
sulfonic acid groups increases, as seen in Figure Al. The increase in the hydration level enables
more waters to solvate the sulfonic acid groups resulting in an increased separation distance
between sulfonic acid groups, which is a result also seen in Nafion (i.e. swelling). For the
undoped 3M systems, as A increases, the peak height decreases, and become broader resulting in
a decrease in the number of neighboring sulfonic acid groups. The increased solvation results in
the elimination of the side-chain structure seen at the lowest hydration level (i.e. structure
between S-S distance of 4 and 8 A). Upon doping of 1%HPW, the S-S RDF shows a similar
trend as seen in the undoped 3M systems with the peak broadening at higher A values although,
the decrease in amplitude between 5A and 9 is not as pronounced as in the pure 3M system. The

difference between pure 3M and doped systems is attributed to the presence of the highly

148



0% HPW 24 —

Figure Al Radial distribution functions between the sulfonate sulfurs a function of the hydration
level, 5SA (—), 9\ (---) and 14A (). The coordination numbers for the first peak (i.e. 0 to 7.0 A)
are shown in the top right of each graph.
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charged HPW particles, which is found to disrupt the sulfonate group structure at low A. For
HPW loadings increasing from 1% to 5%, there is no noticeable difference in S-S peak height or
the separation distances. It is observed that at high A all systems appear to loose S-S structure
although the addition of HPW does seem to slightly shift the first peak to larger S-S separation
distances. This observation is most likely due to the unfavorable repulsion between the HPW
and the sulfonic acid groups. The observed structural changes including the movement of
sulfonate side chain pendants when A levels are increased and/or upon addition of HPW loadings
suggesting that there is a significant shift in the hydrophilic domain morphology. In addition to
the morphological changes we also observed a change in the dynamical movement of sulfonate
pendant chains upon modifying A and HPW loadings (unpublished data) as previously reported

in the literature.*’

A4.2.2 Proton Solvation Environment for Sulfonic Acid Side Chain Pendants

The interactions between sulfonate side chain pendants and the hydronium ions (Figure
A2) reveals information about the solvating structure of the hydronium ions around the sulfonic
acid side chain pendants in the 3M ionomer. Figure A2 indicates that as the hydration level
increases the amplitude of the first peak decreases along with the observed occupancy number
for the first solvation shell. As was seen in Figure Al, increasing A levels leads to more waters
solvating the sulfonate groups. The solvated sulfonate groups are then pushed away from each
other, while at the same time the hydroniums ions move farther away from the sulfonate groups
in favor of increasing their solvation by water. It is noted that while the first solvation shell

amplitude decreases there is relatively little impact on the structure of the second solvation shell,
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Figure A2 Radial distribution functions between the sulfonate sulfur atoms and the hydronium
oxygens (i.e. Eigen cation) as a function of the hydration level, 5SA (—), 9A (---) and 14A (). The
coordination numbers for the first peak (i.e. 0 to 4.7 A) are shown in the top right of each graph.
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which has a broad distribution between 5 to 7 A away from the sulfonic acids sulfur atoms.

Although the structure does not significantly change the small increase in amplitude and

occupation number indicate that the hydroniums that moved out of the first solvation shell now
resides in the second solvation shell. On addition of HPW to the 3M ionomer systems, the peak
height is found to be significantly lower as compared to the undoped systems. The decrease in
the peak height upon addition of HPW indicates that the hydronium ions are displaced from the
water domains around the sulfonic acid groups and now reside in a more favorable environment
near the HPW nanoparticle. The displacement of hydronium ions occurred due to the stronger
electrostatic interaction between the hydronium ions and the highly charged HPW particles.
Upon additional loadings of HPW it is found that the overall solvation structure is not

significantly perturbed.

A4.2.3 Water Solvation Environment for Sulfonic Acid Side Chain Pendants

The RDFs between the sulfonate pendants and the solvating waters (Figure A3) reveals
that while the amplitude of the first peak decreases with increasing A the number of waters in the
first solvation shell increases (i.e. due to the increase in total system water density). The absence
of a second peak or other features at larger separation distances indicates that there is no long
range structural order to the solvating waters. Together, Figure A2 and Figure A3 indicate that at
high A the waters displace the hydronium ions in the first solvation shell around the sulfonate
pendant groups resulting in a more solvated sulfonate group. The displaced hydroniums, which
are observed to move to greater distances, can now maximize their solvation energy. Upon

addition of HPW, it is observed that the first solvation shells amplitude at low A significantly

increases. This increase in amplitude at low A and the moderate increase at 92 indicate that

152



0% HPW

5.0 ——
6.7 = = -

g(r)s.ow
p—

g(r)s.ow
—

Figure A3 Radial distribution functions between the sulfonate sulfur atoms and the solvating

water oxygens as a function of the hydration level, 5A (—), 9L (---) and 14A (). The coordination
numbers for the first peak (i.e. 0 to 4.7 A) are shown in the top right of each graph.
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addition of HPW enhances the solvation of the sulfonate groups as the hydroniums are
preferentially attracted to the HPW nanoparticle. Additional loading from 1% to 5% HPW (w/w)
does not change the shape or the coordination number of the first peak. As was the case with the
undoped 3M ionomer, increasing hydration levels result in an increase in the number of waters in
the first solvation shell around the sulfonate groups and a decrease in the amplitude of the first

peak.

A4.2.4 Solvation Characteristics of the Protons and Waters around HPW

The RDFs depicting the interactions between the HPW nanoparticles, the hydronium
ions, and the solvating waters are presented in the Figure A4. The RDFs confirm our hypothesis
that the hydronium ions are attracted to the highly charged HPW nanoparitcles. The distribution
functions reveal that upon adding HPW from 1% to 5% (w/w) to the 3M ionomer system there is
a significant increase in the peak height for the HPW to hydronium RDF (i.e. terminal oxygen of
HPW and oxygen of the hydronium ion). This result indicates an increased number of hydronium
ions coordinated in the first solvation shell of the HPW. A complete picture for the redistribution
of hydronium and solvating waters upon addition of HPW is now possible when taking into
account the previous RDF results. It is observed that a significant decrease in the hydronium ion
coordination number (Figure A2) and an increase in water coordination number (Figure A3) for
the sulfonate groups upon addition of HPW, with the hydroniums migrating to the HPW
nanoparticles. At 5, it is observed that as the doping level of HPW increases from 1% to 5%
(w/w) the hydronium ions found in the first solvation shell increases while the numbers for water
in the first solvation shell decreases. These results indicate that there is a competition between

the hydronium ions and solvation waters surrounding the HPW nanoparticle. Inspection of the
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HPW solvation structure reveals the presence several repeating peaks (Figure A4). These peaks
are due primarily to the structure of the nanoparticle, with the repeating peaks originating from
the waters located in the first solvation shell at various sites/locations on the nanoparticle. Due to
the overall fixed structure with a ~10 A diameter, ~2.7 A between terminal oxygen’s and
connecting oxygen’s (i.e. via metal atoms), and the repeating terminal oxygen’s at ~ 5, 9, and
10.5 A, the peaks around 5, 9, and 10 A in the HPW-OW RDF are primarily due the solvating

waters at these distant oxygen centers (e.g. the other side of the particle).

0.5 —

g(r)ourw-on

2 3 4 5 6 7 8 9 1011 12
Rompw-on (A)

3.0 ——

g(ronpw-ow

= B & & & <o

2 3 4 5 6 7 8 9 1011 12
Ronpw.ow (A)

Figure A4 Radial distribution functions between the HPW’s exterior oxygens and the solvating
water or hydronium oxygens at the 5A hydration level. 1% HPW(—) and 5% HPW(---) are
depicted for the surrounding hydroniums (Top) and solvating waters (Bottom). Coordination
numbers for the first peak (i.e. 0 to 4.0 A) are shown in the top right of each graph.
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A4.2.5 Structure of 3M lonomers from SAXS

In our previous studies,?>2*

we have investigated the phase separated morphology of the
3M ionomer with general morphological information such as size and shape for different
hydration levels. In this work we will further discuss the morphology of both pure 3M ionomer
films and the hybrid films doped with HPW as observed from SAXS. For the 3M control, we can
see 3 distinct features, i.e., the so-called ionomer peak at high q (q=0.1 to 0.4 A™), which is
formed by the ionic clusters, the crystalline knee in the intermediate q range (q=0.01 to 0.15 A™),
which is formed by the polymer backbones, and an ultra-small angle upturn (g<=0.01 A™).
Figure A5 shows the impact of water uptake on the morphology of 3M and doped films. It is
observed that as relative humidity increases, the ionomer peaks shift to lower ¢, with an increase
in intensity. Regardless of the different morphological model proposed, this change in the SAXS
pattern is an indication of the increase in abundance and size of the hydrophilic region as a result
of water uptake and swelling. The polymer swelling results in the increase of inter- connectivity
of water conductive channels and the reduction of ‘dead-pockets’. The D-spacing of the ionic
clusters at different RHs was calculated from the ionomer peak positions and reported in Figure
A6. At A=5 it is found that there is little effect on the D-spacing when HPW is added. However,
as the water content increases, the impact of HPW becomes more pronounced with the 5% HPW
dramatically increases the D-spacing at both A=9 and A=14. This indicates that when a sufficient
amount of HPW is present, they can bridge the hydrophilic domains and increase the center-
center distance between these domains (i.e. the D-spacing). We noticed that 1% HPW loading
decreased the D-spacing especially at A=14, we hypothesize that at this loading level, HPW
particles are not capable of bridging separated domains. Instead, they created more isolated

domains with the water molecules forming a hydration shells around the nanoparticles, which
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Figure A5 SAXS patterns for pure 3M and films doped with HPW as a function of
thevhydration level. 25% RH (—),75% RH (---), 95% RH () for the 0% HPW control (Top),
1% HPW (Middle), and 5% HPW (Bottom).
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results in a decrease in the D-spacing. This morphological information has provided insights into
the phenomena of proton diffusion and conduction as discussed in our recent report on the
diffusion characteristics of the HPW doped 3M polymer.*® Additional inspection of the SAXS
data reveals a Bragg peak in the very large q region (q=0.4 to 0.6 A™%), which corresponds to a D-
spacing of ~10 A in the HPW doped systems and the presence of HPW crystals in the film. It is
observed that as the films become wetter, the Bragg peak becomes broader, which indicates that

the crystal structure of HPW is disturbed by water uptake and becomes less ordered.
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Figure A6 D-spacing calculated from ionomer peak. (A ) A=5, (4) 2=9, and (m) A=14.

A4.3 Morphology of Pure and HPW Doped 3M lonomer Systems

Snapshots of the hydrophilic domains and HPW in the simulated 3M ionomer systems
are shown in the Figure A7 and the average number of hydrophilic domains as a function of the A

value for all systems is reported in Figure A8.
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A4.3.1 Nanophase Segregation

It is evident from Figure A7 that at low A the hydrophilic domains consist of isolated
clusters, while at the high A values there is a continuous water domain. In the 3M ionomer the
proton conduction occurs through the hydrophilic domains that connect the sulfonate groups
present in the polymer. The addition of HPW to these ionomer systems induces changes to the
structure of the hydrophilic domains, which become more pronounced with higher loadings of

nanoparticles.

A4.3.2 Structure of the Hydrophilic Domains

Inspection of Figure A8 reveals that the number of hydrophilic domains decreases as A
increases with no statistical difference between pure and doped systems. The decrease in the
number of hydrophilic domains is due to the merging of water clusters, which results in larger
water clusters at higher A values, as determined by an increase in the Feret’s diameter for the
clusters. The calculated average Feret’s diameter for the hydrophilic domains ranged from 13 A
to 26 A in good agreement with previously published results.*® 2 "3 Moreover these water
domains were found to be “inverted micelles” embedded in the 3M ionomer matrix. As the
hydration level increases, the water channels become continuous, a more indicative of a bulk
environment. The length of the inverted micelle at high A was observed to increases from a range
of 10 to 30 A (51), to 20 to 60 A (91), and finally to a range of 60 to 90 A (141). Throughout the
range of hydration levels the morphology of the hydrophilic domains (i.e water channels) was
found to change from small isolated inverted micelle at a low A level to aggregates of water

channels and finally to lengthy elongated water channels at higher A levels. However, the
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Figure A7 Snapshot of pure and HPW doped 3M ionomer systems at various A levels.
Hydophilic domains are represented by orange surface while the HPW nanoparticle is
represented by the red surface. The ionomer systems not shown for clarity purposes.
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addition of HPW to perturbed this trend by producing a large number small domains < 15 A at
low HPW doping, and large domains > 15 A at high HPW doping. Evaluation of the distance
between the center of mass for the identified water clusters indicates an average separation
distance of between 20 to 40 A at low hydration levels (data not shown), which is in good
agreement with the values measured using SAXS (Figure A5). In addition to the number of
clusters and their average separation distance, the shape of the hydrophilic domains was also
evaluated by using the circularity algorithm in the ImageJ software. The circularity for the low A
systems was found to be in the range of 0.6 to 0.7 (i.e. perfect circle is 1). This analysis indicates
that the water domains at high A levels are parallel to each other creating efficient pathways for
the transport of hydronium ions. The general shape of the hydrophilic channels is best described
as an inverted micelle at low A that changes to parallel spheroidal cylindrical channels at high A
levels. Our observation and analysis from this study is consistent with the results presented by

Schmidt-Rohr et al.,? Brandell et al.,*” Gierke et al.,*® and Gebel et al.?.
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Figure A8 Number of hydrophilic domains as a function of the hydration level for (A) 0%, (¥
1%, and (m) 5% HPW doped systems (Error bars: £6).
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A5 Conclusions

MD simulations and SAXS were performed on the 3M membrane to elucidate the
solvation structure and system morphology for pure 3M and HPW doped ionomer systems. The
RDFs and coordination numbers revealed that the hydronium ions strongly interact with the
HPW nanoparticles, disrupting the native hydrophilic domains seen in the pure 3M ionomer.
These changes in the hydrophilic domains resulted in changes in the system morphology. All
systems were found to have larger more contiguous water networks at higher hydration levels.
The addition of HPW perturbed this trend by producing a large number small sized domains <
15 A at low HPW doping, and large sized domains > 15 A at high HPW doping. SAXS
experiments on the 3M ionomer also indicate that there is a shift in the ionomer peaks to lower q
as A increases, due to water uptake and swelling of the ionomer. SAXS also revealed that the
addition of HPW induces significant changes in the shape features at low and large q regions (i.e.
morphological changes). The water analysis and SAXS show that the small water domains
coalesce together and form large domains with more interconnectivity between them as A
increases. Overall the shape of the water domains is best described by the inverted micelle model

at low A, and large parallel spheroidal water channels at high A levels.
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APPENDIX B SYNTHESIS AND CHARACTERIZATION OF RANDOM AND BLOCK
COPOLYAMIDES

B1 Synthesis

Both block and random copolyamides with vaious IECs were synthesized. The synthesis

routes and procedures are provided below.

B1.1 Materials and Purification

M-phenylene diamine (MPDA), 5-sulfoisophthalic acid sodium salt (SIPA), isophthalic
acid (IPA), N-methyl-2-pyrrolidone (NMP), dimethyl sulfoxide (DMSO) and triphenylphosphite
(TPP) were purchased from Aldrich. Lithium chloride was purchased from Fisher, and pyridine
(Py) was purchased from Mallinckrodt. MPDA was purified by distillation under a vacuum
system followed by recrystallization from diethyl ether. SIPA and IPA were purified by
recrystallization from methanol and ethanol. NMP and Py were distilled from calcium hydride
before use. TPP was first dissolved in diethyl ether to form a mixture solution, and then the
solution was washed by 5% NaOH solution and saturated NaCl solution twice each; MgCl, was
used to remove the extra water from solution; and the pure TPP was obtained by distilling off the

diethyl ether.

B1.2 Synthesis of Random Copolymer Sulfonated Poly (m-Phenylene Isophthalamide)

[MPDA-SIPA, (Na)]

10.00 mmol MPDA, different ratios of SIPA and IPA (10.00 mmol in total) with 31.45

mmol lithium chloride were put into a 125 ml single neck round-bottom flask, which was then
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sealed by a septum before purging with nitrogen gas for 30 minutes. 22 mmol TPP, 36.6 ml
NMP and 13.4 ml Py were then added to the flask through a syringe. The flask was then put into
a 105°C oil bath and stirred for 24 hours. After the reaction, the residue was precipitated in 600
ml methanol. The precipitate was then collected through filtration and vacuum dried, followed
by re-dissolving it in DMSO and re-precipitating it in methanol. The precipitate was collected
through filtration and dried under vacuum at 80°C overnight. The yield is above 99%. The

synthetic route for the random copolyamide is shown in Scheme BL1.

HOOC COOH

HoN NH, HOOC COOH
O/ + + \©/ LiCl, NMP, TPP, Py
105°C, 24hs

SOsNa

MPDA SIPA IPA
SOgNa SOzH
H H H H 1. 1M H,S0,, 24hs H H H H
I S
\©/ o o \©/ o 0 2. DI H20, 24hs \©/ o o) \©/ o o
X 100-x X 100-x
MPDA-SIPAy(Na) MPDA-SIPAy(H)

Scheme B1 Synthetic route of random sulfonated aromatic polyamides MPDA-SIPAX.

B1.3 Synthesis of Block Copolymer [(MPDA-SIPA,)-b-(MPDA-IPA)(Na)]

6.76 mmol MPDA, 5.38 mmol SIPA and 19.09 mmol LiCl were put into a 125 ml single
neck round-bottom flask, sealed with a septum and purged with nitrogen gas for 30 minutes.
13.36 mmol TPP, 22.3 ml NMP and 8.1 ml Py were added to the flask through a syringe. The
flask was stirred at 105 °C for 24 hours. 6.69 mmol MPDA, 8.07 mmol IPA, and 23.23 mmol
LiCl were put into another single neck round-bottom flask sealed by septum, and purged with
nitrogen gas for 30 minutes. 16.41 mmol TPP, 27.0 mL NMP and 9.9 ml Py were added to this

flask through a syringe. After making sure the solids were all dissolved, the solution was
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transferred to another flask with a cannula. The mixture was stirred at 105°C for 24 hours, after
which the flask was cooled down to room temperature, and the polymer was precipitated by
pouring it into 750 ml methanol. The precipitate was collected through filtration and then dried
followed by re-dissolving it in DMSO and re-precipitating it in methanol. The precipitate was
filtered and dried under vacuum at 80°C overnight. The yield is above 96%. The synthetic route

of block copolyamide is shown in scheme B2.

SOsNa
HOOC COOH

HoN NH,
™) \Ej + LiCl, NMP, TPP, Py H H
105°C, 24hs N N

SOzNa 5 0

MPDA SIPA

SOzNa

@ R R HeN NHz HOOC COOH | ici, NMP, TPP, Py
+ + HCLNMB TPRPY
\©/ I T 105°C, 24hs

X

(MPDA-SIPAy)(Na) MPDA IPA
SO;3Na SOgH
H H H H 1. 1M H,S0,, 24hs H H H H
It b
\©/ 0 0 \© o o 2. DI H20, 24hs \©/ o) o) \©/ o o
X 100-x x 100-x
(MPDA-SIPAy)-b-(MPDA-IPA)(Na) (MPDA-SIPA)-b-(MPDA-IPA)(H)

Scheme B2 Synthetic route of block sulfonated aromatic polyamides (MPDA-SIPAX)-b-
(MPDA-IPA).

B1.4 Membrane Preparation of Sulfonated Aromatic Polyamides [MPDA-SIPA(H)]

0.1 g sodium-sulfonated polyamide was dissolved in 2 ml DMSQO, and the solution was
directly casted onto a clean glass substrate. The membrane was formed by removing DMSO

using a hot plate at 80°C for 24 hours. The membrane was converted to its sulfonic acid form by
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immersing it in 0.01M H,SO, for 24 hours. The membrane was soaked in deionized water for 8

hours to remove excess H,SO,, with the water changed every 2 hours.

B2 IEC Measurement

The IEC was experimentally determined by back titration of the remaining NaOH
solution after ion exchanged with the film using HCI solution and calculated based on the

following equation:

VNaoH*CNaoH—VHcI*C
IEC = a a HC1*“HCI
Wdry

Where Vi and ¢y are the volume and concentration of the standardized HCI solution;
VnaoH and Cnaon are the volume and concentration of standardized NaOH solution; Wry
represents the weight of the dry membrane. The measured IECs for random copolyamides are

shown in table B1.

Table B1 IEC of random copolyamides MPDA-SIPA,.

DS of MPDA-SIPAx IEC (mequiv/g)
MPDA-SIPA (H) 1.44
MPDA-SIPA5 (H) 1.60
MPDA-SIPAs, (H) 1.75
MPDA-SIPA7 (H) 2.35
MPDA-SIPAg, (H) 2.61

B3 'H NMR Study

The *H NMR spectra of sodium sulfonate form of random and block copolymers were
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measured by using a JEOL ECA-500 FT-NMR at room temperature. Dimethyl sulfoxide-d6 was

used as the solvent and chemical shifts (o) are reported in ppm.

Figure B3 shows the "H NMR spectra of random and block copolymer at DS of 40 mol%;
these two polymers have the same shift for all peaks, and the integration of the amide peaks
matches the feed ratio of monomers, which proves the feasibility of a controllable synthesis of

the block copolymer.
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Figure B1 *H NMR Spectra of Random and Block Copolymers at DS=40mol%.
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