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ABSTRACT
Ion-containing polymers that are useful in electrochemical devices such as fuel cells,
batteries, and electrolysers were investigated to determine the structure-property relationships of
thin films in a confined geometry. Comb-shaped polymer, random copolymer, and block copolymer
proton exchange membranes (PEMs), such as Nafion, and anion exchange membranes (AEMs),
such as poly(hexyl methacrylate–block–quaternized vinyl benzyl chloride) (PHMA-b-QAPVBC)
and comb-shaped quaternized poly(phenylene oxide), were investigated in order to elucidate the
effect of confinement on material properties and morphology in these systems. Ion-containing
polymers rely on water to facilitate ion transport in electrochemical systems resulting in a large
portion of this work studying the in situ effects of humidity on the polymer structure and the
relationship to water uptake. The morphology of the polymer systems was primarily examined
using grazing incidence small angle X-ray scattering (GISAXS) while spectroscopic ellipsometry
(SE) and quartz crystal microbalance (QCM) were employed to study the in situ water uptake. By
studying a number of different ion-containing polymer systems using multiple techniques and a
deep analysis of structure-property relationships, a more complete illustration of the confinement
effect in these polymer systems was developed.
Nafion has remained the standard PEM material, driving decades of research; however, in
the past 7-10 years, operational inefficiencies have been associated with confinement of Nafion in
the catalyst layer of PEM fuel cells, surging investigations into confinement. The water uptake,
molecular orientation, and structural relaxations were characterized in order to elucidate the
substrate effect on the structure-property relationship. Substrates utilized include gold, platinum,
carbon, and native- and sputtered SiO2. The strength of the interactions dictated the molecular
orientation, where strong polymer/substrate interactions resulted in highly ordered molecular
orientations that were oriented parallel to the substrate. Weakly interacting systems formed parallel
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orientations while moderate interactions resulted in Nafion self-assembling into an isotropic
structure. The molecular orientation was found to have an impact on the swelling where
perpendicular structures exhibited a greater swelling compared to parallel structures. To further
analyze the polymer/substrate interactions, the physical aging of unannealed Nafion was measured
on gold, carbon, and native-SiO2. The polymer/substrate interactions were found to dictate the
structural relaxation resulting in two cases: (1) structural relaxations induced by increases in
humidity as a result of strong interfacial interactions or (2) no observable structural relaxations as
a result of weak interfacial interactions. In order to examine the effect of confinement, the aging
rate was measured as a function of thickness for films fabricated on gold substrates. As the
thickness decreased the rate of aging increased, an indication of the increased configurational
entropy with decreasing thickness.
To further examine substrate confinement influences on the morphology and water uptake
of ion-containing thin films, the diblock copolymer PHMA-b-QAPVBC was investigated. Water
plasticization occurs during water uptake resulting in chain mobility which can have a profound
impact on the stability of the morphology. PHMA-b-QAPVBC thin films demonstrated a
morphological transition from random cylinders to parallel lamellae using atomic force microscopy
and GISAXS techniques. In situ measurements were performed on the diblock copolymer by
increasing the relative humidity (RH) in steps of 1% RH in order to monitor the dynamic
morphological transition. By simultaneously measuring the thickness (SE) and mass (QCM), the
density could be computed where observable inflections in density corresponded to this dynamic
transition. By cycling the samples twice in a relative humidity environment, the glass transition
temperature due to water plasticization was pinpointed, indicated by changes in data. The water
content was input into the Kelley-Bueche glass transition temperature equation in order to estimate
the temperature departure from a bulk membrane. It was found that the water content in thinner
films was lower before the dynamic morphological transition occurred, indicating that thin film
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confinement reduced the glass transition temperature of QAPVBC block and ultimately
destabilized the as-cast morphology.
To continue the investigation of confinement on the properties of polymer films, three
comb-shaped polymer AEMs were examined with a control polymer that had no side chain. The
comb-shaped polymers were synthesized with 6, 10, and 16 carbon alkyl side chains with the
purpose of increasing mechanical strength through side chain crystallization, inducing phase
separation, and limiting chemical degradation. Using cantilever curvature, the mechanical
properties of thin films could be measured. The comb-shaped polymer synthesized with a 16 carbon
side chain was the only sample to show increased mechanical properties while the other three
polymers had relatively similar moduli. The phase separation and crystallinity were studied using
grazing X-ray scattering techniques and showed that phases observed in membranes were also
present in the thin film configuration however the scattering was not nearly as strong, indicative of
weaker phase separation. As the side chain length increased, scattering features at the same q-value
as hexagonally packed polyethylene appeared from the amorphous halo indicating that the side
chains were crystallizing although there was no mechanical reinforcement in the 6 and 10 carbon
samples. Confinement disrupted the crystallinity and domain formation compared to the bulk
membranes resulting in increased water uptake in the thin films, most notably the 10 and 16 carbon
samples. By disrupting the domain and crystallinity formation, the swelling was not as restricted
compared to the membranes, resulting in the greater water uptake.
In order to provide accurate results, a full understanding of the characterizing techniques
was necessary, especially working with thin films where 0.5 nm could represent a 3% increase in
swelling. During these studies it was found that the sputter-coated SiO2 layer on the QCM crystals
was porous which resulted in erroneous water uptake due to the hydrophilic nature of the silanol
groups that line these pores. This has gone largely unnoticed in literature because the measured
mass and thickness on these crystals coincided resulting in erroneous data being interpreted as a
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thin film phenomenon. As water penetrates the porous network, the refractive index of porous SiO2
layer was increasing as a result of water replacing void space. The optical model used to describe
the polymer film accounted for the extra water associated with the SiO2 layer leading to incorrect
thickness values. A simple model was developed to account for the water in the SiO2 layer by
determining the porosity and thickness using a dry and humidified substrate. The humiditydependent refractive index was applied to the in situ thickness measurement resulting in a corrected
thickness measurement that was in agreement with the same polymer measured on a silicon wafer.
Similarly, the QCM recognized that mass was being added to the system and was being accounted
for in the water uptake of the polymer film.
In summary, by studying the morphology and water uptake characteristics of these
confined polymer thin films under controlled humidity, structure-property relationships were
developed. This will lead to a greater understanding of how confinement will influence the future
generation of PEMS and AEMS. Expanding this knowledge will lead to the development of
materials that increase the performance of fuel cell devices by providing a more intimate image of
how these polymers will perform in the catalyst layer, and the ideas developed here can be extended
to new types of materials used in various applications.
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Chapter 1
Introduction

1.1. Background
The demand for energy continually increases on a global scale as a result of an increasing
world population, as well as human reliance on technology to improve the quality of life. In order
to accommodate the demand for energy, exploration of untapped energy sources and development
of efficient energy conversion technologies are necessary. Fuel cell technology has been branded
as a next generation technology capable of satisfying future energy demands while lowering the
environmental impact associated to fossil fuels. Specifically, proton exchange membrane fuel cells
(PEMFC) are slated to fulfill the role of the low carbon footprint energy conversion, generating
water and heat as the only product of the electrochemical reaction. However, before PEMFC
technology can be recognized as a suitable power source for the automotive and electronic
consumer markets, improvements must be made in operating performance while reducing the
production costs.1 While still in infancy, anion exchange membrane fuel cell (AEMFC) technology
promises a lower cost alternative to PEMFC technology. AEMFC technology does not come
without faults, the chemical stability of anion exchange membranes under alkaline conditions and
ion conductivity remain developmental roadblocks.2
Fuel cells employ solid polymer membranes which are responsible for facilitation of ion
transport and electrical insulation between the cathode and anode. Nafion is the industry standard
ion-containing polymer for PEMFC technology, sustained by decades of extensive study in an
effort to increase the ion conductivity and mechanical properties.3–6 Nafion exhibits a markedly
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higher chemical stability while retaining high ion conductivity in low humidity conditions when
compared to many alternative polymer membranes that have been investigated. The morphology
of Nafion consists of hydrophilic ionic domains dispersed in a hydrophobic matrix resulting in ion
conductive channels with a mechanically reinforcing backbone. Fuel cells typically employ
membranes that are 20 m to 250 m thick resulting in a large concentration of research focusing
on the material properties of bulk membranes. However, investigations of films with a thickness
between 5 nm and 300 nm have emerged only recently in order to study the effect of confinement,
providing insight into Nafion as it exists in a fuel cell catalyst layer. In order to develop a deep
understanding of the structure-property relationships in these ion exchange membranes, chemical
modifications and material processing have been performed in order to discover new polymers that
will trump the material properties of Nafion. To date, the search continues for an industry standard
ion-containing polymer for AEMFC technology, but the operating conditions have made this a
difficult task due to polymer degradation under alkaline conditions and the less than ideal hydroxide
conductivity.
Much of the focus on PEMFC cost reduction has revolved around the catalyst layer, which
remains cost prohibitive at all economies of scale and may even adversely alter the price through
increased demand with successful commercialization.7 According to the Department of Energy, the
projected total cost of a PEMFC system at a production rate of 1,000 systems/year is $23,380 with
a projected catalyst layer cost of $2078 representing 9% of the total cost.1 Production rates
approaching 500,000 systems/year is projected to cost $5096 with a projected catalyst layer cost of
$899 representing 18% of the total cost yet these costs do not account for the likely price increase
due to demand. Catalyst layer cost reduction progress is an ongoing issue with a year 2020 target
of 0.125 kW/gPGM per midsize sedan which requires 90 kW for operation, current state-of-the-art is
approximately 0.25 kW/gPGM, where gPGM is the mass of platinum group metal (PGM). Midsize
sedans require approximately 11.3g of platinum-based catalyst (at 0.125 kW/gPGM) and the
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currentPGM utilization in catalytic converters for gasoline engines is typically 5gPGM for a similar
midsize sedan. Unlike PEMFC technology, AEMFCs do not rely on the expensive platinum-based
catalyst. Instead, AEMFC technology utilizes catalysts such as silver, iron, and cobalt (among
others) that have the potential of reducing the device cost while providing enhanced kinetics of the
oxygen reduction reactions.8,9
Ion-containing polymers, with a thickness of 4 nm to 20 nm, coat the platinum embedded
carbon particles that make up the catalyst layer and has also been attributed with resistive losses
that contribute to a reduction in fuel cell efficiency.7 The role of the ionomer in the catalyst layer
has driven researchers to investigate the polymer/substrate interplay in order to increase catalyst
utilization, thus reducing manufacturing costs. Material properties of neutral polymer thin films
(thickness < 100 nm) confined to a substrate are influenced by their geometry and interfacial
interactions, resulting in unique properties that are distinctly different than the measured properties
of the corresponding neutral polymer bulk membrane. Investigations of Nafion thin films have
continually reported similar material property departures from the measured bulk properties
observed in neutral polymers, due to the confinement effect. Although numerous studies have been
performed on confined Nafion thin films to develop an understanding of confinement effects, the
transition to studying other charged polymer systems designed for fuel cell applications has lagged.

1.2. Motivation for this Work
Optimizing energy conversion in fuel cell devices is contingent on understanding all
aspects of operation including the material properties of substrate-supported ion-containing
polymer thin films. Publications of proton conducting Nafion® membranes have accounted for a
large percentage of work while studies on Nafion® thin films confined to a substrate have only
recently emerged in the last few years.10–18 In addition to investigating confinement effects in
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Nafion® films, a gap exists in understanding how alternative ion-containing polymer thin films
respond to confinement.
In order to identify the factors underlying the material properties in substrate confined ioncontaining polymer thin films, the structure-property relationships must be established for polymer
thin films. Specifically, films with thickness from 10 nm to 300 nm need to be investigated and
compared to their bulk membrane counterparts with a thickness greater than 10 m. The
interactions between water and ion-containing polymers are critical for performance in
electrochemical applications due to the necessity of water for facilitating ion transport. Attractive,
repulsive, and neutral interactions between polymers and substrates influence the material
properties and in many cases two different substrates result in uniquely different properties for the
same polymer. Observed changes in properties between confined films and bulk membranes
include suppressed water uptake, glass transition temperature, and gas diffusion. This work is
motivated by understanding not only how the morphology and properties of Nafion® deviate from
bulk membranes but also the new generation of ion-containing polymers developed for anion
exchange membranes. In order to divulge the unique structure-property relationships of these
confined films, highly sensitive techniques including spectroscopic ellipsometry, quartz crystal
microbalance, and grazing incidence X-ray scattering are required. This dissertation represents the
drive towards understanding the Nafion® thin film structure-property relationships dictated by
confinement and also represents the beginning steps of branching out to new ion-containing
polymers that behave differently than Nafion® under confinement.
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Chapter 2
Literature Review

2.1. Introduction
The importance of ion-containing polymers as a key functional material in fuel cell
technology will be discussed. Ion-containing polymers are responsible for ion transport in the ion
exchange membrane and as a binder in the catalyst layer where thin film confinement is responsible
for material properties that deviate from bulk membranes. Recent studies published related to the
properties of ionic polymer thin films that are essential for improving the understanding of proton
exchange membrane fuel cells (PEMFC) and anion exchange membrane fuel cells (AEMFC) will
be discussed. Monitoring the water uptake of a confined polymer thin film under applicationrelevant conditions can provide insight into the polymer properties in the catalyst layer. By
investigating the structure-property relationships of ion-containing polymers in confined
geometries, properties of future materials can be designed to improve fuel cell efficiency. This
section also touches on the history and function of fuel cells as well as the current scientific
challenges preventing widespread consumer use.

2.2. Hydrogen Fuel Cell Technology

2.2.1. Operation
PEMFCs convert the chemical energy of hydrogen (H2) into electrical energy through the
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H2 oxidation reaction (HOR) by producing protons (H+) and electrons (e-) at the anode while the
oxygen (O2) reduction reaction (ORR) results in water (H2O) as the product at the cathode. The
typical PEMFC assembly is shown in Figure 2-1 with the key components labeled.

Figure 2-1. Schematic of a hydrogen fueled PEMFC.
H2 enters the fuel cell assembly through flow channels, on the anode side, and flow into the gas
diffusion layer (GDL) where the H2 is exposed to active catalyst sites. The GDL is a porous layer
comprised of densely packed carbon fibers that provide a conductive pathway for e- following the
HOR while the pores permit H2 diffusion. The catalyst layer oxidizes the incoming H2 gas into H+
and e- as shown in the reaction in Equation 2-1, with the reduction potential (E) vs. standard
hydrogen electrode (SHE) included:
2H2 → 4H + + 4e−

E = 0 V vs. SHE

(2-1)

Following H2 oxidation, the GDL conducts the resulting e- from the catalyst layer and the H+
diffuses through the cation exchange membrane (CEM); more specifically, a proton exchange
membrane (PEM) is a CEM that conducts H+. The PEM also serves as an electrical insulator that
prevents short circuits between the anode and cathode. A detailed description of PEMs is discussed
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in Section 2.4.2. At the cathode, O2 reduction occurs through a recombination process of H2, e-, and
the incoming O2 stream generating H2O as the product, as shown in Equation 2-2:
4H + + 4e− + O2 → 2H2 O

E = 1.23 V vs. SHE

(2-2)

E = 1.23V vs. SHE

(2-3)

The overall cell reaction is shown in Equation 2-3:
2H2 + O2 → H2 O

Although the theoretical cell potential is 1.23 V, the typical operating voltage is 0.7 V due to a
combination of activation, ohmic, fuel crossover, internal current leakage, and mass transport losses
that are a result of system design, materials, and operation conditions.1 Multiple cells are combined
in both parallel and series configurations as a means of increasing the power output.
Electrodes play an essential role in the operating efficiency of the PEMFC stack and
considerations are necessary for materials that provide high conductance of gaseous fuels, e-, and
H+.2 The electrode performs three functions: (i) conduct e- from the active catalyst sites to the
electrical load, (ii) conduct H+ from the platinum sites to the PEM, and (iii) manage reactant and
product gases without water flooding the electrode. Competing functionalities of the electrode
components as well as the high material cost of the catalyst layer have demanded a substantial
amount of time and money devoted towards optimization of component distribution, structure and
physical properties.3–5 The PEMFC catalyst layer is comprised of a platinum catalyst, or alloy
consisting of platinum group metals (PGM, e.g. platinum, palladium, rhodium, ruthenium, iridium,
and osmium), embedded into a porous carbon particle coated with a 5 nm to 20 nm thick layer of
ion-containing polymer. Platinum-based catalysts are desirable for the ORR in acidic fuel cells due
to the chemical stability and efficient oxygen reduction in a temperature range from 60 °C to 120
°C.6 The ion-containing polymer in the catalyst layer was the foundation for this work;
understanding polymer thin film properties when confined to a substrate via polymer structure and
water uptake can provide details on improving fuel cell efficiency.
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2.2.2. Challenges in Proton Exchange Membrane Fuel Cells
PEMFCs are currently the most commercially viable fuel cell variant for automotive
applications and are poised to compete with internal combustion engines. There are still durability
and efficiency challenges including other issues of water management, material cost, degradation,
and operating temperature that must be addressed before widespread consumer applications can be
realized.
Proper water management is necessary to prevent dehydration of the PEM and manage
electrode flooding. PEMFC devices of interest to this work operate within a temperature window
of 60 °C to 90 °C. At operating temperatures greater than 90 °C, maintaining a sufficiently humid
environment necessary for facilitating H+ transport becomes difficult.7 At temperatures below 60
°C, flooding the cathode with water may occur resulting in lower fuel cell performance due to mass
transport losses from liquid water obstructing reactant gases from diffusing through the GDL. Three
mechanisms of electrode flooding have been identified including (i) water formation from the ORR,
(ii) applied electric fields across the membrane driving H2O molecules from the anode to the
cathode (electro-osmotic drag), and (iii) high humidification levels resulting in water condensation,
which is also a thermal management issue.8
Operational lifetimes of PEMFCs are restricted due to the mechanical durability of the
PEM. In long-term membrane electrode assembly (MEA) testing, cracks and pinholes form in the
membrane leading to a reduction in cell performance followed by short circuits between the cathode
and anode. Liu, et al. found that simply adjusting the compression of the MEA during assembly
and proper gasket design extended the lifetime; however, gaskets only remedied premature failures
and was not a final solution.9 Huang, et al. reported membrane lifetime and found that shortly after
the loss of membrane integrity, rapid gas crossover triggered a catastrophic failure. 10 Polymer
degradation is accelerated around the pinhole due to the formation of COOH groups that led to
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embrittlement of the membrane.11 Swelling from humidity fluctuations increased mechanical
stresses in the membrane where fracture occurred when the stress exceeded the strength of the
pinhole. Failure also occurred from repeated membrane swelling and deswelling during operation
resulting in contact loss between the PEM and the electrodes. Solutions to the mechanical durability
issue include impregnating porous polytetrafluoroethylene (PTFE) with Nafion® solution,12 biaxial
modification,13 and polyethylene/Nafion® composites.14
High material costs of the PEMFC are attributed to the catalyst layer and the current
collector bipolar plate. As mentioned in Section 1.1, the cost of the catalyst layer is not significantly
impacted by economies of scale. The U.S. Department of Energy projected that only a 50% cost
reduction can be achieved when manufacturing between 1,000 systems/year and 500,000
systems/year, which has largely been attributed to the catalyst layer deposition methods and the
raw PGM material cost.15 A series of new catalysts are being developed to better utilize or outright
replace the current platinum-based catalyst systems to mitigate the high cost. Proietti, et al.
developed an iron-acetate cathode catalyst using a metal-organic-framework as a host for iron and
nitrogen precursors that exhibited comparable power density to the current platinum-based cathode
catalyst with a 0.3 mgPt cm-2 loading.16 Wu, et al. proposed a carbon-nitrogen template for iron and
cobalt based catalysts and exhibited high 4e- selectivity yielding less than 1% H2O2 production.17
Another approach to increasing the efficiency and reducing the loading of the existing platinumbased catalyst involves understanding how the thin film ionomer coats and interacts with the
catalyst and is described in more detail in Section 2.4.4.
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2.3. Alkaline Fuel Cell Technology

2.3.1. Operation
First developed by F.T. Bacon in the 1930’s, alkaline fuel cells began as a liquid electrolyte
based technology by employing potassium hydroxide as the electrolyte. Liquid electrolyte fuel cells
were susceptible to CO2 poisoning of the electrolyte and formed precipitates, eventually reducing
performance.18 With the advent of solid polymer based anion exchange membranes (AEMs),
polymer electrolyte fuel cells were made possible by covalently tethering cations to the polymer
backbone thus solving the precipitate issue. Unlike platinum-based catalysts in PEFMCs, AEMFC
also employs a lower cost catalyst (e.g. iron, cobalt, and silver) embedded in larger carbon particles
coated with ionomer.19 The typical AEMFC assembly is shown in Figure 2-2 with key components
labeled.

Figure 2-2. Schematic of an AEMFC.
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Thermodynamically, an AEMFC is equivalent to a PEMFC but operated based on different
½ cell reactions. The catalyst layer reduces the incoming e-, O2 gas and H2O vapor into hydroxide
(OH-) as shown in the reaction in Equation 2-4 with E vs. SHE listed:
O2 + 2H2 O + 4e− → 4OH −

E = 0.401 V vs. SHE

(2-4)

OH- reacts with the incoming H2 gas at the anode, generating H2O and e- as the product, as shown
in Equation 2-5:
2H2 + 4OH− → 4H2 O + 4e−

E = -0.828 V vs. SHE

(2-5)

E = 1.23 V vs. SHE

(2-6)

The overall cell reaction is shown in Equation 2-3:
2H2 + O2 → 2H2 O

AEMFC devices do not operate at the theoretical 1.23 V, similar to PEMFC devices, due to O2 and
H2O activities less than unity, gas cross over, and activation, ohmic, and mass transfer losses.

2.3.2. Challenges in Alkaline Fuel Cell Technology
With AEM research still in the early stages, there are many issues that still plague their
transition to commercialization, however due to rapid progress in the last 5 years there is promise
that the technology will become viable. Currently there are three major drawbacks restricting the
development AEMFC technology such as chemical stability of the polymer electrolyte and ion
conductivity.
Although significant progress has been made in recent years on addressing the challenges
associated with AEMFCs, chemical degradation remains an issue due to the chemical nature of
OH- anions resulting in a nucleophilic attack of the cationic groups, which act as leaving groups in
the chemical degradation reaction.19 Another source of degradation is due to the strong electron
withdrawing groups in the polymer backbone containing a weak point for nucleophilic attack
causing chain scission.20 Backbone studies have focused on employing polymers that are electron-

14
rich or lack the strong withdrawing groups that caused earlier polymers, such as poly(sulfone), to
succumb to premature degradation. Promising backbones for AEMFC technology include poly(2,6dimethyl phenylene oxide) (PPO), poly(phenylene), and polystyrene and are further discussed in
Section 2.4.3. Several steps have been taken to develop cations that are less susceptible to
nucleophilic attack that include using alkyl spacers to alter the sterics and larger, more stable
cations.21,22
The OH- conductivity continues to be a major hurdle for AEMFC development. The dilute
solution mobility of the OH- ion (197.6 cm2·V-1·s-1) is roughly half of the H+ ion (362.4 cm2·V-1·s1

) but the conductivity can be controlled by changing the number of cation sites.23,24 An OH-

conductivity of ~100 mS cm-1 is needed for high current density applications while currently a
conductivity value ~50 mS cm-1 is considered acceptable although not ideal.19 Polymers with an
ion exchange capacity (IEC) of 2.0 meq/g were synthesized by increasing the cation sites to increase
the conductivity; however, the swelling/deswelling cycles led to failure due to the brittle nature of
high IEC AEMs under dry conditions and excessive swelling under humid conditions.25 Fuel cell
variants that conduct OH- are also affected by CO2 when exposed to air resulting in the formation
of less conductive ions such as carbonate (CO32-) and bicarbonate (HCO3-) as shown in Equations
2-7 and 2-8.26
OH − + CO2 ↔ HCO3 −

(2-7)

OH − + HCO3 − ↔ CO3 2− + H2 O

(2-8)

Through the continuous development of new AEMs and their subsequent use as a catalyst layer
binder also provides new thin film systems to study in tandem.
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2.4. Alternative Fuel Cell Technology
There are several other fuel cell variants currently being investigated, named for the
reaction mechanisms in the electrolyte. Direct methanol fuel cells (DFMC) are of interest for high
energy density applications; however, the inefficiency of DMFCs limits devices to portable
applications such as battery replacements for cell phones and laptops.27,28 One advantage of DMFC
technology is that both PEMs and AEMs can be utilized for DMFC technology promoting DMFC
development. High-temperature PEMFC variants utilize phosphoric acid and phosphonic acid
doped polybenzimidazole, extending the operating temperature to 200 °C.29 Phosphoric and
phosphonic acid are amphoteric which provides the proton acceptor and donor forming dynamic
hydrogen bonded networks and as a result the reliance of water facilitating ion transport is
removed.30 Molten carbonate fuel cells (MCFC) operate at temperatures greater than 500 °C with
the intentions of operating with natural gas and coal energy conversion.31 Fuel cells operating at
high temperatures exploit the increased activity of lower cost catalysts and accepts hydrocarbon
fuels that do not require purification prior to use as a result of the high operating temperature
converting the fuel to H2. A drawback to MCFC technology is premature component breakdown
due to accelerated corrosion from the electrolyte at elevated temperatures. Solid oxide fuel cells
(SOFC) operate upwards of 1000 °C permitting the use of a wide array of hydrocarbon fuel
sources.32 SOFCs are plagued with issues due to the operating temperatures such as electrode
sintering, electrode/electrolyte diffusion, and mechanical stresses from differing coefficients of
thermal expansion.33
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2.5. Ion Exchange Membranes

2.5.1. General Design Considerations
Challenges in both AEMFC and PEMFC technology encompass issues stemming from the
polymer membrane material (e.g. ionomer coating platinum-catalyst for the PEMFC and chemical
stability for the AEMFC) and both technologies must follow similar guidelines in order to
successfully develop and test new polymer chemistries. The membranes must demonstrate thermal
stability and high ion conductivity preferably at low hydration levels. Additionally, the membrane
must be mechanically robust in order to withstand the swelling and deswelling caused by thermal
and humidity fluctuations during operation. Ion conductivity can be improved by increasing the
IEC however high IEC polymer membranes tend to be very brittle under dry conditions and gellike under hydrated conditions, ultimately leading to mechanical failure. A parameter commonly
used to describe water uptake of the ion exchange membrane is the hydration number ( =
[H2O]/[Charged Group]) which quantifies the number of water molecules interacting with the
polymer for each charged functional group. One goal of membrane development is to maximize 
while restricting the material swelling as a means of promoting high ion conductivity. Although
high  is ideal, it is possible for the water uptake to be too high leading to dilution, lowering the
ion conductivity.34 Keeping these design constraints in mind, polymers composed of hydrophilic
and hydrophobic segments that phase separate into nanostructures have shown great promise.
Ion-containing polymers synthesized for fuel cell applications have consisted of random or
block copolymers to exploit the ability of tailoring the mechanical integrity, ion conductivity and
water absorption. Random copolymers that incorporate long side chains are more likely to form
nanostructures on the order for 2-5 nm but the size depends on the length of the side chain. Block
copolymers form phase separated structures on the order of tens of nanometers where domain size
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depends on the block length.35 Block copolymer morphology can be changed via solvent vapor
annealing or adjusting the block volume fractions resulting in lamellar, spherical, and cylindrical
phase separated morphologies.36 Lamellar and cylindrical morphologies provide direct pathways
between electrodes that are useful for increasing the conductivity in electrochemical applications
but depends on the orientation/direction of the morphology.37

2.5.2. Proton Exchange Membranes
Nafion®, a perfluorosulfonic acid (PFSA) ionomer, was the first reported ion-conducting
membrane that received widespread application in the 1960’s by DuPont. Nafion® has garnered a
great deal of attention for fundamental and application based studies due its robust electrochemical
and thermal stability in acidic environments, mechanical robustness, and transport properties. 38
Nafion® is comprised of a hydrophobic poly(tetrafluoroethylene) (PTFE) backbone with randomly
distributed ether-linked pendant side chains containing hydrophilic sulfonic acid head groups, as
shown in Figure 2-3.

Figure 2-3. Chemical structure of Nafion®.
As a random copolymer with long side chains, Nafion® possesses strong phase-separation
contributing to its unique properties. The PTFE backbone is the source of the chemical stability
and structural integrity while the pendant side chain promotes high H+ conductivity in the presence
of water vapor. The mixture of hydrophilic and hydrophobic segments makes Nafion® insoluble
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and as a result the molecular weight has been difficult to characterize via traditional techniques
such as size exclusion chromatography but values ranging from 1x105 – 1x106 g/mol have been
estimated.39 Instead, the different Nafion® variants are described using the equivalent weight (EW)
which designates the average molecular weight per sulfonic acid. Currently, the most frequently
studied variant of Nafion®, EW1100, corresponds to m = 6 in Figure 2-3. The structure-property
relationship of Nafion® has been heavily examined in an effort to understand and design new ioncontaining polymers with improved properties.
Figure 2-4 summarizes the microstructural model development discussed in this paragraph.
Development of a microstructural model for Nafion® has been refined over time using an iterative
process beginning with the early reports by Gierke, et al. using small and wide angle x-ray
scattering analysis.40 The microstructural model encompassed inverted micelle clusters on the order
of 4 nm connected with 1 nm sulfonic acid channels where the inter-cluster distance of 5 nm in the
hydrated state. The EW1100 samples displayed lower crystallinity than EW1800 due to the
increasing side chain content yet exhibited little influence on the nanocluster size.41 Contrary to the
Gierke model, Rubatat, et al. proposed that Nafion® forms a fibrous PTFE structure in solution
where the sulfonic acid sites are on the exterior of the fiber. The fibrillar structure has also been
proposed for the membrane structure at low hydration levels (a.k.a. Gebel’s model) where water
exists between the fibers rather than in the spheres proposed by Gierke.42 Schmidt-Rohr and Chen
collected scattering datasets published for Nafion® to develop a microstructural model based on
reported literature including Gierke’s nanocluster model and Gebel’s fibrous bundle model.
Schmidt-Rohr and Chen suggested that the ionic domains form parallel cylinders with the inverted
micelle orientation composed of hydrated centers, opposite of the model proposed by Gebel.43 The
microstructural model developed by Schmidt-Rohr and Chen was widely considered close to the
real nanostructure of Nafion® as a result of the very close fits between the simulated and
experimental data as strong evidence. Kreuer and Portale criticized the Schmidt-Rohr model for of
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the lack of freedom for water content.38 Kreuer and Portale developed a model in order to reduce
ambiguity by including physiochemical aspects concluding that film-like layers form in Nafion® at
high water contents to show that a single model is not yet capable of describing the Nafion®
microstructure.

Cluster Network Model

Fibrillar Structure Model

Hsu, et al. 1983

Rubatat, et al. 2004

Water Channel Model

Schmidt-Rohr, et al. 2008
Figure 2-4. Microstructural model summary including the cluster network model of hydrated
Nafion® developed by Hsu, et al.,41 fibrillar structure model of Nafion® bundles developed by
Rubatat, et al.,42 and the cluster network model developed my Schmidt-Rohr, et al.43
Although a great deal of progress has been made on developing the structure-property
relationship of Nafion® morphology and conductivity, the remaining ambiguity has been associated
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with hampering the developmental progress of PEMs.44,45 Allen, et al. performed the first threedimensional direct imaging of the Nafion® hydrated channel structure using cryogenic transmission
electron microscopy combined with tomography on a dry and hydrated membrane. The membrane
was prepared by liquid nitrogen freezing, kinetically trapping the morphology. The dry morphology
observed consisted of spherical clusters on the order of 3.5 nm while the hydrated membrane
revealed well connected channels with an interdomain spacing of approximately 5 nm in agreement
with the model developed by Gierke, as shown in Figure 2-5.46

Figure 2-5. Cryo TEM 3D image reconstruction where the yellow represents the hydrophilic
regions for a frozen-hydrated Nafion film with a 100 nm thickness from Allen, et al.46

Several studies performed on Nafion® have reported conductivity values, usually
employing an AC impedance spectroscopy technique. All reported values are for Nafion® EW1100
unless otherwise noted. Due to the processing and environmental effects, there is a large
discrepancy in the H+ conductivity for membranes. For example, H+ conductivity in Nafion®
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membranes ranged between 80 – 100 mS cm-1 when exposed to liquid water under ambient
conditions (i.e. 20 – 30 °C).47,48 At elevated temperatures, reported conductivity values range from
190 mS cm-1 at 90 °C to considerably lower conductivities of 25 mS cm-1 at 95 °C.49,50 Reported
H+ conductivity values range between 50 – 80 mS cm-1 when exposed to fully humidified
environments (~100% RH) within a temperature range of 20 – 30 °C.51,52 Increasing the temperature
resulted in increased H+ conductivity, values of 81 mS cm-1 at 95 °C and 140 mS cm-1 at 65 °C
have been reported.53,54 The H+ conductivity in Nafion® membranes is independent of thickness
however thinner membranes tend to have lower ionic conductivity due to the induced anisotropy
from the extrusion and processing required to prepare thinner membranes.55 There is, however, an
EW dependence on conductivity, membranes with lower EW tend to exhibit increased conductivity
due to the increased number of functional groups.53
The Nafion® structure-property relationship is influenced by the membrane processing
techniques. Membrane processing techniques include film extrusion, solution casting, annealing56
which may be followed by pre-treatments such as water soaking,57 electrolyte soaking,58 or
immersion in boiling acid.59 In a PEM stack, Nafion® membranes are annealed prior to building the
MEA where the polymer membrane is exposed to temperatures upwards of 145 °C, which is above
the glass transition of Nafion® in acid form (Tg ~ 120 °C). The Tg of Nafion® is defined as the
temperature required to overcome to electrostatic interactions of the sulfonic acid groups which is
also a function of humidity and counterion.60 As the temperature rises above the Tg, the PTFE
backbone crystallizes which mechanically reinforces the membrane while the side chain forms
ionic domain networks with high connectivity, increasing the H+ conductivity. The mechanical
strength and H+ conductivity relationship is important to maintain, as the mechanical strength
increases, the water uptake decreases which traditionally results in decreased conductivity.
However, the H+ conductivity increases due to the reduction in tortuosity of the ionic domains.
Kwon, et al. reported a 1.4x increase in H+ conductivity by annealing the membrane for 30 hours

22
at 100 °C but membranes annealed for a time period of 100 hours exhibited a 5x decrease in
conductivity.61 The lower H+ conductivity was associated with crosslinked sulfonic anhydride
forming via a condensation reaction of sulfonic acid groups during long term annealling. 62 The
implications of membrane aging are also of concern for fuel cell applications. Studies under
operation relevant conditions showed that membranes aged at 80 °C exhibited a reduction in  from
13 to 6 waters of hydration for a fresh membrane and aged membrane, respectively, resulting in the
conductivity decreasing by half.63
Nafion® is currently the most widely used PEM in applications and research as well as
spurring the development of a series of chemically similar ionomers with different side chain length
while retaining the same PTFE backbone. Trademarked PSFAs that employ different side chain
lengths include Aquivion®, Aciplex®, and 3M ionomer polymers while Flemion® utilizes
carboxylic acid as the charged functional group. In some cases, the resulting properties of shorter
side chain PFSAs have proven to be more suitable for fuel cell applications. Kreuer, et al. showed
that Dow PFSA membranes with shorter side chains than Nafion® exhibited increased H+
conductivity and crystallinity as a result of the increased IEC and decreased swelling.64 Additional
advantages of short side chain polymers include a more simplistic polymer synthesis and a lower
electroosmotic drag coefficient.
A number of polymers that are chemically dissimilar from Nafion® are of interest in order
to uncover ionomers that are not fluorinated. The properties and performance of Nafion® serves as
the benchmark for all newly developed ionomers. Alternatives to PFSAs that have been explored
include aromatic backbone polymers such as poly(arylene ether sulfone),65,66 poly(imide),67,68
poly(phenylene),69,70 and poly(ketone).71,72 A promising series of polymers includes poly(ketone)
derived polymers such as sulfonated poly(ether ether ketone) (sPEEK). Ionomers based on sPEEK
exhibit smaller ionic channels than Nafion® due to the lack of long pendant side chain, instead
sPEEK employs a sulfonic acid group tethered directly to the backbone, as shown in Figure 2-6.
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The small channels in sPEEK hamper the low humidity H+ conductivity () however in high
temperature/humidity conditions, the conductivity is similar to Nafion® for highly sulfonated
membranes at room temperature under the same conditions (Nafion® = 41.8 mS cm-1 vs. sPEEK =
16.8 mS cm-1) and performed better than Nafion® in direct methanol fuel cells.73,74 The small
channels in sPEEK restrict methanol crossover and possess a lower electroosmotic drag coefficient
than Nafion®. The high degree of sulfonation necessary for sPEEK to become viable in fuel cell
devices leads to brittle membranes at low water concentrations and may be a source of mechanical
failure if the humidity is too low. Poly(arylene ether sulfone), more specifically poly(biphenyl
sulfone) (BPS), have also shown promise as a fuel cell membrane prospect, demonstrating higher
modulus and H+ conductivity than Nafion®.75,76 Synthesis of BPS copolymers has improved
allowing for the incorporation of hydrophilic or hydrophobic blocks that enhance the membrane
durability and conductivity.77

Figure 2-6. Schematic representation of the microstructures of NAFION and sPEEK.74
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2.5.3. Anion Exchange Membranes
To date, the ideal AEM has yet to be synthesized; however, polymer chemistries with
increased OH- conductivity and chemical stability are being developed. The earliest AEMs were
developed by the Tokuyama Soda Company (Japan) by synthesizing quaternary ammonium
functionalized poly(chloropropene) crosslinked using divinylbenzene.78 However, as mentioned
earlier, polymer backbone degradation is a continuing issue in AEMs. Functionalized copolymers
have been synthesized to understand characteristics of polymers that exhibit high chemical and
thermal stability in alkaline environments. Since the original AEM developed by the Tokuyama
Soda Company, other random and block copolymers have been synthesized including
poly(sulfone),79–81 poly(phenylene oxide),22 poly(styrene),82 and poly(ketone).83 Researchers have
functionalized these polymers with quaternary ammonium (QA), pyridinum, imidazolium, and
phosphonium groups for AEM applications.19
Of the AEM materials reported, poly(arylene ether)s have been the most widely used
polymer backbone with an emphasis on polysulfones due to their mechanical robustness, chemical
stability, and easy modification. Li, et al. synthesized QA functionalized poly(arylene ether
sulfone) membranes that displayed lower water uptake compared to Nafion®, and higher OHconductivity compared to other AEM materials with similar IEC values.80 The membrane with an
IEC of 1.74 meq/g exhibited the highest tested sample conductivity of 58 mS cm-1 at 80 °C when
immersed in liquid water. The chemical stability was monitored on a sample with an initial IEC of
1.3 meq/g but reduced to 0.5 meq/g after 800 hours of exposure to 4M NaOH solution which was
too poor for AEM applications. Other reported values for poly(arylene ether sulfone) with an IEC
of 1.18 meq/g have achieved conductivity values of 19 mS cm-1 at room temperature and 95 mS
cm-1 at 65 °C.84
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Strategies in AEM design include the synthesis of polymers that form phase separated
morphologies similar to Nafion®. Poly(2,6-dimethy-1,4-phenylene oxide) (PPO) is a backbone that
has been explored for AEM applications due to its high thermal, chemical, and mechanical stability.
Comb-shaped polymers were synthesized by incorporating n-alkyl side chains pendant to the QA
functional group that was tethered to the PPO backbone. Li, et al. showed that by using combshaped QA-PPO polymers, lengthening the n-alkyl side chain resulted in ionic domain formation
that enhanced OH- conductivity compared to other comb-shaped AEMs.22 An increase in the
alkaline stability was observed and attributed to steric effects of the alkyl chains surrounding the
QA group however the stability was still too low for AEMFC applications.
An additional strategy towards increasing the conductivity of AEMs is synthesizing block
copolymers. Vinodh, et al. synthesized QA functionalized poly(styrene-b-ethylene-co-butylene-bstyrene) which exhibited moderate thermal stability but low OH- conductivity and water uptake
that was too high.85 Disabb-Miller, et al. synthesized poly(hexyl methacrylate-b-styrene-b-hexyl
methacrylate) that was functionalized with both QA and sulfonate moieties in the polystyrene block
in order to investigate the effects of morphology on transport in both PEMs and AEMs in order to
gain a better understand of AEM design from PEM work.82 The PEM conductivity was higher than
the AEM analog for all samples, however, the ratio of the measured ion diffusion coefficient to the
dilute solution ion diffusion coefficient was similar for PEM and AEM samples demonstrating the
morphology dependent ion mobility. Other diblock and triblock copolymer systems that have been
synthesized have largely been based off of polysulfone86–89 and polystyrene90–92 backbones as well
as grafted copolymers employing poly(phenylene oxide)93,94 and polysulfone95 backbones.
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2.5.4. Role of the Catalyst Layer and Ionomer Binder
This thesis was motivated by the presence of the thin film ionomer in the catalyst layer and
the need to elucidate thin ionomers’ properties and functions. The range of ionomer thicknesses
necessary in the catalyst layer results in unique properties that deviate from the bulk material
properties as a result of the confinement effect. As mentioned earlier, the catalyst layer is
responsible for transporting reactant gases to the catalyst sites in the anode and cathode, the removal
of water produced by the electrochemical reactions, and a large percentage of the cost in PEMFC
devices. The catalyst ink is comprised of an ionomer dissolved in solution with a dispersion of
platinum-embedded carbon particles allowing for direct application onto a membrane.96 Optimizing
the volume fractions of the platinum-embedded carbon particles and ionomer in the catalyst ink
can promote full utilization of the catalyst sites and reduced transport losses from high gas transport
resistance. The AEMFC catalyst layer design constraints remain very similar to PEMFC catalyst
layers, however the catalyst inks tend to require high boiling point solvents adding some complexity
to catalyst layer fabrication.97
The cross-sectional transmission electron microscopy image of the fuel cell catalyst layer
in Figure 2-7a represents the scale of the catalyst layer components used in PEMFC technology.
Proper utilization of the ionomer coating in the catalyst layer improves the catalytic activity by
maximizing the surface area and promotes a uniform dispersion of the catalyst particles, shown in
Figure 2-7b. The carbon particles must be porous in order to promote gas diffusion while remaining
dense enough to be electrically conductive. Various grades of carbon black materials are frequently
employed as fuel cell catalysts due to their low cost and availability. Carbon black is a
paracrystalline form of carbon with a high surface area-to-volume ratio and low to medium order
but lacks long range order in any direction; however, increasing the graphitization of carbon
facilitates greater electron conduction.98 The ionomer coating must possess high H+ conductivity,
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insignificant electron conductivity, high gas/water permeability in addition to acting as the binder.99
The thickness of the ionomer coating is important to the diffusion of reactant gases, a thick film
restricts gaseous fuel from reaching the catalyst sites while a thinner film limits the ion conductivity
from the catalyst sites to the membrane due to an incomplete surface coating.100

Figure 2-7. (a) A cross-sectional transmission electron microscope of the catalyst layer depicting
the ionomer coating on the platinum embedded carbon black particles101 and (b) a schematic of the
catalyst layer.102
Ionomer development specifically for use in the catalyst layer has been sparse while
membrane development continues. The slow progress of catalyst layer specific ionomers is partly
due to the recent establishment of the ionomer limitations in PEMFCs and the lack of commercial
incentive towards developing new catalyst layer specific polymers due to the low material
utilization; representing less than 50 g/vehicle.103 It may be desirable to explore different polymers
for the catalyst layer as the desired properties are different from polymers suitable for the ion
exchange membrane in order to increase the efficiency of PEMFCs.
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Membranes require low gas permeability to prevent fuel crossover, however ionomers in
the catalyst layer should possess high gas permeability in order to increase fuel transport to the
active sites.103 Proposed methods of increasing the O2 permeability have included a reduction in
the sulfonic acid concentration, restricting sulfonic acid mobility by using short side chains,
replacing the sulfonic acid with a weakly adsorbing functional group, and modifying the charged
polymer chain to decrease the density. The proposed methods of increasing the O2 permeability
may hinder the ion conductivity if the conductive species concentration is reduced. Figure 2-8a
demonstrates the proposed polymer structure for the current charged polymers where the loss of
phase segregation, due to confinement, creates a dense layer reducing the O2 permeability reducing
the ORR at the cathode. Figure 2-8b shows the proposed polymer structure of the desired polymer
for the catalyst layer where the addition of bulky groups will result in a polymer with greater free
volume which will increase the O2 permeability.

Figure 2-8. Schematics of hypothesized charged polymer structures at the platinum interface for a
(a) conventional ionomer and (b) an ionomer with high O2 permeability.103
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2.6. Polymer Thin Films

2.6.1. Effects of Thin Film Confinement on Material Properties
Substrate supported thin polymer films, typically with thickness values below 100 nm,
encompass a large surface area-to-volume ratio and results in distinctly different properties
compared to their bulk counterparts due to polymer/substrate interactions. The confinement effect
has been observed in material properties such as physical aging,104–106 Tg,107,108 diffusivity,109 water
uptake and swelling characteristics,110–112 and mass transport.113,114 As the thickness decreases, the
polymer/substrate interface becomes more influential, altering the material structure and properties
due to changes in chain mobility at or near the interface.115,116 Confinement is categorized into two
configurations for supported films where (i) hard confinement describes a thin film sandwiched
between two rigid surfaces and (ii) soft confinement describes a thin film supported on a substrate
with the top surface exposed to atmosphere.
Spin coating is the most common method for preparing thin films but produces kinetically
trapped polymer morphologies due to rapid solvent evaporation. Secondary processing such as
thermal annealing or solvent annealing are needed in order to approach a more equilibrated state.117
Surface adsorption is another method of thin film fabrication where the substrate is submerged in
a highly dilute polymer solution. Adsorption allows for the polymer to stick to the substrate as it
retains the polymer structure in solution.118 Drop casting with highly diluted solutions is not as
common but also allows the polymer chains to adsorb to the surface due to the slow evaporation of
solvents allowing the polymer to deposit in low energy states.114
Since the first report of reduced Tg in thin polystyrene films supported on silica substrates
in 1994 by Keddie, et al. and later poly(methyl methacrylate) supported on gold substrates, Tg has
been the predominant material property for understanding the fundamentals of thin film
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confinement effects.119,120 Probing thin film confinement effects has been a challenge due to the
sample thickness being too thin for standard thermal characterization techniques such as differential
scanning calorimetry. Alternatively, Tg dependent thickness is probed optically and electronically
using ellipsometry for thermal expansion,116 molecular motion via fluorescence,121 and dielectric
relaxation spectroscopy.122 In situ monitoring of the thickness and molecular motion is performed
by detecting the polymer transition from the glassy region to the rubbery region from the change
in slope of the temperature dependent property such as thermal expansion from ellipsometry.
Showing the thickness dependence and influence of the silicon substrate/polymer interactions on
the Tg, Park, et al. compared PS which exhibits repulsive interactions, PMMA which favors
attractive interactions, and random PS-co-PMMA in weight ratios of 46:54 and 20:80. As the
PMMA weight ratio increased in the copolymer, the interactions with the substrate began favoring
attractive interactions and as a result, the decreasing Tg exhibited by the PS became less prevalent,
as shown in Figure 2-9.123

Figure 2-9. The measured Tg as a function of thickness for pure PS and PMMA and random
copolymers of PS and PMMA with different compositions.123
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Rather than believing thin films experience a single low Tg, de Gennes suggested that the
thin films should be examined for a Tg distribution through the thickness due to competing motions
driving the Tg deviations.124 Kim, et al. examined the temperature breadth at which the Tg occurs
and discovered that the glass transitions occurred over a wider temperature range with decreasing
film thickness.121 The temperature breadth at which the Tg of the polystyrene film occurred over in
a 20 nm and a 300 nm thick film decreased from a 40 °C and 20 °C, respectively. Ellison and
Torkelson reported the first characterization of the Tg distribution through the polymer thin films
and ultrathin films by placing labeled layers in 3 locations including the polymer/substrate
interface, bulk, and polymer/air interface.125 The thin film polystyrene exhibited a Tg gradient
through the film thickness rather than abrupt changes frequently suggested by two layer models
where polymer at the substrate has bulk like Tg and the polymer/air interface has a lower Tg than
bulk.126 Other studies have looked to find ways to prevent the reduced Tg present in confined
polymer systems by employing polymer brushes127 and surface capping128 which have successfully
reduced the influence of the polymer/air interface on the Tg.
While Tg is important for developing a fundamental understanding of how the polymers
respond to changing environments in confined geometries, other physical properties such as density
must be considered in order to gain insight in how thin films perform in application. For example,
understanding how gas permeability changes when employing thin films compared to bulk
membranes is necessary in gas separation.106 Another phenomenon important to gas separation is
physical aging, which lowers the gas permeability due to increased densification over time. Gas
permeability also serves as a probe for tracking physical aging. Murphy, et al. examined the
physical aging of supported and free-standing poly(sulfone) thin films where a strong thickness
dependence on the physical aging rate was prevalent.129 Free-standing thin films rapidly aged
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leading to greater densification and reduced gas permeability while supported thin films aged at
slower rates which were comparable to the aging rate for bulk films.

2.6.2. Controlling Polymer Morphology
Understanding how to exploit the polymer/substrate interactions in supported polymer thin
films is useful for controlling the anisotropy/orientation of phase separated random and block
copolymer systems. The influence of the substrate on polymer morphology and orientation is of
interest due to the use of block and random copolymers in ion exchange membrane applications.
Tailoring the substrate to exhibit attractive interactions to specific polymer segments provides a
facet for greater polymer morphology and orientation control.130 Block copolymers consisting of a
single block that has attractive interactions with the substrate tend to form structures that lie parallel
to the substrate. Polymer thin films fabricated on neutral substrates, with no strong preference
between either components of a copolymer, tend to form phase separated structures that are
randomly orientated (i.e. isotropic) or align perpendicularly to the substrate. By fabricating surface
patterns on the substrate that alternate the affinity for each block, phase separated morphologies
with specific directions can be fabricated.131 Similarly, substrate affinity in nanostructured random
block copolymers dictates the isotropic or anisotropic nature of polymer morphology which is
discussed in further detail in section 2.4.3 with an emphasis on Nafion® thin film studies.
Using salt complexes in block copolymers on neutral substrates has proven to be a useful
technique for attaining orientation and long-range ordering of the phase separated morphology
while exhibiting high ionic conductivity, electrochemical stability, and mechanical strength.132,133
Kim, et al. observed that residual salt from the synthesis of polystyrene-b-poly(ethylene oxide) (PSb-PEO) altered the ordering behavior after solvent annealing.134 Solvent annealing of PS-b-PEO
thin films with salt complexed to PEO at a ratio of 64 oxygens (in PEO) to one potassium ion
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changed the PEO cylinder orientation from parallel to perpendicular. The inclusion of salt into
block copolymer films direct the orientation of the morphology by increasing the immiscibility of
the blocks.135 Adding LiCl salts to polystyrene-b-poly(methyl methacrylate) copolymers mediated
the polymer/substrate interactions where an increased propagation of the parallel lamellar
morphology from 10 lamellar stacks to 16 by complexing ~13% of the carbonyl groups.
Complexing ~21% of the carbonyl groups resulted in the parallel lamellar morphology to change
to perpendicular lamellae due to mediation of interfacial interactions.135

2.6.3. Nafion® Thin Film Studies
Nafion® membranes with a thickness greater than 10 m have been studied extensively
over the past several decades. In contrast, studies on the nanostructure and physical properties of
the lesser understood Nafion® thin films with thickness ranging from 4 nm to several hundreds of
nanometers have only emerged in the last decade.109,110,114,137–142 Since the transport properties of
Nafion® are strongly dependent on the water uptake and morphology, the influence of
polymer/substrate interactions will impact the material performance in the PEMFC catalyst layer,
where Nafion® exists in the confined geometry. Ionic moieties tethered at the end of the side chain
are expected to contribute to polymer/substrate interactions via strong electrostatic interactions not
present in neutral polymers. Therefore, the change in properties observed in neutral polymer
systems in confined geometries may not necessarily be adequate to describe the confinement
induced properties observed in ion-containing polymer systems. In order to generate a further
understanding of how confinement influences properties of charged polymers, thin films of Nafion®
must be directly characterized.
To date, thin films of Nafion® are fabricated using three methods including spin
coating,110,143 drop casting,114 and self-assembly by immersion118 resulting in a range of film
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thicknesses as low as 4 nm and upwards of 500 nm. Other reports have employed LangmuirSchaefer and Langmuir Blodgett techniques in order to deposit monolayer thick films. 144,145
Experimentalists have employed smooth surfaces in order to probe the confinement effects whereas
the catalyst layer is rough and highly porous as a means to attain the high surface area of the
catalytic active sites. A variety of substrates have been used for thin film preparation including
platinum, SiO2-terminated silicon wafers, gold, carbon, and surface modified silica. While platinum
and carbon are the materials that make up the PEMFC catalyst layer, albeit as a mixture of the two
materials, alternative substrates have been employed for ease of fabrication and characterization.
Characterizing the properties of Nafion® on a mixed substrate consisting of both platinum and
carbon is desirable but experimentally complex. Many of the characterization techniques employed
in thin film studies rely on smooth, uniform surfaces while a proper model experiment would
employ rough substrates containing both platinum and carbon that would not be compatible with
the current characterization techniques.
Polymer/substrate interactions have a strong influence on the nanostructure of Nafion®
thin films and several studies have sought to elucidate the substrate dependent morphology. Dura,
et al. observed multi-lamellar ordering at the polymer/substrate interface for samples prepared on
a silicon wafer with a native oxide layer using neutron reflectivity (NR), shown in Figure 2-10.146
No multi-lamellar structures were observed on gold and platinum substrates, rather, a partially
hydrated layer formed at the polymer/substrate interface was observed. Wood, et al. employed the
same NR technique and observed a hydrophobic interfacial layer on platinum substrates but
disappeared when electrochemically forming PtO at the polymer interface driving a molecular
restructuring by changing the substrate from hydrophobic to hydrophilic.147 Thin films prepared on
glassy carbon exhibited three layers consisting of a slightly hydrophobic layer sandwiched between
two hydrophilic layers. Kim, et al. showed that Nafion® thin films exhibited substrate induced water
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domain orientations that lie parallel to the substrate on hydrophilic organosilicate and a lack of
directional domain orientation on hydrophobic organosilicates.148

Figure 2-10. Scattering Length Density (SLD) fits to Nafion® on (a) SiO2 at 97% RH with an
artist's rendition (not to scale), (b) SiO2 at 0% RH, and (c) gold at 0% RH and 97% RH.146
In addition to work employing NR, grazing incidence small angle x-ray scattering
(GISAXS) has been used to study the orientation of the hydrophilic domains on different substrates.
Bass, et al. observed perpendicular (to the substrate) micellar bundles in the bulk of thin films
prepared on silane treated substrates and parallel micellar bundles at the polymer/air interface when
exposed to water vapor, as shown in Figure 2-11a.149 When the samples were exposed to liquid
water, the micellar bundles rotated, becoming perpendicular to the substrate. Modestino, et al.
showed that Nafion® thin films prepared on silane treated silicon substrates exhibited parallel
hydrophilic domains to the substrate while thin films prepared on an untreated silicon wafer formed
an isotropic network of hydrophilic domains, as shown in Figure 2-11b.143 The most recent study
of Nafion® morphology on substrates by Kusoglu, et al. observed hydrophilic domain formation
parallel to the substrate when thin Nafion® films were prepared on gold and platinum substrates.
Thin films prepared on carbon substrates exhibited little or no anisotropy, films in this study ranged
from 14 nm to 270 nm thick.110
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Figure 2-11. (a) Schematic of the differences in the micellar fiber orientation on a hydrophobic
OTS substrate and untreated silicon wafer and in an environment consisting of water vapor and
liquid water.149 (b) Hydrophilic domain orientation in Nafion® as a function of the
hydrophobicity/hydrophilicity of the supporting substrate.143
The polymer/substrate interactions between Nafion® and platinum have been studied using
molecular dynamics calculations and variants of vibrational spectroscopy including surfaceenhanced Raman spectroscopy,150 sum frequency generation,151 and polarization modulated
infrared spectroscopy (PM-IRRAS).152 Calculations by Zhang and Ding showed that the first 5 nm
of Nafion® from the substrate possess the lowest mobility due to the lack of well-connected
hydrophilic channels.153 Zhang and Ding also found an ultra-dense layer of ionomer existed with a
thickness of 0.5 nm at the platinum interface and was not affected by hydration or film thickness.
Kendrick, et al. employed PM-IRRAS with density functional theory calculated spectra to reveal
how the functional group adsorbs onto the platinum substrate.152 The coadsorption of SO3- and CF3
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causes Nafion® to anchor to the substrate resulting in polymer alignment and a reduction in the
polymer chain dynamics. While Zimudzi, et al. found no evidence of coadsorption on gold and
SiO2 substrates.141
Water uptake studies performed using quartz crystal microbalance (QCM) have reported
conflicting results, adding to the complexity of thin films. Krtil, et al. reported that water uptake in
the H+ form of Nafion® was the same in both membrane form and thin film but the water uptake in
Na+ form was suppressed where the bulk = 14 and Na = 9.5 at 99% RH.154 In contrast, Dishari and
Hickner found that the Nafion® thin film in H+ and Na+ form exhibited a similarly suppressed water
uptake ( ~ 5 – 6 at 99% RH) throughout a thickness range of 70 nm to 600 nm with the exception
of the 70 nm thin film on a SiO2 substrate which exhibited greater water uptake than the other thin
films ( = 11 at 99% RH).138 Kongkanand measured water uptake on gold-coated and platinumcoated QCM crystals, finding little difference in the substrate dependence however, an obvious
suppression in water uptake was observed as the thickness decreased from 3 m to 33 nm (3m =
10.5 and 33nm = 8.5 at 98% RH).114 Abuin, et al. measured the water uptake on glass, gold, and
PTFE substrates and observed increased water uptake as the surface became more hydrophilic. 155
However, the water uptake was calculated based on the thickness change from ellipsometry rather
than a direct mass measurement like QCM. Modestino, et al. observed 3x greater water uptake in
10 nm thick Nafion® films on SiO2 QCM crystals compared to bulk membranes while films with a
thickness of 50 nm or greater exhibited similar water uptake values when compared to bulk
membranes.156 Suppression of swelling has been observed with decreasing film thickness when
compared to bulk membranes; however, when the film thickness approached a thickness range from
5 nm to 20 nm, the water uptake began to increase on platinum and gold substrates from 5 wt% in
films thicker than 50 nm to 8 wt% in 10 nm films.110 To add confusion to the previously published
work on Nafion® thin films, it was recently determined that a flaw in the SiO2-coated QCM crystals

38
were a source of error in the measured data. Shim, et al. found that the porous nature of sputtercoated SiO2 results in a substantial water uptake that has to be accounted for during thin film mass
uptake experiments leading to inflated water content values reported.157
The water uptake drives the ion conductivity in ionomers and a significant decrease in
conductivity is expected with the reported decrease in water uptake in substrate confined Nafion®
thin films. Siroma, et al. first reported the H+ conductivity of Nafion® thin films fabricated by drop
casting dilute solution on a platinum microelectrode deposited on SiO2 in a 4 point probe
configuration.158,159 Decreasing the film thickness resulted in reduced H+ conductivity with
increased activation energy concluding that an intrinsic change in the material occurred or there
was insufficient water uptake. Modestino, et al. employed impedance spectroscopy to study the H+
conductivity of thin Nafion® films ranging from 4 nm to 160 nm and observed a decrease in
conductivity with decreasing thickness due to a loss of the phase separated morphology that the
conduction pathways rely on.156 Paul, et al. observed a decrease in H+ conductivity from 0.11 mS
cm-1 to 0.005 mS cm-1 at 46% RH and a decrease in H+ conductivity from 0.7 mS cm-1 TO 0.012
mS cm-1 at 95% RH as a result of the structural rearrangement of Nafion® when annealed at 146
°C.160
Noticeable changes in properties and morphology occur in the 50 nm to 70 nm thickness
range for many Nafion® thin film studies. In this thickness range, the swelling ratio, water uptake,
and water diffusion deviates from thin films with thickness values greater than 70 nm.139 Above 70
nm, the material properties tend to change very little, even comparing 100 nm and 300 nm thick
samples. This phenomenon has also been observed in the morphology studies where the scattering
intensity of the hydrophilic domains begins to disappear as the film thickness drops below 50 nm,
indicating that the film did not self-assemble into a phase separated morphology with hydrophilic
domains.110 Paul, et al. studied the polymer/air interface as a function of thickness which also
exhibited this distinct change in properties when the sample thickness approached 55 nm on silicon
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wafers.118 Thin Nafion® films with thickness values greater than 55 nm exhibited a hydrophobic
skin at polymer/air interface but the polymer/air interface switched to highly hydrophilic when the
thickness dropped below 50 nm, as shown in Figure 2-12. This change was not gradual indicating
that the substrate dominates the polymer structure below 55 nm.

Figure 2-12. The proposed thickness-dependent nanostructure of Nafion® thin films.118
With the introduction of thermal annealing, the hydrophobic skin layer eventually appeared
in films as thin as 4 nm with annealing temperatures at 160 °C and 30 nm at 110 °C. 160 Interfacial
confinement limits the phase segregation of the hydrophilic and hydrophobic domains which has
been confirmed by GISAXS and transmission electron microscopy (TEM). TEM showed uniformly
distributed films with reduced domain contrast especially in 10 nm thick films.156
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Chapter 3
Materials and Methods

3.1. Introduction
This chapter introduces the specific ion-containing polymers studied in this dissertation
and describes the characterization techniques employed. The predominant characterization
techniques that were used throughout the dissertation include variable angle spectroscopic
ellipsometry, quartz crystal microbalance, and grazing incidence small angle X-ray scattering.
Project specific characterization techniques include cantilever curvature, atomic force microscopy,
grazing incidence wide angle X-ray scattering, and thermogravimetric vapor sorption analysis. A
custom-built environmental chamber was designed and integrated with a humidity generation
system in order to perform in situ dynamic studies on the ion-containing polymer systems.

3.2. Materials

3.2.1. Sulfonated Polymers
Nafion® EW1100 in H+ form (D 521, Ion Power, New Castle, DE) (Figure 3-1) dispersed
in a mixture of water/1-propanol (5 wt% Nafion® - 45 wt% water - 50 wt% 1-propanol) was
purchased and received no further chemical treatment.
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Figure 3-1. Chemical structure of Nafion® EW1100 in H+ form where m = 6.
Disulfonated poly(arylene ether sulfone) (Figure 3-2) with a 60% degree of sulfonation
(BPS60) was purchased from Yan Jin Technology Co. (Tianjin, China). Figure 3-2 shows the
chemical structure of the BPS copolymer where x is the degree of sulfonation. A 10 wt% polymer
solution was prepared by dissolving BPS60 in dimethylacetamide. The BPS60 solution was filtered
after the polymer was fully dissolved using a 1 m PTFE filter.

Figure 3-2. Chemical structure of disulfonated poly(arylene ether sulfone) where x is the degree
of sulfonation.

3.2.2. Quaternized Polymers
Diblock copolymers continue to be of interest as ion-containing polymers due to the wide
range of block configurations available to target specific properties. Poly(hexyl methacrylateblock-quaternized vinyl benzylchloride) (PHMA-b-QAPVBC, Figure 3-3) was synthesized by
Lizhu Wang, previously of the Michael A. Hickner Research Group.1 Thin films of PHMA-bQAPVBC were prepared to probe confinement effects on the morphological stability of the diblock
copolymer when exposed to different levels of humidity.
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Figure 3-3. Chemical structure of poly(hexyl methacrylate-block-quaternized vinyl
benzylchloride) where the polymer was quaternizaed with a benzyltrimethyl ammonium on the
vinyl benzylchloride moiety.
Lastly, a series of quaternized comb-shaped polymers based on poly(2,6-dimethyl-1,4phenylene oxide) (QA-PPO, Figure 3-3) were synthesized by Liang Zhu from the Michael A.
Hickner Research Group using a prior literature procedure in order to extend the thin film studies
to AEM materials.2,3 Three comb-shaped QA-PPO polymers were synthesized with a pendant nalkyl side chain; referred to as C6D40, C10D40, and C16D40, where Cy represents the total number
of carbons on the side chain and Dx represents the degree of quaternization of the QA-PPO polymer
shown in Figure 3-4. A control polymer was also synthesized, with the same degree of
quaternization but contained no pendant alkyl side chain, referred to as benzyltrimethyl ammonium
QA-PPO (BTMA40).

Figure 3-4. Chemical structure of comb-shaped quaternized poly(2,6-dimethyl-1,4-phenylene
oxide) where x is the degree of quaternization and y is the number of carbons in the n-alkyl side
chain.
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3.2.3. Gold and Platinum-coated Silicon Wafer Fabrication
A silicon wafer (<100> p-type, WRS Materials, Manchester, NH) was employed as the
base substrate for gold (Au) and platinum (Pt) deposition. Chromium (Cr) was first deposited as an
adhesion layer between the silicon wafer and gold. During thermal evaporation, 30 min Cr and 60
min gold or platinum bake outs were performed for contaminant removal. The thermal evaporation
process took place at a base pressure of 7 × 10−7 torr with a deposition rate of 3 Å s−1 until the
thickness of the Cr adhesion layer was 20 nm and the gold or platinum thickness was 50 nm, as
measured using a quartz film thickness monitor.

3.2.4. Carbon-coated Silicon Wafer Fabrication
To mimic the polymer/substrate interactions in the catalyst layer, carbon films were
fabricated on silicon wafers using an established polymer pyrolysis technique.4,5 A silicon wafer
(<100> p-type, WRS Materials, Manchester, NH) was employed as the base substrate for carbon
(C) pyrolysis. A 5 wt% polymer solution was prepared by dissolving polyfurfuryl alcohol in
acetone. The polymer solution was filtered using a 1 m filter followed by centrifugation at 10,000
RPM for 10 min in order to remove contaminants. The filtered solution was spin coated onto a
silicon wafer at 3000 RPM for 2 min and then dried at 40 °C under vacuum for 6 hr. The polymercoated silicon wafer was heat treated in a quartz tube furnace under vacuum with an Argon purge
with a flow rate of 100 std. cm3 min-1 during the entire heat treatment in order to prevent oxidation
of the carbon. The temperature was initially ramped at 2 °C min−1 to 350 °C followed by a 4 h
isothermal hold. The temperature was then ramped at 1 °C min−1 to 500 °C followed by a 4 h
isothermal hold. Then, the temperature was ramped at 5 °C min−1 to 800 °C followed by a 2 h
isothermal hold for pyrolysis. The samples were then cooled at 2 °C min−1 to room temperature.
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The carbon layer prepared using a 5 wt% solution was ~25 nm thick after pyrolysis, as measured
using spectroscopic ellipsometry.

3.2.5. Substrate and Sample Preparation
All substrates were cleaned prior to use. Substrates were submerged in 200 proof ethanol
and placed in a sonicating bath for 20 min to remove surface contamination. The substrates were
then removed from the solvent bath and rinsed with ethanol followed by rinsing with isopropyl
alcohol. Substrates were dried under a dry nitrogen stream and placed in a UV/ozone chamber and
exposed to active UV for 7 min, followed by an additional 30 min of ozone exposure. Thin films
were prepared by dropping 30 L of solution onto a substrate mounted on the spin coater stage at
rest, unless otherwise noted. The substrates were then spun for 2 minutes at the desired speed giving
the surface sufficient time to dry. All films were dried further at 40 °C for 18 hours under vacuum
and then allowed to cool to room temperature while remaining under vacuum. Some samples
recieved an additional step of thermal annealling which is detailed in the polymer specific chapters.
Substrates employed in these studies include 1-inch gold, platinum, and SiO2-coated quartz
crystals, 0.5-inch gold-coated quartz crystals, silicon wafers with the native oxide, and gold and Ccoated silicon wafers. Table 3-1 shows the polymer studied and the substrate used to study the
polymer as a summarization.
Table 3-1. List of polymer samples and the substrates utilized during testing.
Polymer

QCM Crystal
1-inch
SiO2

®

Nafion
BPS60
Comb-shaped QA-PPO
PHMA-b-QAPVBC

Gold

QCM Crystal
0.5-inch
Gold

X

Silicon Wafer
n-SiO2

Carbon

Gold

Platinum

X

X

X

X

X
X
X

X

X
X

X
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3.3. Variable Angle Spectroscopic Ellipsometry

3.3.1. Introduction
Spectroscopic ellipsometry (SE) is a useful nondestructive optical characterization
technique that quantitatively measures the in situ and ex situ material optical properties and
thickness values from sub-nanometers to a few microns when deposited on specular substrate
surfaces.6 The foundation of SE encompasses the polarization behavior of an electromagnetic wave
and the ensuing change in polarization as light travels through a medium and reflected from the
specular surface. The state of polarization of the incident light is described through a matrix
formalism which accounts for the optical response of each component in the beam path from the
light source to the detector while the sample matrix remains unknown which are solved using
optical models to fit the experimental data.7 The matrix formalisms are typically represented using
a 2 x 2 Jones matrix for simple analysis or a 4 x 4 Mueller matrix for advanced analysis. However,
there is no difference between the Jones matrix and Mueller matrix in non-depolarizing samples.8
Ellipsometers typically consist of a light source, polarizer, compensator, polarization
analyzer, and detector as shown in Figure 3-5. More advanced SE systems employ a dual rotating
compensator configuration that is necessary for the 4 x 4 Mueller matrix analysis.8 In principle, the
light source emits light that is randomly polarized (i.e. unpolarized light) which is collimated into
a beam. The unpolarized light passes through the polarizer resulting in linearly polarized light
where the parallel (p-) and perpendicular (s-) components of light are in-phase. The light undergoes
a change in amplitude and phase for both p- and s- polarized light as it travels through the sample.
Compensators with an auto-retarder feature convert the linearly polarized light to a polarized state
that provides a higher level of accuracy and sensitivity to the sample-induced change in
polarization.
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Figure 3-5. Component configuration of a variable angle spectroscopic ellipsometer with a rotating
compensator.7
Figure 3-6 shows the cross-sectional amplitude and phase angle of the s- and p-polarized
light in the x-y plane. Data collected using SE does not directly give the thickness and optical
constants of the material and must be modeled using either empirical relationship such as a Cauchy
or Sellmeier dispersion models or oscillator theory including Lorentz, Harmonic, and Gaussian
oscillators.7 To begin, SE only provides information about the complex amplitude reflectance ratio,
𝜌𝑟𝑒𝑓 ≡

𝑟𝑝
𝑟𝑠

, where rp and rs are the complex reflection coefficients of the p- and s-polarized light,

respectively. Traditionally, ellipsometric spectra are represented by the relative wave amplitude
() (Equation 3-1) and phase shift () (Equation 3-2) which vary as a function of wavelength and
can be related to ref through Equation 3-3.
|𝑟 |

𝛹 = 𝑡𝑎𝑛−1 |𝑟𝑝|

(3-1)

∆= 𝜑𝑝 − 𝜑𝑠

(3-2)

𝑠

𝜌𝑟𝑒𝑓 ≡

𝑟𝑝
𝑟𝑠

=

|𝑟𝑝 | 𝑖(𝜑 −𝜑 )
𝑒 𝑝 𝑠
|𝑟𝑠 |

= 𝑡𝑎𝑛(𝛹)𝑒 𝑖∆

(3-3)

where |rp| and |rs| are the real part of the p- and s- reflection coefficient and p and s are the phase
angle of the p and s wave, respectively.
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Figure 3-6. Schematic cross-section of the polarization ellipse for elliptically polarized light in
reference to  and .8
Optical models to describe the thickness and optical constants were developed and applied
by fitting the measured  and spectra over a wide range of wavelengths with optical models
using the software package CompleteEASE v5.04 (J.A. Woollam, Lincoln, NE). Ellipsometric
spectra were modeled using an analytical expression based on independent parameters to determine
the wavelength dependent complex refractive index (N = n + ik) and thickness from  and  using
the data analysis steps shown in Figure 3-7.
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Figure 3-7. Ellipsometric data analysis flow chart.9

3.3.2. Data Collection and Analysis
Multiple types of substrates and polymers were optically characterized using SE.
Multilayered models were developed in order to identify and independently analyze each layer in
a stacked layer geometry. Each layer of the multilayer optical model must be optically characterized
discretely in order to increase the accuracy of the modeled optical constants and film thickness. By
optically characterizing the substrate prior to thin film fabrication, the experimental  and values
are highly sensitive to any changes in the optical properties of the polymer thin films since the only
unknowns in the formalism are from the polymer. Thus, characterization of bare substrates was
critical. Substrates used in this work include crystalline silicon wafers with native oxide, thermally
evaporated gold and platinum, pyrolized carbon, and SiO2, gold, and platinum-coated quartz
crystals. Parameters in an optical model are fit, providing a unique solution in many cases that
describes the thickness and optical properties of a coating that generates the experimental  and

values measured throughout the spectral range. The model parameters describing the optical
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constants and thickness were fit and optimized through fitting iterations to reduce the mean squared
error (MSE). The calculated  and  values are compared with the experimental  and  values
to determine the MSE using equation 3-4.
1

𝑀𝑆𝐸 = √3𝑛−𝑚 ∑𝑛𝑖=1[(𝑁𝐸𝑖 − 𝑁𝑀𝑖 )2 + (𝐶𝐸𝑖 − 𝐶𝑀𝑖 )2 + (𝑆𝐸𝑖 − 𝑆𝑀𝑖 )2 ] × 1000

(3-4)

where n is the number of wavelengths; m is the number of fit parameters; N, C, and S are parameters
used to describe  and ; and E and M represent experimental and model values. Because of the
breadth of substrates and polymers employed, the specific multilayer models are discussed in more
details in the experimental section of each chapter.
An environmental cell was designed to combine the in situ capabilities of SE for thickness
measurements and quartz crystal microbalance for mass, opening access to correlations in regards
to density. Figure 3-8 shows the schematic drawing the environmental cell. Section 3.4 discusses
the fundamental theory of quartz crystal microbalance and Section 3.9 discusses the controlled
humidity generation. The environmental cell was designed to operate with a 65° incident beam
angle for the SE. Strain-free fused silica windows were placed in the beam path in order to reduce
the window effects and maintain a closed environment. The RH probe (not pictured) was also
placed inside the chamber in order to provide real time environmental conditions. The placement
of the QCM holder in the chamber results in the incident beam reflecting off of the center of the
QCM crystal electrode.
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Figure 3-8. Drawing of the environmental cell employed for simultaneous thickness and mass
uptake measurements.

3.4. Quartz Crystal Microbalance
Quartz crystal microbalance (QCM) is another nondestructive technique employed to
monitor the in situ polymer thin film response to changing humidity of the sample environment.
QCM employs a piezoelectric quartz crystal that oscillates at a resonant frequency when a potential
is applied. The resonant frequency of the quartz crystal will shift based on the mass loading on
crystal substrate, which in this work is a polymer thin film. The resonant frequency of the quartz
crystal is further affected by material changes such as the density, viscosity, and vapor
sorption/desorption. For rigid films, the Sauerbrey analysis is used to calculate the polymer thin
film mass deposited on the quartz crystal electrode surface by assuming that the thin film is an
extension of the underlying crystal, as shown in Equation 3-5.10
∆𝑓 = − 𝐴

2𝑓02
∆𝑚
√𝜌𝑞 𝜇𝑞

(3-5)
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where f is the change in frequency, f0 is the resonant frequency of the bare crystal, A (= 0.402
cm2) is the active area, q (= 2.648 g cm-3) and q (= 2.947 x 1011 g cm-1 s-2) is the density and shear
modulus of the QCM crystal, respectively. It is important that the resonant frequency of every bare
crystal is measured in order to produce accurate results. In the case of this work, each crystal was
allowed at least 30 min to equilibrate before the bare crystal frequency was recorded.
The particular quartz crystals in this work are “AT-cut” at 35° 10’ from the z-axis of the
crystal and are designed for thickness shear measurements.11 There are numerous cuts at different
angles relative to the crystalline axis such as “XY” cut which are designed for flexural testing, as
an example. Quartz crystals are also highly temperature sensitive and so care must be taken that
the crystal is not exposed to large swings in temperature during measurement. The 25 °C AT-cut
quartz crystals employed are designed to operate within a temperature window of 15 °C to 35 °C
without significant frequency deviation.

3.5. Grazing Incidence X-ray Scattering
Grazing incidence small and wide angle x-ray scattering (GISAXS and GIWAXS) blends
features from x-ray scattering and diffuse x-ray reflectivity, overcoming the shortfalls of the
traditional x-ray scattering techniques in transmission, with respect to small sample volumes in a
thin film geometry.12,13 Figure 3-9 shows the GISAXS schematic including the main characteristic
features such as the specular reflection peak (S), Yoneda peak (Y), and direct beam intensity (DB).
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Figure 3-9. Schematic image of the GISAXS scattering geometry.13
In the GISAXS geometry, a sample is positioned with respect to the spatial coordinates x, y, and z
and its azimuthal angle, . The x-ray beam with wave vector, ki, is impinging onto the sample
surface with an incident angle, i, and scattered under an exit angle, f, and an out-of-plane angle,

G. The X-ray beam interacts with electrons that surround the atoms resulting in scattering along
kf and the scattering wave vector, q, where q = (qx, qy, qz) with the components:
𝑞𝑥 =

2𝜋
[𝑐𝑜𝑠(𝛹𝐺 )𝑐𝑜𝑠(𝛼𝑓 ) −
𝜆

𝑞𝑦 =
𝑞𝑥 =

𝑐𝑜𝑠(𝛼𝑖 )]

2𝜋
[𝑠𝑖𝑛(𝛹𝐺 )𝑐𝑜𝑠(𝛼𝑓 )]
𝜆

2𝜋
[𝑠𝑖𝑛(𝛼𝑖 ) +
𝜆

𝑠𝑖𝑛(𝛼𝑓 )]

(3-5)
(3-6)
(3-7)

Measurements usually take place between the critical angle (c) of the substrate, c ~ 0.2 in the
case of a silicon wafer, and of the sample, c ~ 0.14 in the case of polymers, so that the x-rays travel
along the sample surface, this is referred to as the dynamic regime. 13 The interdomain spacing (d)
is calculating using Equation 3-8:
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𝑞=

2𝜋
𝑑

(3-8)

GISAXS and GIWAXS are two closely related scattering techniques and are fundamentally similar
with the exception that GIWAXS measures larger q-values in order to probe microstructural
features such as crystal size while GISAXS probes the morphology.
X-ray scattering patterns detected using GISAXS are dependent on the degree of isotropy
within the morphology, providing information about the degree of ordering in the film, as shown
in Figure 3-10. Films that exhibit isotropic morphologies scatter in such a way that a ring with equal
intensity is detected. However, signatures from parallel oriented lamellae result in stripes at regular
interval spacing along the qz direction. Films that exhibit perpendicular lamellae result in the rodshaped scattering intensity perpendicular to the qp direction. Analysis in the qp or qz direction
provides information about the interdomain spacing and measuring the intensity along the
azimuthal angle gives a distribution of the anisotropy.14 In this work, all q-ranges were calibrated
using a silver behenate standard.

Figure 3-10. Diagram showing the different scattering patterns based on different domain
orientations.
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3.6. Cantilever Curvature
Cantilever curvature was employed to measure the change in stress of a polymer thin film
that was exposed to different degrees of RH. A schematic of the cantilever curvature system is
shown in Figure 3-11.

Figure 3-11. Schematic of the cantilever curvature test set up with an integrated RH control
system.15
Cantilever curvature employs a double sided polished cantilever with one side coated with the
polymer thin film while the second side remains uncoated. The cantilever curvature is measured by
reflecting a HeNe laser from the uncoated side of the cantilever onto a CCD camera acting as a
position detector. The radius of curvature (R) can be calculated using Equation 3-8:
1
∆𝑅

∆𝑑

= 2𝐿𝐷

(3-8)

where d is the change in deflection from 0% RH to the RH setpoint, L is the length of the
cantilever, and D is the distance from the cantilever to the detector. The relationship between the
force per cantilever beam width (Fc) exerted by the polymer coating and the R is related by the
thin film form of the Stoney equation shown in Equation 3-9:16
∆𝐹𝑐 =

𝐸𝑠 𝑡𝑠2
6(1−𝑠 )∆𝑅

(3-9)
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where Es, s, and ts are the Young’s modulus, Poisson’s ratio, and thickness of the cantilever,
respectively. In this configuration, the laser measures only the change in curvature, rather than
absolute curvature, by measuring the in situ deflection. Consequently, Fc is set to zero at the
beginning of the measurement and the technique cannot be used to determine the polymer modulus
in the dry state. The shear modulus (G) can be calculated using Fc and swelling strain in the zdirection (z), as shown in Equation 3-10.
∆𝐹

𝜀𝑧2 + 𝜀𝑧 + 2𝐺𝑡𝑐 = 0
0

(3-10)

where t0 is the dry polymer thickness. The Young’s modulus (E) is calculated using the shear
modulus and Poisson’s ratio of the polymer (p) through Equation 3-11:
𝐸 = 2𝐺(1 + 𝑝 )

(3-11)

3.7. Atomic Force Microscopy
Atomic force microscopy (AFM) is a high-resolution subset of scanning probe microscopy
that employs a micron-scale cantilever probe with a sharp tip. A typical AFM employs a
piezoelectric driver and a position sensitive photo-detector in order to compose an image of the
topography. The tip scans the sample surface with a lead zirconium titanate (PZT) scanner
maintaining the tip either at a constant force or constant height above the sample. During the scan,
a laser beam is reflected from the top of the cantilever into a photo detector which records the
position of the cantilever. The pattern of the cantilever is recorded as height or deflection force by
maintaining either constant force or constant height and rendered into a topographical map that is
representative of the height or other properties such as conductivity, modulus, adhesion, or
magnetism if using specialty AFM tips.
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AFM is typically operated under the umbrella of three operational modes including (i) noncontact mode, (ii) contact mode, and (iii) tapping mode. The three operational modes are
distinguished based on the interaction force between the tip and the sample as shown in the forcedisplacement curve in Figure 3-12. Contact mode occurs in the repulsive force region because the
tip is essentially forced onto the surface and dragged. This mode however is highly susceptible to
dust contamination and sample damage if the contact force is too high, especially in soft materials
like polymers. Non-contact mode happens in the attractive force region where the tip does not
contact the surface at all, rather the topographic image is generated through the attractive interatomic forces between the cantilever tip and the sample surface. Tapping mode combines
advantages of both contact and non-contact AFM by tapping the surface at high frequency to
generate the topographical image. Since the tip does not drag along the surface, the risk of
contamination and sample damage is reduced although if the tapping force is too high then the tip
can penetrate the surface.

Figure 3-12. Inter-atomic force vs. distance curve for AFM.17
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In this work, tapping mode was employed in order to produce topographical and phase
images of the sample surfaces. Topographic mapping was performed by measuring the oscillation
amplitude as a feedback signal where the force was set as constant while the amplitude varies due
to the cantilever tip moving up or down based on the surface height. The height of the cantilever
was slowly lowered to the sample surface in order to gain high resolution images while reducing
the sample damage from the contact. Phase imaging is a subset of tapping mode that provides
nanoscale information on the surface structure that may not be present in the topographic image,
specifically in multicomponent systems where each component exhibits different modulus,
adhesion, or viscoelasticity. Phase imaging was performed by monitoring the phase shift of the
cantilever oscillation relative to the driver signal.

3.8. Humidity Generation
Much of this work is performed in situ (i.e. during hydration) making humidity generation
an important aspect of the characterization techniques. Figure 3-13 depicts the RH generation
system schematic. Controlled relative humidity (RH) was generated by mixing humidified air at
dew point with dry air at ambient temperature which was typically 22 °C. Humid air at dew point
was produced by sparging air in a water reservoir held in a heated water bath at 30 °C. The total
flow rate of dry air supplied from a gas cylinder (<8 ppm H2O) was regulated at a constant flow
rate using electronic mass flow controllers (FMA 5514, Omega Engineering, Stamford, CT) and a
custom LabVIEW (National Instruments Corp., Austin, TX) program. Specific flow rates are listed
in the experimental section of each chapter. Humidity and temperature were measured and recorded
using an Omega HX15-W RH probe (Omega Engineering, Stamford, CT) placed directly in the
sample chamber. This system was generally used on all measurements unless otherwise noted.
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Figure 3-13. Schematic of the RH generation system used in this study, including (1) air input split
into two lines, (2) mass flow controllers control the ratio of air that flows through the wet and dry
stream, (3) dry air is directed into a bubbler held at a temperature of 30 °C to produce air at dew
point, (4) saturated water vapor is condensed in a jar, (5) wet and dry air streams are recombined,
(6) the humidified air is directed to the RH sensor, and (7) the humidified air is directed to the
sample chamber.

3.9. Thermogravimetric Vapor Sorption
When applicable, the water uptake in bulk membrane samples with a thickness of 30 m
was performed using a TA Instruments TGA Q5000SA (New Castle, DE) dynamic vapor sorption
analyzer under varying RH. RH-TGA is fundamentally simple, the high-precision balance
measures the mass of a polymer sample compared to a reference sample where the mass of water
sorbed into the polymer membrane is measured during hydration studies.
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Chapter 4
Substrate Dependent Properties of Nafion® Thin Films

4.1. Introduction
Nafion®, a prominent ion-containing polymer utilized in next-generation energy
conversion and storage,1–4 has been extensively investigated due to the excellent thermal and
chemical stability in electrochemical environments.5 The chemical structure of Nafion® consists of
a hydrophobic polytetratrfluororethylene (PTFE) backbone with a pendant perfluorinated ether side
chain terminated by a hydrophilic sulfonic acid, accounting for ~15 mol% of the Nafion EW1100
polymer, as shown in Figure 4-1.

Figure 4-1. Chemical structure of Nafion® EW1100 in H+ form where m = 6.
Nafion membranes, with thicknesses ranging from 5 to 200 m, function as the ionexchange membrane in proton exchange membrane fuel cells (PEMFCs) and have been the subject
of thorough studies focusing on their structure/function relationship and transport properties.
Ultrathin films of Nafion with a thickness ranging from 4 to 20 nm are also utilized in the the
catalyst layers of PEMFCs, where the key responsibilities include binding the catalyst particles
(e.g., platinum loaded carbon particles) and facilitating ion transport between the active catalyst
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sites and the ion exchange membrane.6–8 The complex structure of Nafion has been investigated
comprehensively in bulk membranes and more recently, under confinement in thin film geometries
using small-angle X-ray scattering and neutron reflectometry techniques.9–12 Bulk membrane
studies have provided the groundwork for understanding how to interpret results from studies on
Nafion in confined geometry; nevertheless, a full understanding of thickness-dependent
structure/properties relationship has still yet to be constructed. Nafion under confinement exhibits
reduced water uptake,8 substrate-dependent morphologies,11 and resistive losses in fuel cells.7
Throughout many of these studies, the orientation of Nafion was inferred using the ionic domain
anisotropy; however, the substrate-dependent molecular orientation has yet to be addressed, more
notably, as the thickness of the polymer is reduced below 50 nm where scattering signatures from
domains dissipate.
Polymer chains are intrinsically anisotropic molecules with the molecular orientation
governing the mechanical,13,14 optical,15 and thermal16,17 properties and become more complex with
decreasing thickness due to polymer/substrate interactions. To date, a number of characterization
techniques have been employed to study molecular orientation including derivatives of Fourier
transform infrared spectroscopy,18,19 near edge X-ray absorption fine structure spectroscopy,20,21
and variable angle spectroscopic ellipsometry (VASE).22,23 VASE is a powerful technique that
measures the polarization of light in order to elucidate the anisotropic optical properties and
thickness of a film that has enjoyed great success as a characterization technique for
semiconductors,24 liquid crystals,25 and has emerged in polymer thin films. Koziara, et al. reported
the relationship between the molecular orientation and internal stresses of sulfonated poly(ether
ether ketone) thin films, another polymer suited for fuel cell applications, using the VASE
technique.22 Through a series of hydration cycles and thin film deposition in multiple solvents, no
noticeable change in the refractive index was observed in the dry films; however, the anisotropy
decreased as the films were swollen with water due to a reduction in stress.
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The Lorentz-Lorenz equation describes the relationship between the average refractive
index and the molecular polarizability and was later expanded by Vuks in order to account for
optical anisotropy observed in crystals, shown in Equation 1:26
𝑛𝑖2 −1
〈𝑛2 〉+2

=

4𝜋
𝑁𝛼𝑖
3

(1)

where ni and i are the principal values of the refractive index and molecular polarizability,
respectively, and subscript “i” refers to the direction of the principal axis (i.e. extraordinary or
ordinary direction), N is the number of molecules per unit volume, and <n> is the average refractive
index. Understanding the molecular structure of Nafion through anisotropy provides insight into
the thickness-dependent structure and properties as the film thickness experiences a greater degree
of confinement; as Nafion exists in the PEMFC catalyst layer. Additionally, throughout a number
of Nafion thin film studies, the substrate dependent structural relaxation when exposed to water
vapor has yet to be addressed and may provide further insight into the origins of observed
anisotropy and the material properties under confinement.
Physical aging due to structural relaxations below the glass transition temperature, Tg, is
responsible for time-dependent changes in material properties, including gas permeability,
mechanical strength, specific volume, and optical properties.27–31 Physical aging arises after rapidly
cooling a liquid to a temperature below its Tg, resulting in a glassy material that possesses excess
configurational entropy (i.e. excess free volume). While in the non-equilibrium glassy state, local
chain segment relaxations accommodate the driving force towards lowering configurational
entropy.31 The aging rate in polymer membranes has been shown to be structure dependent,
including contributions from the backbone stiffness, side groups and branching, and cohesive
energy density.32–34 Nanoconfined polymers prepared either by introducing inorganic nanoparticles
or spin casting a thin polymer film on an inorganic substrate demonstrated physical aging rates that
are dependent on the confinement-induced Tg shift from the bulk polymer value.35 The physical
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aging rate in polymer thin films under confinement that exhibited an increased Tg tend to slow
down the aging rate, while a decrease in the Tg for thin films will accelerate the rate of aging.36,37
In this work, we combine molecular anisotropy measurements performed using variable
angle spectroscopic ellipsometry combined with nanostructure anisotropy analysis performed on
grazing incidence small X-ray scattering patterns to elucidate thickness and substrate dependence
on the molecular orientation of Nafion. The thickness dependent molecular orientation and swelling
were performed on three classes of substrates including metals (platinum and gold), hydrophilic
(SiO2), and hydrophobic (carbon). The impact of the side chain optical constants has not been
studied but can provide information about the orientation of Nafion through a wide thickness range.
Density functional theory (DFT) was employed to approximate the influence of the polymer
backbone and pendant side chain on the measured birefringence values. Using the Vuks equation
for a two component system idealized molecular structures were hypothesized to describe the
observed birefringence values. Unannealed samples were exposed to humidity and the subsequent
structural relaxations were quantified by measuring the decreasing sample thickness after the
humidity was increased and held constant.

4.2. Experimental

4.2.1 Materials
A 5 wt% Nafion® EW1100 solution in water-alcohol mixture (75/20 w/w alcohol/water),
was purchased from Ion Power (DE521, New Castle, DE). For variable angle spectroscopic
ellipsometry measurements, 5 MHz polished gold, platinum, and SiO2-coated quartz crystals
(Inficon, East Syracuse, NY) and pyrolized carbon coated silicon wafers were employed. For
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GISAXS measurements, p-type silicon <100> wafers (SVMI, Santa Clara, CA) with the native
oxide layer (n-SiO2) and thermally evaporated gold were employed as substrates.
For carbon substrates, a 5 wt% polymer solution was prepared by dissolving polyfurfuryl
alcohol in acetone using a pyrolysis process developed by Lee, et al.38 The polymer solution was
filtered using a 1 m filter followed by centrifugation at 10,000 RPM for 10 min in order to remove
contaminants. The filtered solution was spin cast onto a silicon wafer at 3000 RPM for 2 min and
then dried at 40 °C under vacuum for 6 hr. The polyfurfuryl alcohol-coated silicon wafer was heat
treated in a quartz tube furnace under vacuum with an Argon purge with a flow rate of 100 std. cm3
min-1 during heat treatment in order to prevent oxidation of the carbon. The temperature was
initially ramped at 2 °C min−1 to 350 °C with by a 4 h isothermal hold followed by a 1 °C min−1
ramp to 500 °C with a 4 h isothermal hold. Then, the temperature was ramped at 5 °C min−1 to 800
°C followed by a 2 h isothermal hold for pyrolysis. The samples were then cooled at 2 °C min−1 to
room temperature. The resulting carbon layer was 25 nm thick after pyrolysis, as measured using
spectroscopic ellipsometry.
For gold deposition, the silicon wafers were cleaned in a 1:3 (30% H2O2:sulfuric acid)
piranha solution for 20 min and then washed with Millipore-grade water. The silicon wafers were
then mounted in the vacuum deposition chamber and pumped down to a base pressure of 1x10 -6
torr in order to perform a bake out process where chromium was baked out for 30 min followed by
a gold bake out for 60 min in order to remove contaminants. The thermal evaporation process took
place once a base pressure of 7x10-7 torr was achieved. A deposition rate of 3 Å s-1 was maintained
until the chromium and gold thickness was 20 nm and 50 nm, respectively, as measured using a
quartz crystal thickness monitor. Chromium was deposited as the adhesion layer between gold and
silicon.
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4.2.2. Density Functional Theory Calculations
Anisotropic polarizabilities were computed with the Dmol3 package.39,40 Calculations were
performed using the chemical structures representing the Nafion® backbone and side chain with the
directions of polarizability defined, shown in Figure 4-2. The chemical structures for the Nafion®
backbone and side chain were geometrically optimized using the general gradient approximation
(GGA) with the PBE functional and the DNP basis set. The anisotropic polarizability values using
a 589 nm wavelength were calculated using the GGA with the P91 functional and the min basis set.

Figure 4-2. Molecular structures used for DFT calculations with the axes of polarizability defined
for the backbone and side chain.

4.2.3. Polymer Thin Film Fabrication
First, the 5 wt% Nafion® solution was diluted with isopropyl alcohol for spin coating in
order to prepare a range of sample thicknesses on each substrate. The dilute solutions were stirred
for 24 hrs prior to thin film fabrication to ensure homogeneity. The n-SiO2 and gold-coated
substrates were diced into 2.5 cm x 2.5 cm pieces. All substrates were cleaned by sonication in 200
proof ethanol for 30 min and then rinsed with ethanol followed by rinsing with isopropyl alcohol
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and dried under a dry nitrogen stream. Substrates were then placed in a UV/ozone chamber, with
the exception of the carbon substrates in order to avoid oxidation of carbon. The UV was active for
7 min, followed by an additional 30 min of ozone exposure. Thin films were prepared by dropping
30 µL of solution on a substrate at rest and then the sample was immediately spun at 3000 RPM
for 2 min. The coated samples were allowed to air dry for 2 hrs and then placed under vacuum at
40 °C for 16 hrs. Samples employed in the anisotropy study were then thermally annealed at 140
°C for 60 min under vacuum. The oven was cooled to room temperature while remaining under
vacuum before the samples were removed.

4.2.4. Spectroscopic Ellipsometry Measurement
Variable angle spectroscopic ellipsometry measurements were performed using a J.A.
Woollam RC2-XI dual rotating compensator multichannel spectroscopic ellipsometer (Lincoln,
NE). The change in wave amplitude () and phase shift () was measured over the spectral range
of 240 to 1690 nm (5.16 to 0.733 eV) at 55°, 65°, and 75°, totaling 1037  and  datasets per angle.

 and spectra were collected at three location for 30 s at each incident angle. Data collection and
analysis was performed using the supplied software, CompleteEASE v5.01 (J.A. Woollam). The
Nafion® thin film layer was modeled as a Sellmeier layer to extract the refractive index (n) and
thickness, shown in Equation 2:
𝐴∗𝜆2

𝑛2 = 1 + 𝜆2 −𝜆2

𝑘

(2)

where A is the amplitude, k is the resonant frequency and is the wavelength.  and  spectra of
the bare substrates were collected prior to application of the film coating. Within the data analysis
software, the anisotropic optical constants of the films were determined using a uniaxial layer
optical model (nx = ny ≠ nz).
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Anisotropic materials have a refractive index that is dependent on the propagation
direction of light in the material.41 In a film that displays uniaxial orientation, no (= nx = ny) is
referred to as the in-plane refractive index (also termed ordinary) and ne (= nz) is referred to as the
out-of-plane refractive index (also termed extraordinary), as shown in Figure 4-3. The birefringence
(n) is defined as the difference between ne and no (n = ne – no) which is indicative of the average
molecular bond angle. Materials exhibiting a negativen possess a molecular orientation
predominantly parallel to the substrate while a positive n is indicative of the average bond angle
perpendicular to the substrate. In the case of films with n = 0, then the molecular orientation is
termed optically isotropic.

Figure 4-3. The ordinary and extraordinary directions of the anisotropic optical constants.
The swelling of Nafion® prepared on gold, platinum, and carbon was measured in a custombuilt environmental chamber with fused-quartz windows mounted at 65°. Experiments were
performed by holding the samples at 0% RH to remove residual water absorbed from the ambient
environment (~18% RH) prior to data collection. The RH was increased in increments of 25% RH,
with the exception of the 75% RH to 95% RH step. Humidified air was produced by sparging
through a liquid water reservoir. The RH was controlled by mixing a stream of dry air and
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humidified air in different ratios. The flow rates of the dry and wet streams were varied using
electronic mass flow controllers (Omega FMA5514, Omega Engineering, Inc., Stamford, CT) with
a constant total flow rate of 500 std. cm3 min-1. A relative humidity sensor (Omega HX15-W) was
mounted in the environmental chamber to provide immediate humidity feedback. Swelling was
calculated using Equation 3:
% 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 =

𝑡𝑅𝐻 −𝑡𝑑𝑟𝑦
𝑡𝑑𝑟𝑦

∗ 100

(3)

where tRH is the humidity-dependent thickness and tdry is the dry thickness.

4.2.5. Grazing Incidence Small Angle X-ray Scattering
GISAXS measurements were carried out in beamline 7.3.3 of the Advanced Light Source
(ALS) at LBNL, as described previously elsewhere.8 GISAXS patterns were collected at varying
grazing incidence angles, α, between 0.16 and 0.20, which are above the critical angle for the
Nafion film (0.14 to 0.15). Thin-film samples were placed in a custom-built environmental chamber
enclosed with X-ray-transparent Kapton® film and images were taken in ambient and saturated
environments at room temperature. 2D GISAXS patterns were collected with varying exposure
time of 2 to 20 seconds, depending on the substrate and environmental conditions.

4.3. Molecular Anisotropy
The intrinsic birefringence (ni) of the side chain was approximated based on the principles
of Equation 1, the DFT calculated values for the anisotropic polarizability, and the experimentally
measured ni (= 0.045) of PTFE42 with a wavelength of 546 nm. Table 1 shows the approximated
molecular polarizability values for the backbone and side chain molecules in each of the principal
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polarization axes from the DFT calculation. It is important to note that the molecular polarizability
values were not used to calculate the refractive index in this work. The anisotropic molecular
polarizability values were instead used to gauge the potential impact that the sidechain and
backbone had on the measured birefringence values. The polarization anisotropy using the
calculated molecular polarizability values for the backbone and side chain was 40.4% and 43.9%,
respectively. The similar calculated % anisotropy values suggested that the side chain will have a
similar intrinsic birefringence to the PTFE backbone. The estimated value was ni ≈ 0.047 for the
side chain, which was based on a ratio between the calculated refractive index of the side chain
using the Vogel group contribution method and the ni,PTFE, as shown in Equation 4.
∆𝑛𝑖,𝑃𝑇𝐹𝐸
𝑛𝑃𝑇𝐹𝐸

=

∆𝑛𝑖,𝑆𝑖𝑑𝑒 𝐶ℎ𝑎𝑖𝑛

(4)

𝑛𝑆𝑖𝑑𝑒 𝐶ℎ𝑎𝑖𝑛

Table 4-1. Tabulated values for the molecular polarizability and % anisotropy from DFT
calculations and the refractive index from group contribution.

a

Segment

1
(a.u.)

2
(a.u.)

3
(a.u.)

% Anisotropy

n
(589 nm)a

Backbone
Side Chain

124.6
138.5

83.9
91.5

84.4
91.3

40.4
43.9

1.364
1.4179

Calculated values using the Vogel group contribution method with a wavelength of 589 nm.

The birefringence of a two component system can be approximated using Equation 5.43
∆𝑛2𝑛
𝑛2 +2

=

2 −𝑛2
𝑛𝑒,𝑎
𝑜,𝑎
2 +2
𝑛𝑎

(𝑓𝑎 ) +

2
2
𝑛𝑒,𝑏
−𝑛𝑜,𝑏
2 +2
𝑛𝑏

(𝑓𝑏 )

(5)

where a and b are the backbone and side chain, respectively, and f is the volume fraction. Nafion
is composed of ~57.7 vol% backbone and ~42.3 vol% side chain using a density of 2 g cm-3 for
amorphous PTFE44. The difference between ne and no of axially symmetric molecules can be
expressed in terms of the principal axes and the order parameter of the molecular structure, <S>bond,
(Equation 6) also referred to as Hermans order parameter, resulting in Equation 7 and Equation 8.
1

〈𝑆〉𝑏𝑜𝑛𝑑 = ⟨3𝑐𝑜𝑠 2 𝜃 − 1⟩
2

(6)
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where  is the angle of the average bond angle from the z-axis. In the case of the order parameter,
the molecule can be parallel to the substrate (<S>bond = -0.5), isotropic (<S>bond = 0), and
perpendicular to the substrate (<S>bond = 1).
2
3

𝑛𝑒 = ⟨𝑛⟩ + 〈𝑆〉𝑏𝑜𝑛𝑑 ∆𝑛𝑖
1

𝑛𝑜 = ⟨𝑛⟩ − 3 〈𝑆〉𝑏𝑜𝑛𝑑 ∆𝑛𝑖

(7)
(8)

Figure 4-4 depicts five idealized structures of Nafion with the calculated birefringence
values from Equation 5 using the approximated refractive indices with <S>bond = -0.5, 0, or 1 for
the side chain (imaged as the molecular structure) and backbone (imaged as the solid blue line). It
is important to note that the idealized birefringence values were calculated under the assumption
that a perfect crystal prevails with no defects or stresses within the polymer system and were only
used to assist in the interpretation of the measured birefringence. Figure 4-4a shows the structure
that would generate the most negative birefringence in the ideal case, where the backbone and side
chain lay flat on the substrate. As shown in Figure 4-4b, the birefringence approaches 0 when the
side chain is parallel to the substrate and the backbone is perpendicular in a highly ordered fashion.
Figure 4-4c depicts a perpendicular backbone and parallel side chain, opposite of the Figure 4-4b
orientation. The calculated birefringence no longer exhibits optical isotropy due to the greater
backbone volume fraction and the 2/3 contribution of the intrinsic birefringence in the ne
calculation, shown in Equation 7. Figure 4-4d demonstrates a parallel backbone and the side chains
forming in domains. The resulting structure, comprised of a parallel backbone with an isotropic
side chain, yields a negative birefringence. This structure best represents current structural models
of Nafion; however, the proposed structure is parallel to the substrate while membranes exhibit an
isotropic distribution of these domains.45,46 The final idealized structure in Figure 4-4e consists of
both an isotropic backbone and side chain, yielding a birefringence of 0. Although the structure in
Figure 4-4b is anisotropic with a high degree of order and Figure 4-4e is molecularly isotropic, the
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birefringence suggests that Nafion is optically isotropic for either case, which convolutes the
birefringence measurement.
(a)

(b)

(c)

Parallel Backbone (<S> = -0.5)
Parallel Side Chain (<S> = -0.5)

Parallel Backbone (<S> = -0.5)
Perpendicular Side Chain (<S> = 1)

Perpendicular Backbone (<S> = 1)
Parallel Side Chain (<S> = -0.5)

ncalc = -0.023

ncalc = 0.007

ncalc = 0.016

(d)

(e)

Parallel backbone (<S> = -0.5)
Isotropic Side Chain (<S> = 0)

Isotropic Backbone (<S> = 0)
Isotropic Side Chain (<S> = 0)

ncalc = -0.013

ncalc = 0

Figure 4-4. Idealized structures of the polymer chain orientation for Nafion® and the approximated
birefringence values from a two-component system derived from the Vuks equation with (a) both
parallel backbone and side chains, (b) parallel backbone with a perpendicular side chain, (c)
perpendicular backbone with a parallel side chain, (d) parallel backbone with isotropic side chains,
and (e) isotropic backbone and side chain. The backbone is imaged as a blue line and the side chain
is the chemical structure.

84
(a) 90

(b) 360

60

240

30





55°
65°

55°
65°

120

75°

0
100

75°

700

1300

Wavelength

1900

0
100

700

1300

1900

Wavelength

Figure 4-5. Representation of the measured (symbols) and model fit (solid lines) of (a)  and (b)
. Measurements were taken at 55°, 65°, and 75° incident angles.
Figure 4-5a and Figure 4-5b shows the experimentally measured and uniaxial anisotropic
model fit for a 230 nm thick Nafion® film coated on platinum. Figure 4-6 shows the measured
birefringence values at a wavelength of 546 nm, chosen in accordance with the intrinsic
birefringence, for the Nafion® thin films obtained from the VASE measurement. Thickness and
substrate dependent birefringence values were observed on the three classes of substrates.
Birefringence measurements for the Nafion® samples deposited on the gold and platinum coated
substrates exhibited a negative n throughout the experimental thickness range, indicating that the
average bond angle of Nafion® remained parallel to the substrate. Similar birefringence values with
decreasing thickness from 200 nm to 75 nm indicated that the anisotropy underwent little change.
When the thickness of Nafion® was decreased from 75 nm to 30 nm on the metal substrates, the
magnitude of n increased from -0.015 to -0.03, indicative of increased anisotropy. Further
reductions in the thickness resulted in the n value approaching 0, demonstrating an optically
isotropic polymer. However, as the two-component Vuks equation demonstrated, optical isotropy
does not necessarily mean that the molecule is molecularly isotropic especially considering the
complexity of Nafion®. Sulfur containing molecules have an affinity for metallic substrates that
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provide the driving force for the alignment of the Nafion® side chains.47–49 Zimudzi, et al. showed
that in the case of Nafion® on SiO2 and gold, the sulfonate group interacts directly with the substrate
which caused the side chain to align perpedicularly.48
0.02

n

0.00

-0.02
Gold
Platinum
Carbon
SiO2

-0.04
0

100

200

300

Thickness (nm)

Figure 4-6. Measured birefringence of Nafion® thin films on SiO2, gold, platinum and carbon for
different thicknesses with a 546 nm wavelength. The lines only serve as a guide and do not represent
data points.
Nafion® thin films prepared on SiO2 exhibited little thickness-dependent birefringence
where samples between 25 nm to 275 nm thick had a birefringence value of -0.005, indicative of a
nearly isotropic orientation. The 13 nm thick film on SiO2 exhibited a more negative n but
remained close to the measured birefringence values of the Nafion®-coated metal substrates. The
similar n values indicated that the structure is either isotropic or the side chain may have aligned
perpendicularly. As mentioned previously, the sulfonate group has been shown to interact with
SiO2, driving alignment of the side chain to orient perpendicularly with a parallel backbone,
resulting in a similar birefringence as the isotropic morphology in films greater than 25 nm thick,
ultimately hiding the detection of a transition.
The birefringence of the Nafion®-coated carbon samples were the only samples that
exhibited a positive birefringence. The 150 nm thin film was nearly isotropic, similar to Nafion®
prepared on SiO2 in the same thickness regime. Nafion® thin films with a thickness of 75 nm and
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30 nm on carbon were oriented perpendicular to the substrate followed by a rapid transition to a
parallel orientation below 30 nm as observed by the n value rapidly changing from 0.075 to -0.03
for the 30 nm 15 nm thick samples, respectively.
A rapid transition observed in the measured birefringence occurred, near the thickness
values of 25 nm to 35 nm, from highly ordered to near optical isotropy for Nafion samples prepared
on gold and platinum substrates. This thickness regime also corresponds to a reported Kuhn
monomer length of ~25 nm as measured by Matos, et al.50; however, features of this length scale
may be more appropriately referred to a characteristic length of a polymer structure (e.g. rod-like
colloids) rather than the Kuhn monomer length, especially with the difficulty associated with fully
dissolving Nafion in solution.51–53 The Kuhn monomer length is a theoretical treatment of the ratio
between the mean-square end-to-end distance and a fully extended chain.54 This length of
persistence provides details of the bundle rigidity; when the polymer thickness is lower than the
length of the rod-like structure, the bundle only has the option of lying flat as a result of the inability
for the polymer to conform in a perpendicular or isotropic orientation below the persistence length.
The polymer may conform with increasing thickness beyond the persistence length and as a result,
form the characteristic morphologies that are observed in thick films. Polymers under confinement
are also influenced by the substrate, especially below 100 nm.55,56 In strongly interacting
polymer/substrate systems such as Nafion®/gold, the backbone lays parallel as a result of the
sulfonate/substrate interactions driving the side chain to orient perpendicularly. In weakly
interacting polymer/substrate systems, such as Nafion®/carbon, there is no driving force for
alignment beyond the persistence length resulting in the backbone and side chain oriented parallel
to the substrate and may even be a repulsive interaction that drives the perpendicular structure
observed in the birefringence.
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4.4. Relationship Between Molecular Anisotropy and Ionic Domain Anisotropy
Because very different molecular orientations in the two-component system predicted
similar birefringence values, nanostructural anisotropy analysis was performed on GISAXS
patterns of Nafion films deposited on n-SiO2 and gold substrates. To quantify the degree of ionic
domain anisotropy, the intensity (I) of the ionomer scattering ring (q ≈ 1.25 nm-1) was plotted as a
function of the azimuthal angle, , as shown in Figure 4-7a. Correction of the scattering intensity
(Ic) using Equation 9 resulted in the intensity profile shown in Figure 4-7b.
𝐼𝑐 (𝜔) = 𝐼(𝜔)𝑠𝑖𝑛(𝜔)

(9)

Although an angle of 90° corresponds to the qp direction, the correction and analysis is halted at
75° as it corresponds to the Yoneda peak, below which structural information relevant to this
investigation is absent. Nafion fabricated on gold substrates exhibited increased scattering intensity
at low  angles, indicating nanostructural anisotropy, while the film fabricated on the n-SiO2
substrate exhibited isotropic scattering. In fact, when the scattering profiles are normalized with
respect to their maximum values (at  = 75°), the film fabricated on n-SiO2 fell near the same curve
as the theoretical isotropic line.
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Figure 4-7. (a) Scattering intensity as a function of the azimuthal angle for a 200 nm thick Nafion
film on a gold substrate. (b) Normalized scattering intensity after correcting for sin() for a 200
nm and 150 nm thick Nafion film prepared on gold and n-SiO2, respectively, with the theoretical
values for an isotropic film.

High peak intensity at small azimuthal angles indicated that there is a stronger orientation
parallel to the substrate. To quantify the degree of anisotropy, we used the aforementioned Hermans
orientation parameter (Equation (6)) adapted for GISAXS as follows in Equation 10:
1
2

〈𝑆〉𝑑𝑜𝑚𝑎𝑖𝑛 = ⟨3𝜔𝑜𝑟𝑖 − 1⟩
𝜔𝑜𝑟𝑖 = ⟨𝑐𝑜𝑠 2 𝜔⟩ =

𝜋/2

∫0

𝐼(𝜔)sin(𝜔)𝑐𝑜𝑠2 (𝜔)𝑑𝜔
𝜋/2

∫0

𝐼(𝜔)sin(𝜔)𝑑𝜔

(10)
(11)

where ω is the azimuthal angle as defined in Figure 4-7a, ori is the orientation calculated from the
GISAXS profiles. Thus, intensity localized at ω = 0 and ω = 90, correspond to perpendicular and
parallel orientations, respectively, resulting in (theoretical) orientation values of 𝜔𝑜𝑟𝑖 = ⟨𝑐𝑜𝑠 2 𝜔⟩
= 1 and 0, while an isotropic distribution of intensity (I(ω) = constant) leads to 𝜔𝑜𝑟𝑖 = 0.33. Our
calculations based on the GISAXS data, shown in Figure 4-8, yield <S>domain= 0.03 to 0.05 on SiO2
indicating a very isotropic domain distribution. On the Gold substrate, however, <S>domain values
increase with thickness, from 0.15 for the 200 nm film to 0.45 for the 17 nm thick film, indicating
a thickness-dependent structural anisotropy of the ionic domain.
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Figure 4-8. Hermans order parameter for the ionic domains in Nafion-coated n-SiO2 and gold
substrates.

For Nafion on gold substrates, alignment of the ionic domains formed in a parallel
configuration relative to the substrate, as evidenced by an order parameter greater than 0. The order
parameter increased with decreasing thickness, indicating that the influence of the substrate drove
the polymer nanostructure to orient parallel to the substrate with a greater degree. The
nanostructures observed in GISAXS correspond to ionic domains where the formation of side chain
clusters dispersed within the PTFE matrix. The resulting GISAXS and VASE measurements are in
agreement where ionic domains lay flat with decreasing thickness, eventually approaching the
idealized structure shown in Figure 4-4d. A 17 nm thick Nafion sample was analyzed; however,
thin films below 25 nm show signs of nanostructural domain disruption, leading to mixing between
hydrophobic and hydrophilic components making analysis difficult.8 As the thinnest samples are
unable to self-assemble in nanophase domains, the side chain aligns perpendicularly relative to the
substrate. Perpendicular alignment to the substrate corresponds to the idealized structure previously
shown in Figure 4-4b where the side chain alignment contributed to the optically isotropic
birefringence. This molecular model was also in agreement with the molecular model proposed by
Paul et al. by performing a series of water contact angle measurements. 57 The contact angle of
Nafion films decreased as the film thickness approached 50 nm, indicating that Nafion self-
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assembled into a structure containing a hydrophilic polymer/air interface as a result of thin film
confinement.
Nafion films on n-SiO2 exhibited a different trend in the relative degree of anisotropy and
birefringence compared to the metallic substrates. The order parameter remaining nearly 0,
indicative of no thickness-dependent anisotropy. Ionic domains in the thin film on the n-SiO2 layer
showed an isotropic structure compared to films on gold, in agreement with the previously
discussed thickness-dependent birefringence values. With this information, we were able to
determine that the near isotropic birefringence in the thin films is due to the thin film being isotropic
on the n-SiO2 substrate and not highly oriented backbone and substrate above a thickness of 25 nm.
It was difficult to probe below thicknesses less than 25 nm; however, alignment to the n-SiO2
interface may occur as shown by Zimudzi, et al. but the GISAXS and VASE techniques were
inadequate of resolving the molecular structure transition.

4.5. Impact of Anisotropy on Swelling
Swelling measurements on Nafion®-coated gold, platinum, and carbon were performed in
order to examine the effect of the proposed anisotropic effects observed from the birefringence
measurement. Figure 4-9 shows the measured swelling for Nafion® deposited on gold, platinum,
and carbon substrates at 90% relative humidity. It is interesting to note that the swelling
characteristics closely match the molecular orientation trends observed in the birefringence values
for the same thicknesses. Nafion®-coated gold and platinum samples exhibited similar swelling
characteristics throughout the measured thickness range, the measured swelling remained close to
12% for a thickness range from 50 nm to 250 nm, corresponding to the birefringence value of 0.013.
A slight decrease in swelling was also observed as the birefringence approached -0.03 for Nafion®
deposited on the metal substrates suggesting that the thin film was being anchored strongly to the
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substrate while retaining the nanophase separated domains. A rapid change in swelling for Nafion®coated metal substrates with a thickness less than 25 nm was observed, corresponding to the
birefringence value changing from -0.03 to -0.005 in the same thickness range. Swelling of the 12
nm thick samples suggested that the nanophase separated domains no longer persist and a new
structure was formed with side chains oriented perpendicularly to the substrate.
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Figure 4-9. Swelling of Nafion® deposited on gold, platinum, and carbon substrates. Error bars
represent a 5% error of the measured thickness that was propagated through the strain measurement.
The 180 nm thick Nafion®-coated carbon sample exhibited a similar degree of swelling as
the samples prepared on gold and platinum but the carbon sample exhibited a near isotropic
birefringence. Similar swelling characteristics between the Nafion®-coated metal samples and the
Nafion®-coated carbon samples indicated that two the molecular orientations can result in the same
dimensional change as the thickness was increased. The decreased swelling of Nafion®-coated
carbon with decreasing thickness coincided with the perpendicular molecular orientation,
indicating that the orientation restricted the swelling. The increased swelling in the 13 nm thick
sample exhibited increased swelling, corresponding to the birefringence switching from positive to
negative where the parallel structure exhibited greater swelling.
Trends observed in swelling can be understood through the anisotropic mechanical
properties of oriented polymers. The mechanical strength associated with the oriented direction of
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bonding is considerably stronger than the transverse direction due to the difference in strength
between covalent bonds and van der Waals forces.58 In the case of the Nafion®-coated gold and
platinum substrates, the backbone is primarily parallel to the substrate and as a result, the
mechanical strength in the direction of swelling is in the weakest direction. Nafion® exhibited a
parallel structure through the measurement range which was also the origin of the increased
swelling. The increased swelling observed below 25 nm indicated that the perpendicularly aligned
side chains and disordered backbone no longer suppressed the thin film swelling. Reduced swelling
of the Nafion®-coated carbon was related to the perpendicular molecular orientation of the
backbone coinciding with the direction of swelling; the backbone possessed the greatest mechanical
strength thus restricting the degree of swelling. As the thickness decreased, the swelling increased,
corresponding with the switch in molecular orientation. Similar to the birefringence, the swelling
also exhibited a change as the thickness approached the Kuhn monomer length, suggesting that
Nafion® was unable to self-assemble in the traditional ionic domain morphology observed in
membranes.

4.6. Substrate-dependent Physical Aging
Traditionally, physical aging studies are conducted by heating a polymer above Tg followed
by quenching at Tage where the driving force is determined by Tage – Tg = Tage. In this work, we
have adopted the physical aging mechanism to describe the structural relaxation observed in Nafion
thin films upon exposure to water vapor using in-situ spectroscopic ellipsometry (SE) by
monitoring the thickness change. The water vapor is monitored using a relative humidity (RH)
sensor and reported as the % RH. In order to produce high configurational entropy, Nafion was
quenched from solution to solid by rapidly evaporating the solvent; a typical consequence of thin
film preparation. Nafion thin films were deposited on gold, carbon, and silicon wafers with the
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native oxide (n-SiO2) and exposed to humidified air. Swelling measurements provided insight into
the structural influence that substrates have on Nafion by using a strongly interacting metal
substrate47 (gold), interacting non-metallic substrate via hydrogen bonding of silanol groups59 (nSiO2), and a hydrophobic inorganic substrate (carbon). The change in thickness was monitored at
25% RH, 50% RH, 75% RH, and 95% RH. Here we show that Nafion deposited on gold and nSiO2 substrates exhibit a water plasticized structural relaxation as the humidity was increased.
There was no detectable aging found in the Nafion-coated carbon sample. The results presented
allow us to examine the substrate effects of confined Nafion thin films in a manner that is
commonly overlooked in thin film measurements.
Figure 4-10 shows the measured thickness profile of a 188 nm and 162 nm thick
unannealed Nafion thin film deposited on gold and n-SiO2, respectively. Experiments were
performed by holding the samples at 0% RH to remove residual water absorbed from the ambient
environment (~18% RH) prior to data collection. The RH was increased in increments of 25% RH,
with the exception of the 75% RH to 95% RH step. The increasing and decreasing humidity cycles
are referred to as the sorption and desorption cycles, respectively. For both the gold- and n-SiO2coated samples, each humidity step during the sorption cycle resulted in an immediate swelling
response followed by a structural relaxation from aging as demonstrated by a slow decline in the
sample thickness. Thickness values throughout the desorption cycle followed the expected
deswelling response as the humidity decreased, representing the near-equilibrium swelling values
for the Nafion thin film for a given % RH value. Figure 1c and Figure 1d shows the mass uptake
for freshly prepared Nafion films prepared on quartz crystals. Fresh samples were necessary as a
result of the relaxation event only occurring during the initial RH ramp up cycle. Nafion
continuously absorbed water throughout the experimental RH range, indicating that the observed
thickness relaxation in the ellipsometry measurements was not due a desorption phenomenon.
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Figure 4-10. Thickness profiles for a (a) 188 nm thick film on gold and (b) 162 nm thick film on
n-SiO2. Mass uptake profiles for a (c) 140 nm thick film on a gold-coated quartz crystal and (d) 72
nm thick film on a SiO2-coated quartz crystal. The RH is labeled with the blue dashes marking the
RH steps.

The aging rate, , can be calculated based on a number of different dimensional
measurements involving volume and thickness changes. Struik’s original definition of the physical
aging rate was related to the time-dependent specific volume, dV/d(log ta), shown in Equation 12.
1

𝛽 = −𝑉

∞

𝑑𝑉
𝑑(log 𝑡𝑎 )

(12)

where V∞ is the specific volume at equilibrium, V is the measured volume, and ta is the time of
aging. Since polymers confined to a substrate experience the swelling and contraction in a single
dimension normal to the substrate, 1D swelling, the aging rate relation can be written using
Equation 13:
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1

𝛽 = −ℎ

∞

𝑑ℎ
𝑑(log 𝑡)

(13)

where h∞ is the equilibrium film thickness and h is the measured thickness. Baker, et al. showed
that a thickness corresponding to an aging time of 10 min was sufficient in approximating the aging
rate without knowledge of h∞.60 We have adopted the approach of calculating  by normalizing h
to the film thickness corresponding to an aging time for 10 min (h0) in order to describe the
humidity-induced relaxation of Nafion with  calculated from the slope of the time-dependent
thickness.
It is evident from Figure 4-11 that the time-dependent normalized thickness is dependent
on the substrate; the measured  values are tabulated in Table 1. Structural relaxations were
observed in the Nafion-coated gold and n-SiO2 samples, while no reduction in thickness was
detected on the Nafion-coated carbon sample. The relaxation was a direct result of the
polymer/substrate interactions. The attractive interactions attributed to the sulfonate group between
gold and n-SiO2 substrates have been shown to drive the preferential alignment of Nafion parallel
to the substrate, which likely reduced the polymer mobility and slowed the relaxation of Nafion
prior to humidification.48 The fact that no observable structural relaxation was detected when
Nafion on carbon was humidified suggested greater polymer mobility at the polymer/substrate
interface induced relaxation prior to humidification. It is not to say that Nafion did not relax when
coated on the carbon substrate, rather the swelling dominated the measurement.
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Figure 4-11. Time-dependent normalized thickness at 25% RH (■), 50% RH (●), 75% RH (▲),
and 95% RH (▼) for (a) 185 nm Nafion®-coated gold, (b) 162 nm Nafion®-coated n-SiO2, and (c)
190 nm Nafion®-coated carbon samples.
Although aging was observed in both samples prepared on gold and n-SiO2, the Nafioncoated gold sample demonstrated a greater thickness relaxation in response to humidity prior to 10
min which time-dependent normalized thickness failed to display. As shown in Figure 4-10a, the
film thickness of Nafion on the gold substrate was 188 nm prior to humidification followed by a
final dry thickness of 180 nm, whereas Nafion-coated n-SiO2 experienced a thickness decrease
from 162 nm to 160.5 nm. Subsequent increases in RH continued to swell the thin film where a
rapid relaxation was observed on gold. On n-SiO2 substrates, Nafion relaxed more slowly than on
gold substrates. The degree of relaxation suggests that the influence of the polymer/gold
interactions persists into the film thickness and slowing/preventing thin film aging without the
influence of water vapor.
Table 4-2. Measured  values for Nafion® thin films deposited on gold and n-SiO2 at a given %
RH.
Thickness (nm)
165
188
55
27

Substrate
SiO2
Gold
Gold
Gold

Aging Rate (x102)
25% RH

50% RH

75% RH

95% RH

0.6
0.5
1.5
5

0.5
1.5
1.9
2.7

0.47
1.1
2
3.3

1.2
1.2
1.5
3.9

97
The thickness effect on aging was examined using Nafion®-coated gold substrates, shown
in Figure 4-12. Measured aging rates are tabulated in Table 1 for the 27 nm, 55 nm, and 189 nm
thick samples at a given % RH. For each % RH value, the  increased as the thickness decreased.
Moreover,  increased as the thickness decreased suggesting that the thinnest films are frozen
further from equilibrium due to the confinement effect, resulting in a greater relaxation in terms of
thickness during hydration. In general, the aging rates as a function of % RH for a given thickness
demonstrated no obvious correlation.
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Figure 4-12. Time-dependent thickness at 25% RH (■), 50% RH (●), 75% RH (▲), and 95% RH
(▼) for (a) 188 nm, (b) 55 nm, and (c) 27 nm thick Nafion® thin films on gold-coated silicon
wafers.

98
4.5. Conclusions
In conclusion, the thickness-dependence of the molecular orientation of Nafion films was
influenced by the substrate composition in confined geometries. DFT calculations of the anisotropic
polarizabilities for the backbone and side chain components were performed in order to understand
the contribution of the side chain to the optical anisotropy. An idealized system of structures were
hypothesized and using the Vuks equation for a two-component system, the birefringence values
for various Nafion structures were approximated. Three substrates were employed including gold,
platinum, and SiO2. A common thickness range from 25 nm to 35 nm was established where rapid
transitions in birefringence and swelling was observed and was related to approaching length of
persistence for a polymer structure. Nafion-coated metal substrates exhibited a highly oriented
parallel structure with a birefringence value of -0.0175 when the thickness was greater than 50 nm
and also exhibited the greatest swelling. Below 25 nm, the birefringence exhibited a rapid change
from -0.03 to -0.075 suggesting that Nafion self-assembled into a new structure that was
approaching optical isotropy. Nafion-coated SiO2 samples exhibited nearly optically isotropic
birefringence throughout the measurement range with a measured birefringence of -0.05. The 180
nm thick Nafion-coated carbon sample was optically isotropic but transitioned to a positive
birefringence with decreasing thickness. Carbon samples also exhibited a rapid transition in the
birefringence from 0.075 to -0.03 as the 25 nm thickness threshold was crossed indicating that the
molecular orientation transitioned from a perpendicular to parallel structure due to the inability of
the polymer chain to conform. The measured swelling of Nafion on carbon substrates was
suppressed due to the perpendicular orientation of the backbone providing greater mechanical
strength. Nanostructural anisotropy analysis of GISAXS patterns collected of Nafion-coated gold
and SiO2 substrates showed agreement with the isotropic morphology and the increasingly
anisotropic morphology of samples prepared on SiO2 and gold, respectively.
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Humidity-induced physical aging measurements were performed on Nafion® thin films
deposited on gold, carbon, and n-SiO2 substrates to study the polymer/substrate interactions
influence on Nafion® thin films exposed to water vapor. Physical aging, as demonstrated by a
reduction in thickness over time, was present for samples deposited on gold and n-SiO2 substrates
but were not observable on carbon substrates. By considering the polymer/substrate interactions in
the thin films, it was determined that interactions between Nafion® and gold slowed the eventual
structural relaxation in unannealed samples. In order for the rapid structural relaxation to occur,
water had to be added to the system in order to plasticize the polymer. Aging was observed in
Nafion® prepared on n-SiO2 but exhibited a slower aging rate and smaller overall changes in
thickness between the unrelaxed thickness and the near-equilibrium thickness during the desorption
cycle when compared to gold; suggesting that the Nafion® structure on n-SiO2 was in a more
relaxed state. The weaker interactions in the Nafion®-coated carbon sample did not restrict the
structural relaxation which resulted in the physical aging process taking place prior to the
experiment. The Nafion®-coated gold exhibited a clear thickness dependence with increasing aging
rates as the film thickness was decreased. Attractive interactions froze Nafion® in a state of high
configurational entropy indicated by the increased aging rate with decreasing thickness.
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Chapter 5
Probing the Dynamic Morphology Transition in Cationic Diblock Copolymer
Thin Films

5.1. Introduction
Polymeric thin films that experience interfacial confinement are of interest due to their
distinctive physical properties and morphologies when compared to their bulk counterparts. The
effect of thin film confinement has been detected in the glass transition temperature (Tg),1–4 swelling
kinetics,5,6 water uptake,6,7 and morphology8,9 of both neutral and ion-containing polymers.
Ionomers (e.g. Nafion®, poly(styrene sulfonate) and sulfonated poly(sulfone) as outstanding
examples) are primarily responsible for facilitating ion transport in fuel cell,10,11 battery,10 and water
treatment12 applications. As a result, a large knowledge base of bulk charged polymer membrane
properties has been developed over the last three decades. The focus on ionic polymer properties
in bulk membranes, with thicknesses of 10 m or greater, has recently shifted towards the inclusion
of thin films, with thicknesses less than 100 nm, that are influenced by substrate confinement. Fuel
cells employ ion-containing thin films as the catalyst binder in the electrode where the thin films
in a confined geometry contribute to the uniquely different properties.13 Improving the performance
of electrochemical devices is contingent upon developing a better understanding of these materials
in application-relevant environments.14,15
Water uptake and conductivity studies on Nafion® thin films under confinement have
shown a significant depression in the total water content of swollen thin films compared to bulk
membranes, and consequently, lower ion conductivity values were reported.6,7 Although Nafion®
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remains a workhorse for proton exchange membrane (PEM) fuel cell development, the high cost
of platinum-based catalysts has continually prevented the widespread commercialization of acidic
fuel cells. As a result, anion exchange membranes (AEM) are being developed to provide a low
cost solution for fuel cell-based energy conversion, benefitting from platinum-free catalysts such
as Fe, Co, and Ag.11
High ion conductivity and mechanical integrity are two key material properties for AEM
and PEM-based technologies and are both correlated to the polymer water content. While high
water uptake facilitates high ion conductivity, the water also plasticizes the polymer leading to a
reduction in the material strength; therefore, a balance between ion conductivity and mechanical
properties must be maintained when developing prospective membranes. One method of improving
the material properties involves synthesizing block copolymers that incorporate a high modulus
structural block and a highly functionalized ionic block that facilitates ion transport.16 Additionally,
AEMs under dry conditions result in cracking and poor performance as a result of the brittleness,
but the membrane fragility can be circumvented through incorporation a low Tg flexible block, as
was done in this work. These cationic block copolymers play an important role in next-generation
membranes and electrode interfaces for AEM fuel cells due to their tunable chemical and structural
configurations. In model polymer systems, ordered sulfonated block copolymers yielded increased
ion conductivity when compared to their random copolymer analogs that lacked well-defined
order.15,16 Disabb-Miller, et al. showed that ionic species in AEM and PEM polymers, with the
same backbone, experience similar morphological barriers by normalizing the experimental ion
diffusivity to the dilute solution ion diffusivity for OH- (AEM) and H+ (PEM).17
Due to the orientation dependent nature of ion conductivity in block copolymers, the ability
to precisely control morphology, orientation, and connectivity of the domains provides a set of
tools for enhancing electrochemical device performance. Controlling the block copolymer phaseseparated morphology is possible through multiple facets, including solvent vapor annealing and
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block volume fraction.9,18,19 Paik, et al. performed in situ grazing incident small angle X-ray
scattering (GISAXS) on cylinder-forming poly(R-methylstyrene-block-4-hydroxystyrene) using
block preferential solvent vapor annealing resulting in self-assembly of alternative morphologies
from those dictated by the dry block volume fraction while non-preferential solvents led to a
swollen polymer that retained the initial morphology.20 Control of the morphological phase does
not always translate to preferential domain alignment. Magnetic fields,21 electric fields,22,23
substrate interactions,8 and shear flow24,25 techniques have been employed in order to induce longrange ordered morphologies in block copolymers. Majewski, et al. and Park, et al. demonstrated
the influence of the phase-separated morphology in block copolymers on the ion conductivity in
parallel, random, and perpendicular orientations relative to the electrodes.22,26 Ion conductivity was
the greatest when the block copolymer adopted a hexagonal morphology followed by lamellar
arrangements, provided the alignment was perpendicular to the electrodes; the measured
conductivity progressively decreased as the alignment became parallel to the electrodes. The
stability of these phase-separated morphologies in application-relevant environments (e.g. high
humidity), where water can result in swelling and solvent annealing effects, must also be evaluated
when developing new materials.
In this chapter, the influence of humidity on the thin film morphology of a quaternary
ammonium functionalized diblock copolymer poly(hexyl methacrylate-block-quaternized
vinylbenzyl chloride) (PHMA-b-QAPVBC), shown in Figure 5-1, was investigated. Atomic force
microscopy (AFM) and grazing incidence small angle x-ray scattering (GISAXS) techniques were
employed in order to determine the as-cast and post-hydrated morphologies. The polymer water
content was pinpointed as the critical factor when the morphology of the as-cast film underwent a
water-sorption induced morphological transition. The transition was observed by monitoring the in
situ refractive index and thickness from spectroscopic ellipsometry (SE) and mass uptake from
quartz crystal microbalance (QCM) during the RH cycling experiment. The 301 nm and 31 nm
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thick samples experienced the morphological transition at different water contents, alluding to thin
film confinement effects on the polymer.

Figure 5-1. Chemical structure of PHMA-b-QAPVBC (R = C6H13, n = 60, and m = 111).

5.2. Experimental

5.2.1. Materials
For GISAXS, single side polished <100> silicon wafers (SVMI, Santa Clara, CA) were
used as substrates. For QCM, SE, and AFM measurements, 5 MHz SiO2 coated quartz crystals
(Inficon, East Syracuse, NY) were used. Synthesis of PHMA-b-QAPVBC was performed utilizing
RAFT polymerization as follows27: a stirring mixture of hexyl methacrylate (23 g, 0.135 mol), 4Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDP) (618 mg, 1.5 mmol) and
2,2′-Azobis(2-methylpropionitrile) (AIBN) (50.4 mg, 0.3 mmol) was bubbled with argon and
immersed in a preheated oil bath at 60 °C until the mixture reached high viscosity. The reaction
solution was quenched by liquid nitrogen, warmed to room temperature, diluted with
tetrahydrofuran and precipitated three times from a large amount of methanol. The polymer was
recovered by filtration and dried in vacuo to give the poly(hexyl methacrylate) macroinitiator
(Macro-PHMA60, Mn GPC = 10.9 kg mol-1, Mw/Mn = 1.14, Mn NMR = 10.2 kg mol-1) as a viscous light
yellow liquid. The mixture of Macro-PHMA60 (6.6 g, 0.65 mmol), vinylbenzyl chloride (14.52 g,
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95.1 mmol), and AIBN (21.7 mg, 0.13 mmol,) and benzene (9 mL) was degassed by argon for 30
min and placed in a preheated oil bath at 60 °C for 24 h. The resulting polymer was purified three
times by precipitation from excess methanol and dried in vacuo to give PHMA60-b-PVBC111 (Mn =
19.5 kg mol-1, Mw/Mn = 1.12) as a light yellow solid with a theoretical ion exchange capacity of
2.04 meq/g. The average number of the second block was calculated based on 1H NMR of the block
copolymer.

5.2.2. Thin Film Preparation
A 10 wt% and 1 wt% polymer solution was prepared by dissolving PHMA-b-QAPVBC in
a 65:35 (v:v ratio) mixture of toluene:1-propanol, and the solution was stirred at room temperature
for 1 week. Silicon wafers with the native oxide layer (n-SiO2) were diced into multiple squares
(30 mm x 30 mm) for polymer spin coating. In order to remove any surface contamination, n-SiO2
and SiO2-coated QCM crystals were submerged in 200 proof ethanol and placed in a sonicating
bath. After 20 min of sonication, the substrate pieces were removed and rinsed with ethanol
followed by rinsing with isopropyl alcohol. Substrates were dried under a dry nitrogen stream and
placed in a UV/ozone chamber with UV exposure for 7 min followed by an additional 30 minutes
of ozone exposure. For polymer thin film fabrication, a bare substrate was placed on the spin coater
chuck and purged with dry nitrogen air for 5 min prior to spin casting. Using either the 10 wt% and
1 wt% solution, 30 µL was placed at the center of the substrate surface at rest and spun at a constant
rate of 3000 rpm for 2 min. Identical procedures were used for thin film fabrication on all n-SiO2
and QCM crystal substrates. It is important to note that a dry air purge is necessary prior to spin
casting. The samples were dried at 40 °C for 18 hours under vacuum and allowed to return to room
temperature before removal. The 10 wt% and 1 wt% solutions resulted in sample thicknesses of
301 nm and 31 nm, respectively. Thin films prepared in a dry environment (RH < 20%) exhibited
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a transparent uniform thin film, while thin films prepared above 20% RH resulted in rough films
that were unable to be fully characterized due to excess light scattering from the rough sample
surface.

5.2.3. Atomic Force Microscopy
To characterize the surface morphology of the diblock copolymer thin films, AFM height
and phase images were obtained in tapping mode using a Bruker Dimension Icon (Billerica, MA).
Images were recorded over a 1 μm x 1 μm area using a Bruker NCHV probe. AFM surface scans
were made prior to and post hydration on SiO2-coated QCM crystals ex situ at ambient temperature
and humidity. The AFM surface images were analyzed using the supplied software, Nanoscope
(v1.41, Bruker Corp.).

5.2.4. Grazing Incidence Small Angle X-ray Scattering
GISAXS measurements performed on PHMA-b-QAPVBC thin films employed silicon
wafers with a 1.7 nm thick native oxide layer. One sample was stored in a dry environment after
thin film fabrication while a second sample was exposed to humid air in a sealed container with an
open vial of water for 1 hr prior to GISAXS characterization. The GISAXS scattering images were
collected at an incident angle (α) of 0.18°, which is lower than the silicon critical angle of α = 0.2°.
All x-ray scattering experiments were performed at beamline 7.3.3 of the Advanced Light Source
at the Lawrence Berkeley National Laboratory. Sample to detector distance was approximately 1.8
m for the GISAXS configuration. Exposure time for the collected images was 20 s with an X-ray
energy of 10 keV and a monochromator energy resolution, E/dE, of 100. Patterns shown were
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acquired with a 2D Dectris Pilatus 1M CCD detector (172 µm x 172 µm pixel size) with the qrange calibrated using a silver behenate standard.

5.2.5. Water-Uptake Measurements.
Water uptake was measured by simultaneously using SE for measuring optical properties
and thickness and QCM for measuring mass. In situ monitoring of film thickness and refractive
index under varying relative humidity (RH) was performed using a J.A. Woollam RC2-XI dual
rotating compensator multichannel spectroscopic ellipsometer (Lincoln, NE). The ellipsometric
parameters wave amplitude () and phase shift () were measured over the spectral range of 240
nm to 1690 nm (0.73 - 5.17 eV) at an incident angle of 65°, totaling 1037 wavelengths per
measurement. Ellipsometric data collection and analysis were performed using the supplied
software, CompleteEASE (v5.01, J.A. Woollam). The multilayer optical model for the n-SiO2
included silicon as the substrate with a 1.7 nm native oxide layer measured prior to polymer thin
film fabrication. The multilayer optical model for the SiO2 coated QCM crystal was gold as the
substrate followed by titanium, TiO2, and then SiO2 as the surface layer, the  and  were measured
prior to thin film fabrication. The PHMA-b-QAPVBC thin film was modeled as a Cauchy layer to
determine its thickness and refractive index. Mass uptake was measured using an Inificon RQCM
(East Syracuse, NY) and Sauerbrey analysis. The QCM crystal baseline frequency was measured
prior to spin coating in a sealed container until the frequency stabilized at room temperature.
Simultaneous SE and QCM measurements were performed by placed the QCM holder in the
incident light path using a custom-built environmental chamber with strain-free fused silica
windows set at 65°.  and  spectra were collected without and with the chamber installed in order
to account for window effects.
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Humidified air at dew point was produced by sparging an air stream through a liquid water
reservoir. The RH was controlled by mixing a stream of dry air and humidified air in controlled
ratios using electronic mass flow controllers (Omega FMA5514, Omega Engineering, Inc.,
Stamford, CT) with the total flow rate held constant at 500 std. cm3 min-1. A relative humidity
sensor (Omega HX15-W) was mounted in the environmental chamber to provide real-time
humidity and temperature feedback.

5.3. Morphology
AFM images of the as-cast and post-hydrated 301 nm and 31 nm thick films, shown in
Figure 5-2, revealed a morphological rearrangement after exposing the samples to water vapor
(88% RH). In phase imaging mode, the dissimilar viscoelastic properties of PHMA and QAPVBC
provided contrast showing the distinct polymer phases; light segments and dark segments are
PHMA and QAPVBC, respectively. Corresponding height images are shown in Figure A.1 The
average interdomain spacings for the 301 nm and 31 nm thick films was 27.5 nm and 25.5 nm,
respectively, as determined from AFM line profiles, Figure A.2. The average interdomain spacing
values from the AFM line cuts are tabulated in Table 5-1. The samples were placed in the custombuilt environmental chamber and the RH was swept from 0% to 88% to 0% RH at an average rate
of 0.88% RH/min. In the case of the 301 nm and 31 nm thick samples, a uniform surface layer with
no discernable features was observed after humidification. Uniform surface layers in block
copolymers suggest that the sample thickness is near the commensurate thickness, in other words,
the film thickness was near the polymer domain spacing.28 Block copolymer thin films form islands
when the thickness is not commensurate in order to mitigate chain compression/stretching. The
PHMA phase was anticipated to be either lamellar or cylindrical within a QAPVBC matrix on
account of the block volume fractions equaling 0.3 and 0.7, respectively.29 However, since a
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volume fraction of 0.7 is near the boundary of the lamellar and hexagonal/cylindrical phases, the
equilibrium morphology was difficult to anticipate without additional characterization.

As-cast

Post-Hydration

3
0
1
n
m

3
1
n
m

Figure 5-2. AFM phase images of the 301 nm and 31 nm as-cast and post-hydrated PHMA-bQAPVBC thin films under ambient conditions – scale bars are 200 nm. All image colors are scaled
to the same phase range.
Table 5-1. Tabulated interdomain spacing averages from five AFM phase image line cuts with one
standard deviation.
Sample
Thickness
301 nm
31 nm

1
26 ± 13
29.5 ± 14.1

Interdomain Spacing (nm)
2
3
4
26.7 ± 16
33 ± 12
26.8 ± 12
23.8 ± 10
30.6 ± 13.5
23.7 ± 7.57

5
24 ± 12
22 ± 10

Average
27.5 ± 12
25.5 ± 11

In order to elucidate the PHMA-b-QAPVBC morphology in the bulk and to relate the
surface morphology to the inner morphology, GISAXS experiments were performed on samples
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prepared using an identical sample fabrication process to the samples studied using AFM. Figure
5-3a shows the 2D GISAXS patterns for the 301 nm and 31 nm thick samples collected under
ambient conditions (33±1% RH). The scattering patterns demonstrated a morphological transition
in response to exposing the as-cast films to water vapor. Figure 5-3b illustrates the morphology of
the as-cast and post-hydrated films. The most notable change in the scattering patterns were the
formation of high order scattering peaks in the post-hydrated samples compared to the as-cast.
Evidence from the AFM scans in Figure 5-2 indicated perpendicular lamellae or parallel cylinders.
No observable scattering from perpendicular features in the GISAXS patterns were present,
confirming the cylindrical morphology of the as-cast samples. After the 301 nm thick sample was
humidified, the scattering pattern demonstrated four scattering peaks along the qz direction.
Scattering from the 31 nm thick as-cast sample consisted of a single broad scattering peak, between
qz = 0.45 nm-1 and qz = 0.85 nm-1, as a result of randomly ordered domains with a very broad size
distribution. After exposing the 31 nm thick sample to 88% RH, two scattering peaks along the qz
direction appeared. The appearance of multiple higher order peaks in the qz direction is the result
of ordered structures forming parallel to the substrate for the 301 nm and 31 nm thick samples.
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Figure 5-3. (a) 2D GISAXS patterns for the as-cast and post-hydrated PHMA-b-QAPVBC thin
films under ambient conditions. Red represents the highest intensity and blue represents the lowest
intensity. (b) Three dimensional morphological representation of the as-cast and post-hydrated
films.
Figure 5-4 shows the intensity profile along the qz direction generated from the 2D images
by averaging the intensity over a 9 pixel wide region across the qp direction starting at the beamstop.
The 1D line cuts for the 301 nm (Figure 5-4a) and 31 nm (Figure 5-4b) thick PHMA-b-QAPVBC
films in the qz direction demonstrate the morphology transition from cylinders in the as-cast
samples to a parallel lamellar structure after exposure to water vapor. The scattering peak at qz =
0.23 nm-1 is due to reflections from the substrate, while the scattering peak at qz = 0.275 nm-1 is
referred to as the Yoneda peak.30 Using the q-value for the substrate, 0.23 nm-1 was subtracted from
all peak values in order to determine the interdomain spacing and higher-order scattering peak
intervals. The interdomain spacing (d = 2π/qpeak) for the as-cast and post-hydrated 301 nm thick
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sample was 26 nm (q1z = 0.24 nm-1) and 29 nm (q1z = 0.21 nm-1), respectively. A second order peak
in the as-cast film was observed at qz = 0.41 nm-1 which was a √3 peak associated with the scattering
from the parallel cylindrical morphology buried below the polymer/air interface. The broad peak
indicated that the PHMA cylinders were not of a consistent size. Scattering for the 301 nm thick
post-hydration sample contained second, third, and fourth order peaks at equally spaced intervals
with peak positions at q2z = 0.42 nm-1, q3z = 0.63 nm-1, and q4z = 0.84 nm-1. The equally spaced
scattering peaks in whole number intervals is indicative of a long range lamellar morphology
oriented perpendicular to the substrate.31 The 31 nm as-cast thin film structure exhibited a broad
scattering peak indicative of a low order morphology followed by the appearance of two scattering
peaks at q1z = 0.36 nm-1 (d = 17.4 nm) and q2z = 0.71 nm-1 (d = 8.8 nm) in the post-hydrated sample.
It is unlikely that a single lamellar slab will produce a higher ordered scattering peak, indicating
that an asymmetric lamellar film formed resulting in two scattering peaks.
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Figure 5-4. Intensity profiles of the 2D GISAXS for (a) 301 nm and (b) 31 nm PHMA-QAPVBC
thin films – the first peak in all scattering patterns is due to the specular reflections with the substrate
beginning at qz = 0.23 nm-1.
The loss of the cylindrical morphology was unexpected due to the PHMA-b-QAPVBC
block volume fractions falling within the region typically associated with cylindrical morphology
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in conventional block copolymers. Wang, et al. showed that ion-containing block copolymer
morphologies do not completely align with the traditional neutral block copolymer phase diagram
resulting in unexpected morphologies for charged polymers.32 Electrostatic interactions between
the ionic groups contribute to the block copolymer self-assembling in lamellar morphologies in
block copolymers with ionic block volume fractions greater than 0.7. In this case, processing
influenced the as-cast thin film morphology due to the volatile solvents rapidly evaporating
resulting in a kinetically trapped morphology for the PHMA-b-QAPVBC sample. Slowly
increasing the RH, which is akin to solvent annealing, allowed the morphology to equilibrate
resulting in a lamellar morphology whereas rapidly evaporating the solvent resulted in the
cylindrical morphology.

5.4. Dynamic Morphological Transition
During in situ humidity cycling experiments, the RH at the morphological transition was
determined by monitoring inflection points in the density () and refractive index (n) data. Swelling
in polymer thin films confined to a substrate is expected to be one-dimensional and was treated as
such in this work.33 In order to illustrate the transition period, results from mass (mQCM) and
thickness (tSE) measurements were used to calculate density (Equation 1) and refractive index was
measured using spectroscopic ellipsometry.
𝜌=

𝑚𝑄𝐶𝑀
𝑡𝑆𝐸

(1)

Shim, et al. established that the porous nature of the SiO2-coated QCM crystals led to
absorption of enough water to yield erroneous results in the measured mass uptake and Kushner, et
al. established the influence of water on the refractive index of the porous SiO2 layer in the optical
modeling.34,35 Due to the absorption of water in the QCM crystals, the refractive index and water
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uptake was corrected for the water in the SiO2 coating, further details can be found in the Appendix
A.
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Figure 5-5. Density of the a) 301 nm thick film and b) 31 nm thick film and the measured refractive
index of the c) 301 nm thick film and d) 31 nm thick film during RH cycling. The black lines mark
the beginning and end of the morphological transition and the blue line represents the % RH value
where the Tg was estimated for the Kelley-Bueche equation.
As anticipated, the refractive index decreased as the polymer absorbed water (nH2O = 1.33)
and the density of the polymers increased due to strong partial molar volume effects of water in the
dry polymer. The 301 nm thick film had a greater density than the 31 nm thick film which was in
agreement with the measured refractive index difference between the two samples. The refractive
index, described by the Lorentz-Lorenz relationship, is governed by the number of molecules per
unit volume, therefore the reduced density and refractive index of the 31 nm thick film compared
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to the 301 nm thick film were in agreement. The dynamic morphological transition was observed
in the measured density of the 31 nm thick film but the refractive index lacked the same inflection
that was demonstrated in the 301 nm thick sample. As film thickness decreased, the refractive index
difference between RH cycles became more difficult to resolve and no obvious evidence of the
transition was observed in the 31 nm thick sample. Three stages during the morphological transition
were apparent in the measured density and refractive index throughout the experimental humidity
range from 0% to 88% RH.
During swelling, Stage 1 indicated the regime in which the cylindrical morphology
remained unchanged as the film swelled with water. In the case of the 301 and 31 nm thick samples,
this regime began at 0% RH and ended at 64% RH and 41% RH on the left-hand side of the plots
in Figure 5-5, respectively. The differences between the measured density and refractive index for
cycle 1 and cycle 2 remained constant at low RH, indicating that no dynamic structural changes
occurred during stage 1 of hydration.
Stage 2 during water vapor swelling refers to the regime where the polymer exhibited the
dynamic morphological transition from the cylindrical morphology to the lamellar morphology.
Transitions in the samples were distinguished by inflections of the measured properties in cycle 1
at 64% RH and 39% RH for the 301 nm and 31 nm thick samples, respectively. Changes in density
and refractive index were associated with water plasticizing the hydrophilic QAPVBC block,
consequently, mobile chains rearranged from the cylindrical morphology to the parallel lamellar
morphology – as observed in the GISAXS results. The structural rearrangement ended when the
density and refractive index of cycle 1 and cycle 2 overlapped. Due to the effect of confinement on
the material properties, the 31 nm thick film demonstrated the dynamic morphological transition at
lower water content and RH. The transition period occurred when the total water content was 10
vol% from SE (15 wt% from QCM) followed by completion at 14 vol% (23 wt%) for the 301 nm
thin film. The transition period for the 31 nm thick thin film began at 7 vol% (9 wt%) and was
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completed at 11 vol% (16 wt%).
Stage 3 marks the RH range where the density and refractive index of the samples were
similar between cycle 1 and cycle 2. During this stage, the cylindrical morphology was no longer
present, as determined by GISAXS. It is clear that the parallel morphology persisted beyond the
initial change observed in the first humidity cycle due to overlapping density and refractive index
values for cycles 1 and 2. In accordance with the increased free volume of a polymer above Tg, the
density for the 301 nm thick sample decreased with increasing water content. The density plot of
the 31 nm thick sample demonstrated a change in slope indicating a change in the structure, the
slope never changed to negative, conflicting with the 301 nm thick sample. It was likely that the
density of the 31 nm sample was too low from the start to exhibit the reduced density expected with
the Tg.
To rationalize the morphology change observed as the samples were exposed to water
vapor, volume-based Tg calculations using the Kelley-Bueche equation were used to estimate the
Tg due to water plasticization of PHMA-b-QAPVBC samples. The humidity-induced Tg for the 301
nm thick sample was set as the maximum density of cycle 2, as marked in Figure 5-5a with the blue
line. The humidity-induced Tg for the 31 nm thick sample was set as the point where the slope for
the density increased in cycle 2, as marked in Figure 5-5b with a blue line. PHMA has a Tg of 1 °C
and is not expected to uptake water due to the hydrophobic nature of the polymer.17,36 The measured
water content was determined to be 17 vol% at 75% RH and 13 vol% at 46% RH in the QAPVBC
block for the 301 nm and 31 nm thick samples, respectively. With water only interacting with
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QAPVBC and 1D swelling, the water volume fraction used in the Tg calculation was determined
using Equation 2:
𝜑𝑤 = 1 −

𝜑𝑄𝐴𝑃𝑉𝐵𝐶 ∗𝑡0
𝑡𝑅𝐻 −(1−𝜑𝑄𝐴𝑃𝑉𝐵𝐶 )∗𝑡0

(2)

where φw is water volume fraction, φQAPVBC is the QAPVBC polymer volume fraction, t0 is the dry
thickness, and tRH is the RH dependent thickness. The QAPVBC content was 70% by volume of
the block copolymer with a density of 1 g cm-3.
Kelley-Bueche theory accounts for the free volume contribution of the diluent which
permits chain mobility.37 In the case of ionic polymers, the volume of mixing effect caused by
water/acid interaction results in a greater number of water molecules present in the system for
inducing chain mobility compared to neutral polymers. Due to the negative volume of mixing,
mass-based theory is not applied to this system as a result of the increased mass uptake with
marginal volume gains. The measured water content in the QAPVBC phase was applied to the
Kelley-Bueche equation shown in Equation 3:
Tg =

Rφ1 Tg1 +φ2 Tg2
Rφ1 +φ2

(3)

where φ1 and φ2 are volume fractions for QAPVBC and water, respectively, and Tgi is the glass
transition of pure component i (Tg1 = 113 °C and Tg2 = -139 °C).17 R ≡ α1/α2, with αi as the thermal
expansivity difference between liquid and glass phase of component i (α1 = 4.8x10-4 and α2 = 103

). The calculated Kelley-Bueche Tg for the 301 nm was 38 °C with a water content of 17 vol% and

the 31 nm sample was 51 °C at 13 vol%, while the experimental temperature was 22 °C. Figure 5-
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6 illustrates the departure of the experimental temperature and the water content at the observed Tg
from the in situ measurements compared to the calculated Kelley-Bueche Tg values for QAPVBC.
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Figure 5-6. Calculated Tg using the Kelley-Bueche theory plotted with the experimental water
content and temperature.
Thickness confinement effects on the Tg of conventional homopolymers1 and random
copolymers38 have been explored; however, supported block copolymer thin films remain an area
that requires further study. Evans, et al. showed that incorporating immiscible homopolymers
coatings above and below a film polystyrene (PS) film significantly influenced the Tg of PS and
was related the Tg of the immiscible component contributing to the measured Tg of PS (i.e. lower
immiscible polymer Tg resulted in lower PS Tg).39 Two competing mechanisms of Tg reduction
influenced the observed PHMA-b-QAPVBC Tg reduction; perturbation contributions from an
immiscible low Tg polymer (PHMA) in the QAPVBC matrix and the reduction in Tg associated
with thickness confinement on substrates that have weak interactions with the polymer. The 31 nm
thick PHMA-b-QAPVBC film experienced the structural rearrangement at a lower water content
than the 301 nm thick sample as a result of the confinement-induced reduction in the QAPVBC Tg.
The smaller interdomain size observed the 31 nm thick film from GISAXS also suggested that there
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may be some influence from the increased perturbations of the PHMA into the QAPVBC at the
domain interface.
The different evaporation rates and solvent/polymer interactions of the co-solvent mixture
used to prepare the PHMA-b-QAPVBC thin films were a likely source of the non-equilibrium
morphology. The experimental temperature was above the Tg for PHMA and as a result, the chains
were not kinetically trapped to the same degree as the QAPVBC chains. With the Tg of PHMA
below the experimental temperature, the lower density was likely due to QAPVBC having an
increased free volume, ultimately increasing the volume fraction of the QAPVBC block. An
increase in volume fraction can shift the equilibrium phase towards the hexagonal/cylindrical
domain in block copolymers. However, compared to the 301 nm thick sample, the 31 nm thick
sample experienced greater substrate confinement effects. Studies on poly(methyl methacrylate)
(PMMA) reported some interactions with the substrate causing little or no change in Tg.38 Studies
on poly(3-hexylthiophene) have shown that the alkyl side chains will preferentially interact with nSiO2 forming nanowhiskers.40 We hypothesize that when the humidity-induced Tg of QAPVBC is
reached, the PHMA migrated to the polymer/substrate interface and the QAPVBC migrated to the
polymer/air interface. In the case of both blocks, there are preferential interactions, PHMA with
the substrate and QAPVBC with the water saturated air.

5.4. Conclusions
A morphological transition was demonstrated in ion conducting PHMA-b-QAPVBC from
a cylindrical to a lamellar morphology as a result of exposing thin film samples to water vapor.
Employing AFM and GISAXS techniques, the PHMA-b-QAPVBC morphology of as-cast thin
films was determined to be PHMA cylinders in a QAPVBC matrix. Exposure to environments with
relative humidity values as high as 88% RH at 22 °C resulted in a morphological transition to a
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parallel lamellar structure, observed by the formation of long-range scattering peaks after exposure
to high humidity. The dynamic transition from cylindrical to lamellar morphology was detected in
situ using SE and QCM by measuring subtle density and refractive index inflections during
humidity exposure. The dynamic morphology changes in the 301 nm and 31 nm thick samples
started at 64% RH and 39% RH, respectively, as noted by inflections in the density and refractive
index. Using the Kelley-Bueche equation, the estimated Tg due to water plasticization was
calculated using measured water volume fractions for the 301 nm and 31 nm thick samples at 75%
RH and 46% RH, respectively, as noted by inflections in the sample density during the second
hydration cycle. The calculated Tg was 38 °C and 51 °C for the 301 nm and 31 nm thick samples,
respectively, which was greater than the experimental temperature of 22 °C, signifying that the Tg
of the dry polymer decreased with thickness. The disparity between the experimental Tg and
calculated Tg exposed the role of confinement in the dynamic transition of the as-cast morphology
as the 31 nm thick sample absorbed 4 vol% less water than the 301 nm thick sample before the
transition occurred.
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Chapter 6
Side Chain Influence on the Mechanical Properties and Water Uptake
of Confined Comb-shaped Cationic Polymer Thin Films
This chapter is adapted from the published manuscript: Kushner, D. I.; Zhu, L.; Kusoglu, A.;
Hickner, M. A. Side Chain Influence on the Mechanical Properties and Water Uptake of
Confined Comb-Shaped Cationic Polymer Thin Films. Macromol. Chem. Phys. 2016, 217 (21),
2442.

6.1. Introduction
Fuel cell technology has received great attention due to its promise of low-temperature
efficient energy conversion from clean fuel sources to electricity.1–3 Currently, commercial proton
exchange membrane fuel cells (PEMFC) rely on sulfonated perfluorinated polymers, such as
Nafion®, requiring the use of expensive platinum-based catalysts to facilitate the electrochemical
reactions at the anode and cathode.4 Emerging anion exchange membrane fuel cell (AEMFC)
technology takes advantage of enhanced reaction kinetics and the elimination of noble-metal
catalysts to drive down component costs compared to PEMFCs.2,5 The ion exchange membrane
facilitates ion transport between the cathode and anode and is also present in the catalyst layer as a
binder.6 The importance of the bulk membrane has driven decades of research towards the
development of increased ionic conductivity and decreased chemical degradation through new
polymer chemistries, resulting in a large database of proton exchange membrane properties. 2,7
However, understanding thin film confinement effects on ionic polymers in the catalyst layer has
only recently prompted a number of thin film studies.8,9 Initial research on Nafion® thin films has
fostered some level of understanding of how the properties and morphology of ionic polymers in
thin films are modified compared to their bulk characteristics.10–12 In order to further the
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development of new polymers for fuel cells, it is necessary to develop and understand the properties
of ionic polymer thin films in parallel with bulk membrane development.13–15
A recent route to designing ion-containing polymers with desirable AEMFC properties has
been the synthesis of comb-shaped polymers, taking advantage of their nanophase separated
morphology.16,17 Controlling the length of the alkyl side chains and backbone rigidity in combshaped polymers permits tuning of their nanophase-separated morphology to influence the ionic
conductivity of the material.18 Bulk comb-shaped polymers synthesized with side chains containing
6 or more carbons crystallize in a hexagonal lattice of intercalating side chains with an interplanar
crystal spacing of 4.2 Å.19,20 Through the use of comb-shaped polymers, Li, et al. and Zhu, et al.
-

set out to understand OH conductivity and increase degradation resistance by controlling ionexchange capacity (IEC) and morphology.16,21 To determine how the degree of functionalization
and side chain length affects the electrochemical properties of these materials, an additional series
of comb-shaped quaternized poly(2,6-dimethyl-phenylene oxide) (QA-PPO) samples were
prepared in order to determine the optimum IEC values while retaining mechanical durability and
hydroxide stability.17
In this work, a series of comb-shaped QA-PPO AEMs in bromide (Br-) form were
synthesized by tethering n-alkyl side chains (n = 6, 10, 16) pendant to the quaternary ammonium
(QA) group. The thin films (~ 100 nm) were exposed to environments with controlled humidity to
measure mechanical response and water uptake. The three comb-shaped QA-PPO polymers used
in this study are referred to as C6D40, C10D40, and C16D40, where Cy represents the total number
of carbons on the side chain and Dx represents the degree of quaternization, shown in Figure 6-1.
A control polymer was also synthesized with no alkyl side chain but the same degree of
quaternization, referred to as benzyltrimethyl ammonium QA-PPO (BTMA40). The water uptake
of the thin QA-PPO films was compared to the water uptake of bulk membranes to examine the
effects of thin film confinement in this new series of polymers for AEM applications. Table 1
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summarizes the theoretical IEC and dry thickness for the cantilever bending and QCM/SE sample
series used in this study.

Figure 6-1. Chemical structure of quaternary functionalized comb-shaped QA-PPO in bromide
form.

6.2. Experimental

6.2.1. Materials
Polymer synthesis and functionalization of comb-shaped quaternary ammonium poly(2,6dimethyl-phenylene oxide) with controlled side chain length can be found elsewhere.16 For
ellipsometry and mass uptake studies, 6 MHz gold coated polished crystals (Fil-tech Inc., South
Boston, MA) were employed as the substrate. For grazing incidence wide-angle x-ray scattering
(GIWAXS) and grazing incidence small-angle x-ray scattering (GISAXS) studies, <100> p-type
silicon wafers (WRS Materials, Manchester, NH) diced into 25 mm x 25 mm pieces were employed
as the substrate. For cantilever bending experiments, 100 mm diameter <100> p-type double side
polished silicon wafers with a thickness of 160 m were used as the cantilever. The wafers for
cantilever bending were diced in quarters for the spin coating process. All solvents used were
purchased from Sigma-Aldrich.
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6.2.2. Thin Film Preparation
The polymer synthesis yielded a 10 wt% solution of each comb-shaped QA-PPO polymer
in Br- form dissolved in n-methyl-2-pyrolidinone (NMP). The solvent was exchanged from NMP
to dimethylformamide (DMF) which has a faster evaporation rate than NMP and resulted in visibly
higher quality thin films. The QA-PPO samples were precipitated from NMP by dropping small
amounts of the QA-PPO/NMP solution into a beaker of vigorously stirred hexanes. The precipitate
was then stirred in methanol in order to remove any trapped NMP from the precipitate. The QAPPO/methanol solution was precipitated in hexanes a second time. The precipitate was then filtered
and dried under vacuum at 40 °C for 24 hours. The spin cast solutions were prepared by dissolving
the precipitated QA-PPO polymers in DMF with a solution concentration of 5 wt% polymer,
targeting a thickness of 100 nm.
Prior to solution spin casting, all substrates were submerged in 200 proof ethanol and
placed in a sonicating bath for 20 min to remove surface contamination. The substrates were then
removed from the solvent bath and rinsed with ethanol followed by rinsing with isopropyl alcohol.
The double-sided polished silicon wafers were placed vertically to prevent any scratches as high
quality surfaces on both sides of the substrate are necessary for cantilever curvature measurements.
Substrates were dried under a dry nitrogen stream and placed in a UV/ozone chamber and exposed
to active UV for 7 min, followed by an additional 30 min of ozone exposure. Thin films were
prepared for the QCM/SE and x-ray scattering measurements by dropping 30 L of solution onto
a substrate mounted on the spin coater stage at rest. Cantilever curvature samples were prepared by
dropping 200 L of solution onto a double sided polished silicon substrate mounted on the spin
coater stage at rest. The substrates were then spun for 2 minutes at 3000 rpm giving the surface
sufficient time to dry. All films were dried further at 40 °C for 18 hours under vacuum and then
allowed to cool to room temperature while remaining under vacuum.
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6.2.3. Cantilever Curvature Measurements
The change in stress of the comb-shaped QA-PPO thin film samples was measured as a
function of relative humidity (RH) using an in situ cantilever curvature technique. Details of the
experimental apparatus and methods for the stress measurements are published elsewhere.22–24 The
cantilever curvature substrate diced from a silicon wafer after the polymer was fully dry with a
width of 5 mm and a minimum length of 30 mm. The polymer coated cantilever was mounted in a
Pyrex cell. The cell was mounted on a multi-axis optical tilt stage providing sample alignment by
adjusting height, tilt, and rotation. The cell was equipped with an inlet tube for air flow and a small
open hole for exhaust. The RH in the cell was controlled by mixing a dry and humidified air stream
in controlled ratios. The humidified air was produced by sparging air through a reservoir filled with
deionized water. Two mass flow controllers (MFC) (MKS type 146C) were connected in parallel
and programmed to deliver a combined flow rate of 500 std. cm3 min-1. The dry air MFC metered
the flow of 0% RH air while the humidified MFC metered the flow rate of humidified air. The %
RH within the cell was adjusted by tuning the flow ratio of each controller, keeping the combined
flow rate at 500 std. cm3 min-1. The measured RH achieved a steady state value after 3-5 min and
deviated from the programmed value that was calculated from the gas mixture ratio (measured
values are reported).
The cantilever curvature was monitored by reflecting a HeNe laser from the uncoated side
of the cantilever onto a CCD camera to measure position. The single HeNe laser was split into 3
equally spaced lasers before the laser was reflected from the cantilever in order to account for
effects such as thermal drift in the measurement. The change in center-to-center distance between
the 3 lasers was measured to determine the substrate curvature as a function of RH. The relationship
between the force per cantilever beam width (Fc) exerted by the polymer coating and the radius
of curvature of the cantilever (R) is related by the thin film form of the Stoney equation:25
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𝐸 𝑡2

∆𝐹𝑐 = 6(1−𝑠 𝑠)∆𝑅 = 𝜎𝐵𝑖 𝑡𝑓
𝑠

(6-1)

where Es (= 130 × 109 N m-2), s (= 0.28), and ts are the Young’s modulus, Poisson’s ratio, and
thickness of the silicon cantilever, respectively. In this configuration, the laser measures only the
change in curvature, rather than absolute curvature, by measuring the in situ deflection.
Consequently, Fc was set to zero at the beginning of the measurement and the technique was
inadequate to determine the polymer modulus in the dry state. Because the measured cantilever
force is the average biaxial stress (Bi) of the polymer film multiplied by its thickness (tf), the Fc
is referred to as the stress-thickness. Since the thickness of the comb-shaped QA-PPO polymers
are less than 1% of the silicon wafer, the thin film form of the Stoney equation was used, as shown
in Equation 6-1.

6.2.4. X-ray Scattering Measurements
Grazing incidence small and wide angle x-ray scattering (GISAXS and GIWAXS)
measurements were performed at beamline 7.3.3 of the Advanced Light Source at Lawrence
Berkeley National Laboratory. All x-ray scattering patterns presented in this work were collected
at grazing incidence angles () of 0.18° unless otherwise noted. The grazing angle used in this work
is above the critical angle for the polymer ( ~ 0.14° – 0.15°) and below that for the substrate ( ~
0.20°). Exposure time for the collected images was 20 s. The x-ray energy used was 10 keV, with
a monochromator energy resolution E/dE of 100. The patterns shown were acquired with a 2D
Dectris Pilatus 1M CCD detector (172 m x 172 m pixel size). The comb-shaped polymer samples
were measured under ambient conditions with humidity measured at 31±1% RH and temperature
measured at 24 °C.
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6.2.5. Thin Film Water Uptake Measurements
Film thickness was measured in situ under varying RH using a J.A. Woollam alpha-SE
spectroscopic ellipsometer (Lincoln, NE). The ellipsometric parameters, wave amplitude () and
phase shift (), were measured over the spectral range of 381 to 893 nm (1.388-3.252 eV), totaling
188 wavelengths per measurement, at an incident angle of 65°. Ellipsometric data collection and
analysis were performed using the supplied software, CompleteEASE (v5.01, J.A. Woollam). Once

 and  were characterized as a function of wavelength, a multilayer optical model was used
describing the polymer thin film as a Cauchy layer to derive the thickness and optical properties of
the polymer films on substrates that were optically characterized prior to thin film deposition. The
samples were mounted in a custom-built environmental cell with non-polarizing fused silica
windows fixed at 65° to reduce the window influence on the incident beam polarization. Window
effects were accounted for by measuring  and  before and after the chamber was placed on the
sample stage. The change in mass (m) was measured using a Maxtek RQCM (Easy Syracuse, NY)
and Sauerbrey analysis (Equation 6-2):
∆𝑓 = − 𝐴

2𝑓02
∆𝑚
√𝜌𝑞 𝜇𝑞

(6-2)

where f is the change in frequency, f0 is the bare crystal frequency, A (= 0.402 cm2) is the active
area, q (= 2.648 g cm-3) and q (= 2.947 x 1011 g cm-1 s-2) is the density and shear modulus of the
QCM crystal, respectively. The QCM crystal holder was placed in the incident beam path of the
SE in order to provide simultaneous mass and thickness measurements. Humidity in the SE/QCM
sample chamber was controlled using a mass flow control system similar to the system described
in the cantilever curvature experiments with the humidity sensor mounted in the chamber.
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6.2.6. Bulk Membrane Water Uptake Measurements
Water uptake measurements on bulk membranes were performed using a TA Instruments
TGA Q5000SA (New Castle, DE) dynamic vapor sorption analyzer under varying RH. The total
gas flow rate was 200 std. cm3 min-1. Bulk membranes were prepared by drop casting a 10 wt%
polymer in NMP solution of each polymer onto a glass substrate and drying in an oven at 70 °C for
16 hours to remove the NMP. The bulk membranes were removed from the glass slides and dried
further under vacuum at 40 °C for 3 days. The sample mass for each polymer was approximately
10 mg for testing.

6.3. Results and Discussion

6.3.1. Mechanical Properties
The change in stress-thickness was measured while the RH was cycled from 0% RH to
100% RH (88% RH measured) in pulse-wise increments of 20% RH for 60 min with a return to
0% RH between each incremental increase. A 6 hour break-in cycle was performed on the polymer
coated cantilever consisting of a drying step at 0% RH for 3 hours followed by humidifying the cell
to 88% RH for 3 hours in order to remove built-up stresses in the thin film. The in situ BTMA40
stress-thickness is plotted in Figure 6-2a. The QA-PPO thin films were exposed to the same % RH
twice in order to monitor stress-thickness hysteresis after exposure to high humidity. Stressthickness values during the % RH cycling were reproducible and generally returned to 0 N m-1
when the sample was exposed to 0% RH air prior to hydration, indicative of the polymer responding
elastically to humidity. The in situ pulse-wise hydration cycle shows a small relaxation in stressthickness when the RH transitions to a new set point during the absorption and desorption steps.
This is associated with the viscoelastic behavior of polymer response to deformation as the polymer
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adjusts to the new humidity value. Viscoelastic responses have been reported on bilayer cantilevers
composed of 25 mm thick Nafion® bonded to a 250 mm poly(ether ether ketone) substrates and
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have also been observed in cantilever bending studies on a thin Nafion® film.24,26
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Figure 6-2. (a) In situ pulse-wise stress-thickness vs. time for BTMA40 and (b) measured stressthickness for QA-PPO polymers, values are an average of 75 data points at the end of each 1 hour
humidity step.
The stress-thickness values from the in situ measurements, taken as the average of the last
75 data points of the RH step, are plotted as a function of RH in Figure 6-2b. The values during the
increasing pulse-wise hydration cycle are comparable to the stress-thickness values measured from
the decreasing pulse-wise hydration cycle for all four polymers tested. The lack of hysteresis
signified that all four polymers responded elastically to hydration in the cantilever configuration.
The swelling strain in the z-direction (z) for all QA-PPO thin film polymer samples (Figure
6-3) was calculated from the change in thickness measured using spectroscopic ellipsometry. The
reduced IEC as the side chain was lengthened resulted in a measured swelling strain decrease,
which was expected. Tethering a 6 carbon side chain to the quaternary ammonium group caused a
swelling strain reduction of ~50% at peak humidity compared to the BTMA sample with subsequent
reductions in strain and stress-thickness as the carbon chain was lengthened. Two factors play a
role in the swelling strain reduction: the reduced IEC as result of increasing the alkyl side chain
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length and the mechanical reinforcement from side chain aggregation and eventual crystallization.
In this case, the swelling strain is predominantly controlled by IEC, lengthening the side chains
resulted in lower volume fraction for favorable water interactions.
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Figure 6-3. Measured swelling strain of the QA-PPO thin films as a function of RH.
The decrease in swelling strain due to the mechanical reinforcement from the side chain is
difficult to resolve from the swelling strain measurement. The mechanical reinforcement effects are
visible in the C16D40 thin film sample. At low humidity, the swelling strain is relatively flat
between 10% RH and 25% RH when compared to the other comb-shaped QA-PPO polymers. The
observed trends in the stress-thickness are a result of the higher IEC polymers absorbing greater
amounts of water. As a result, higher polymer stresses were detected as greater cantilever curvature,
thus larger measured Fc values.
Using the measured Fc and z, the shear modulus (G) was calculated using Equation 6-3:
𝜀𝑧2 + 𝜀𝑧 +

∆𝐹𝑐
2𝐺𝑡0

=0

(6-3)

where t0 is the dry polymer thickness. The Young’s modulus (E) can be calculated using the shear
modulus and Poisson’s ratio of the polymer (p) through Equation 6-4:
𝐸 = 2𝐺(1 + 𝑝 )

(6-4)
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In the case of the polymer thin film, a value of 0.42 has been adopted as Poisson’s ratio.24,27 The
resulting Young’s modulus is plotted in Figure 6-4 over the experimental range of 15% to 88% RH.
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Figure 6-4. Young's modulus of QA-PPO thin films with increasing carbon side chain length as a
function of % RH.
The BTMA40 thin film had the highest IEC and lacks side chain reinforcement resulting
in greater plasticization and reduced modulus throughout the experimental % RH range. Modulus
values across the measured % RH range were similar for C6D40 and C10D40. The C16D40 sample
had the highest modulus in the low % RH range. Between 40% and 60% RH, water started to
plasticize the C16D40 sample, and as a result, the moduli for all comb-shaped QA-PPO samples
were similar as the humidity approached 80% RH. Through an increase in the length as the number
of carbons on the side chain, nanophase separation occurred when the n-alkyl chain crystallized
thus reinforcing the polymer.28 The BTMA40 thin film had the lowest modulus throughout the
measured % RH range due to the lack of side chain reinforcement and high IEC leading to greater
plasticization at a specific % RH. Due to the fact that the stress-thickness returns to zero when in
the dry environment, the modulus at 0% RH was not able to be determined using this cantilever
curvature technique.
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6.3.2. Microstructure
Grazing incidence wide angle x-ray scattering (GIWAXS) was employed to confirm the presence
of side chain crystallization, 1D line cuts are shown in Figure 6-5. The BTMA40 scattering pattern
was consistent with the traditional scattering pattern of amorphous PPO including the amorphous
peak at 10.6 nm-1 associated with average atomic distances and not periodic structures.29,30 In order
to investigate the presence of crystalline domain formation, the amorphous PPO scattering feature
at 10.6 nm-1 was normalized to 1 for all samples. The comb-shaped polymers exhibited a scattering
peak at q = 15 nm-1 (4.2 Å) with increasing intensity as the side chain length increased. This q value
is consistent with the interplanar spacing associated with intercalated alkyl side chains in a
hexagonally packed structure (d = 4.2 Å), confirming the presence of side chain crystallization.19
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Figure 6-5. 1D GIWAXS line cuts of all QA-PPO samples normalized to the amorphous PPO
feature peak at q = 10.6 nm-1.
Previous studies by Li, et al. examined the domain formation induced by side chains in
comb-shaped QA-PPO polymers and found evidence of a nanophase separated morphology in all
comb-shaped polymers.17 The reported interdomain spacing values for C6D40, C10D40, and
C16D40 membranes were 1.7 nm (q = 3.6 nm-1), 2.3 nm (q = 2.7 nm-1), and 3.3 nm (q = 1.9 nm-1),
respectively. The scattering peak was very broad for the C6D40 bulk membrane with a peak breadth
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ranging over 5 nm-1 which is indicative of weak separation with no long-range ordering. Figure 66 shows the GISAXS patterns of the comb-shaped QA-PPO thin films on the silicon substrate under
ambient conditions. The peak at 4.1 nm-1 was attributed to the scattering of the polyimide window.
Based on the scattering patterns, there was no evidence of comparable domain formation in the
C6D40 thin film that was present in the bulk membranes however the expected value is within the
polyimide scattering. It was expected that there is no domain formation in BTMA40 polymers due
to the lack of side chain. Scattering in C16D40 and C10D40 exhibited a broad scattering peak at
2.1 nm-1 and 2.9 nm-1 which are smaller domains than reported bulk membrane values. The thin
C16D40 and C10D40 films exhibited weak scattering from nanophase separation; however, the
scattering features in GISAXS do not necessarily indicate domain formation was due to side chain
crystallinity as amorphous side chains also contribute to x-ray scattering.
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Figure 6-6. GISAXS data for the thin film BTMA40, C6D40 and C10D40 and C16D40 samples
under ambient conditions. The peak at q = 4.1 nm-1 is due to the scattering of the polyimide window.
Because only the C16D40 sample has a scattering peak that is observable in its entirety,
multi-angle and hydrated scattering experiments were only performed on this sample. Figure 6-7
summarizes the 2D GISAXS patterns for C16D40 at = 0.14°, 0.16°, and 0.18° to probe the
nanophase separation through the thickness. The GISAXS pattern collected at  = 0.18° probes the
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bulk of the thin film, while collection at  = 0.14° probes closer to the polymer/air interface. As the
angle changes from 0.18° to 0.16°, the scattering intensity feature, at q = 2 nm-1, becomes more
intense, signifying that the nanophase separation is less prevalent at the polymer/substrate interface.
The similar intensity between 0.16° and 0.14° suggests that there is little difference between the
nanophase separation at the polymer/air interface and in the bulk of the thin film. The lack of
nanophase separation through at the polymer/substrate interface demonstrates the disruption in the
phase separated morphology caused by the interfacial interactions when the polymer is under
confinement. GISAXS scattering patterns collected under saturated conditions, shown in Figure 68, exhibited similar scattering features under humidification, indicating that hydration does not
disrupt the phase separated morphology.
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Figure 6-7. GISAXS patterns as a function of grazing angle for C16D40.
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Figure 6-8. GISAXS scattering patterns for C16D40 in dry and hydrated environments at a = 16°.

6.3.3. Confinement Induced Water Uptake
In order to examine the effects of confinement, water uptake for the QA-PPO polymers was
measured for both the bulk membrane and thin film form, shown in Figure 6-9. As expected,
increasing the side chain length resulted in decreased water uptake due to the decreased ionic
content for both the thin film and bulk membrane. The % mass uptake of the bulk membranes and
thin films displayed distinct differences, especially in the low humidity regime (< 10%). The thin
film polymers are more sensitive to the RH with a greater % mass uptake before the humidity
reaches 10% RH. Above 20% RH, the % mass uptake for the QA-PPO thin films remained higher
than the % mass uptake of the bulk membrane form, with the exception of C6D40 and BTMA40
above 80% RH.
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Figure 6-9. The % water uptake for bulk membrane and thin film samples for (a) BTMA40, (b)
C6D40, (c) C10D40, and (d) C16D40 as a function of % RH.
At humidity values greater than 80% RH, the BTMA40 and C6D40 thin films closely resembled
the measured bulk membrane water uptake while the water uptake of the C10D40 and C16D40 thin
film remained greater than the bulk membrane. The observed water uptake suggests that the
swelling is structure limited at high humidity (i.e. the polymer chain network can only swell so far
at a given RH value) for BTMA40 and C6D40 which have a similar thin film and bulk membrane
morphology. When 80% RH is reached, the swollen polymer network in both thin film and
membrane form can no longer extend to accommodate a greater amount of water for a given % RH
value. The C10D40 and C16D40 thin films do not fall on the measured bulk membrane water
uptake due to the absence of the crystalline domains observed in membranes. As a result, the thin
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film water uptake through the experimental RH range remains higher than the bulk membrane water
uptake. The domains providing the mechanical reinforcement existing in the bulk membranes are
lacking resulting in greater water uptake at higher RH values. Reported values of the Young’s
modulus for amorphous and crystalline polyethylene are 0.4 × 109 N m-2 and 1.1 × 109 N m-2,
respectively.31 The ~3x increase in modulus increases the swelling resistance thus decreasing the
water uptake of membranes compared to the thin film samples.
It is interesting that in this case, the effects of thin film confinement on a charged polymer
demonstrated an increase in water uptake when compared to bulk membranes. Nafion®, the leading
charged polymer studied for fuel cell applications, has been the foundation of understanding
charged polymer response to hydration in confined geometries. Nafion® exhibits a suppressed water
uptake isotherm when the films are confined to hundreds of nanometers.13,15 The comb-shaped QAPPO polymers are one of the first charged polymers synthesized for fuel cell applications that have
been measured in thin film form and exhibit water uptake values that have not been suppressed at
a thickness of 100 nm.
There are structural factors to consider that may influence the different macromolecular behaviors
observed between the comb-shaped QA-PPO polymers in this study and Nafion® that can be a
source of the observed increased uptake in QA-PPO thin films. The first difference is that Nafion®
is an anionic polymer while the QA-PPO polymers tethered cations which may interact with the
substrate differently. There is strong evidence in the Nafion® literature that provides evidence of
the strong interactions between the sulfonic acid and the substrate.14,32–34 Surface adsorption studies
on hexadecyltrimethylammonium bromide (CTAB), a small molecule analog for QA polymers,
have shown that the CTAB head group also interacts with silica and gold substrates. 35,36 However
in the case of Nafion®, the sulfonate group is also located at the end of the side chain which
increases the exposure of the functional group to external influences such as the substrate or water.
The QA group in the comb-shaped polymers is contained between the n-alkyl side chain and the
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PPO backbone, reducing the exposure of the functional group to the external influences. X-ray
scattering of Nafion® thin films retain the hydrophilic domains in thicknesses of 50 nm while these
comb-shaped polymers lack strong scattering features from nanophase separation in 100 nm thick
films.15

6.3.4. Mechanical Influence in Confined QA-PPO Water Uptake
The % water uptake demonstrates distinct differences between the bulk membrane and thin
film forms of the comb-shaped QA-PPO polymers. However, because increasing the IEC results in
greater polymer volume fraction that water interacts with, the % water uptake does not explicitly
demonstrate the influence of side chain length on the hydration number (). The  is defined as the
number of water molecules per cation, as shown in Equation 6-5:
[H O]

∆𝑚

𝜆 = [QA2 +] = (𝑚

𝑑𝑟𝑦

) (𝑀

1000

)

𝑤𝑎𝑡𝑒𝑟 ∗IEC

(6-5)

where mdry is the dry mass, and Mwater is the molar mass of water (18 g/mol). Calculating the  for
the bulk membrane (Figure 6-10a) and the thin film (Figure 6-10b) corrects for the IEC difference
of each polymer, resulting in trends not apparent in % mass uptake.
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Figure 6-10. (a) Hydration number for bulk membrane samples and (b) hydration number for the
100 nm thick samples as a function of % RH.
The water uptake in the bulk membrane shows that as the side chain length increases, the

 decreases, which has been attributed to the reduction in IEC and the side crystallinity. 17 The
measured for the bulk membranes exhibited a clear increase in at each measured RH value with
increasing IEC. Other than the BTMA40 sample, the measured  values for the thin QA-PPO
polymer films as a function of RH were relatively similar with a subtle difference in C16D40
between 20% RH and 80% RH The similar moduli and water uptake values between C6D40,
C10D40, and C16D40 suggest that the amorphous BTMA40 polymer has a similar modulus to the
amorphous alkyl side chain, otherwise the measured moduli would be similar to the measured bulk
membrane values.
Little difference was observed for the  of the C6D40, C10D40, and C16D40 thin films
below 20% RH. However, the  for C16D40 between 20% and 80% RH is lower than the observed
values for the C6D40 and C10D40. Above 80% RH, the  increased to similar values as the C6D40
and C10D40 counterparts. This disparity can be understood by taking into account the water
absorption mechanisms of the samples. In charged polymer systems, water absorption is described
by taking into account two types of water: (1) strongly bound waters of hydration, which are driven
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by ion-dipole forces between the ionic group and water as described using BET theory and (2) free
water, which is the physical equilibrium between the vapor and membrane phases described using
Flory-Huggins theory.37 It is important to note that water attributed to bound water was not obvious
in the water uptake isotherm for the bulk membrane. The lack of bound water suggests that the
water sorption mechanism transitions when the polymer thin film is in a confined geometry for
quaternized AEM based polymers.
Studies in cellulose systems suggest that crystallinity influences bound water where
reductions in the crystallinity result in increased bound water in the polymer.38 Crystallinity,
however, is unable to explain the appearance of bound water in BTMA40 since there is no
crystalline network to disrupt similar to the C6D40, C10D40, and C16D40 samples. De Gennes
proposed that a high-mobility fluid-like surface layer reaches into a the bulk polymer film and as
the thickness of the bulk decreases, the fluid-like surface layer becomes the dominant layer when
measuring the glass transition temperature.39 The water sorption dynamics may also respond
similarly where the water sorption mechanism of the thin film represents a small undetectable
component of the bulk membrane water sorption.
The difference in bound  for C6D40, C10D40, and C16D40 is insignificant due to a lack
of  deviation at low % RH, where bound water absorption is the dominant mechanism. 40 The
difference in  between 20% RH and 80% followed by the similar  for the comb-shaped polymers
at high humidity is related to free water via the coupling between swelling and modulus. This
coupled relationship between modulus and water absorption has previously been linked for bulk
Nafion® membranes by relating the backbone modulus to the swelling pressure effect on water
content.10 This relation is expressed by the equilibrium of the chemical potential of water vapor and
water absorbed by the thin film resulting in Equation 6-6:
𝑙𝑛(𝑎𝑤 ) − 𝑙𝑛(𝑎𝑝 ) =

̅𝑤
𝑉
𝑃
𝑅𝑇

(6-6)
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where aw and ap are the water activity in the vapor phase (% RH / 100) and in the polymer (FloryHuggins theory), respectively, 𝑉̅𝑤 is the molar volume of water, and P is the swelling pressure.
Mechanically, the higher C16D40 modulus results in a larger swelling resistance below 80% RH
and consequently reduces the equilibrium water content of this sample. The disruption in
crystallinity is caused by the swelling pressure overcoming the Young’s modulus of the crystalline
domains, thus degrading the mechanical performance. Above 80% RH, all comb-shaped QA-PPO
polymers exhibited similar moduli and  further alluding to the coupled nature of water uptake and
modulus in these polymer thin films.

6.4. Conclusions
To summarize, the effect of side chain length on water uptake and modulus was measured
for 3 comb-shaped QA-PPO polymers with 6, 10, and 16 carbon side chains (C6D40, C10D40, and
C16D40) and a control polymer with no side chain (BTMA40). The thin film Fc and z were
measured for each sample to determine the Young’s modulus. The lack of a hydrophobic side chain
in BTMA40 resulted in the lowest modulus and the highest water uptake and . Increased side
chain length resulted in decreased swelling strain and mass uptake as a result of decreased IEC and
crystalline domain formation. The C6D40 and C10D40 moduli and  were similar, and C16D40
exhibited increased modulus, resulting in a lower  at RH below 80%. Above 80% RH, water
plasticized C16D40, resulting in a similar modulus and  to C6D40 and C10D40, as measured in
both cantilever bending and QCM.
The water uptake of bulk comb-shaped QA-PPO membranes was measured to examine the
confinement effects in thin films. The comb-shaped QA-PPO polymer thin films absorbed a greater
amount of water than the bulk membranes at a given % RH for each sample tested below 80% RH.

148
The water uptake of BTMA40 and C6D40 thin films was similar to the measured water uptake in
the bulk membranes. The water uptake for C10D40 and C16D40 thin films remained higher than
the bulk membrane water uptake above 80% RH due to confinement disrupting much of the
crystalline domain formation found in bulk membranes of comb-shaped QA-PPO. The swelling
isotherm for thin films was also indicative of a two-mechanism water sorption process consistent
with both bound and free water sorption while the membranes exhibited no obvious swelling
isotherm consistent with bound water sorption. This is an area that needs further study as the
hydration of cationic polymers has not been investigated as completely as hydration in anionic
polymers. This area of water dynamics in AEM-based polymers is not fully understood and requires
techniques of greater sensitivity to molecular scale dynamics such as FTIR-based characterization
to examine the types and nature of water present in AEMs.
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Chapter 7
Water Sorption in Sputtered SiO2 and Its Influence on Polymer Thin Film
Hydration Measurements

7.1. Introduction
Thin film confinement dramatically impacts polymer chain dynamics associated with the
glass transition1 and viscoelastic properties2 of glassy polymers. Substantial effort has been geared
towards studying thin film confinement effects in polymer films including neutral polymers, 3–5
hydrogels,6 and charged polymers.7,8 Hydration is critical in these systems so dealing with the
additional complications of water in these experiments is important in order to obtain new insights.
Many hydration studies have been performed on silicon wafers with thin SiO2 native oxide layers
that adsorb little or no water. Hydration studies combining swelling and mass uptake measurements
on a single SiO2-coated QCM crystal are becoming more common over the traditional method of
comparing polymer swelling measured on silicon wafers and mass uptake measured on QCM
crystals.
Charged polymers used in anion and proton exchange membrane fuel cells serve two
functions: facilitating transport of ions between the anode and cathode and acting as the binder in
the catalyst layer.9 The function of the ion-conducting charged polymer in the catalyst layer has
been the driving force for understanding confinement induced properties of these materials and
elucidating the substrate/polymer interfacial interactions. A variety of characterization techniques
have been employed for studying ionic polymer thin film properties and morphology under
hydration. These in situ studies are critical to understand the function of the material and its changes
under application-relevant conditions. Among these techniques, neutron reflectometry (NR) has
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been utilized to examine the swelling behavior of ionic polymer thin films while also providing the
capability of modeling the penetrant concentration through the film thickness.10–13 Grazing incident
small angle x-ray scattering (GISAXS) studies examined the phase separated structural changes
and anisotropy of Nafion® during hydration however this technique is not able to provide direct
water uptake information beyond changes in domain size.7,14 Fourier transform infrared
spectroscopy (FTIR) based techniques have been used to study the molecular orientation of thin
films and water diffusion.15–17 Quartz crystal microbalance (QCM) is frequently employed in NR
and GISAXS work in order to characterize the water mass uptake of the thin films at different levels
of hydration. Spectroscopic ellipsometry (SE) has become a popular method of thickness
monitoring due to its sensitivity to thickness changes and simultaneous data collection in
conjunction with QCM measurements.7,18–21
Modestino, et al. employed QCM and SE to study proton conductivity in Nafion® thin films
confined to SiO2-coated QCM crystals and observed a thickness dependent water uptake increase
from 6 to 36 waters of hydration in 50 nm and 4 nm thick films, respectively, well above the bulk
value of 12 waters of hydration at 99% RH.19 Shim, et al. alluded to the root cause of the
anomalously high water uptake, the porous SiO2-coated QCM crystals used in thin film studies
adsorb a significant amount of water that must be accounted for in mass uptake experiments.22 After
measuring the mass uptake of water due to the SiO2 coating, the mass uptake of Nafion® was
corrected resulting in conductivity values closer to bulk conductivity values for a given hydration
number. The effect of water penetrating the SiO2 layer and its effect on the optical properties of the
system was not thoroughly addressed and is another factor that needs to be explored. While Nafion®
thin films currently receive the greatest attention, understanding the effects of SiO 2 porosity in
QCM and SE experiments is pivotal in obtaining accurate water uptake values which can be
rationally correlated to polymer thin film properties in a number of polymer systems.
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The hydrophilicity of the SiO2 surface is a result of the silanol groups present in both dense
SiO2 and porous sputtered SiO2 with measureable water surface layers approaching 3 nm thick at
100% RH.23,24 Deposition and growth of SiO2 is accomplished using a number of approaches
including magnetron sputter-deposition25, thermal growth26, atomic layer deposition27, and plasma
enhanced chemical vapor deposition (PECVD)28. The SiO2 density depends on the deposition
method and can be characterized by measuring refractive index to quantify the void space volume
fraction.29 Employing low temperature PECVD, Ray, et al. deposited SiO2 films with a refractive
index of 1.45 at a wavelength of 632.8 nm, indicative of a dense coating.30 Kobayashi, et al.
examined the SiO2 refractive index dependence on sputter deposition vacuum levels resulting in
nanoporous structures with porosity and refractive index upwards of 20% and 1.376, respectively.25
The SiO2-coated QCM crystals are prepared using a sputter deposition technique and are
susceptible to porous network formation. Additional processing techniques such as UV/ozone
cleaning promote increased hydrophilicity of SiO2 surfaces by removing hydrocarbon
contaminants.31
Sputtered SiO2 results in void space that must be accounted for when employing SiO2coated QCM crystals as the substrate for thin film hydration studies by measuring the mass uptake
and optical properties under relevant conditions prior to use. In this work, we break down the effect
of porosity in sputtered SiO2-coated QCM crystals on polymer swelling by measuring the in situ
refractive index of the SiO2 coating. The water adsorption in the porous SiO2 layer causes an
increase in the refractive index by filling the low refractive index void space with higher refractive
index water resulting in incorrect thickness values during optical modeling. The porosity and water
content in the SiO2 coating was determined using the Bruggeman effective medium approximation
(EMA). With the porosity and thickness established using the Bruggeman EMA, the refractive
index of the SiO2 coating was the modeled using a SiO2 Sellmeier layer. The polymer swelling was
corrected by replacing the conventionally used refractive index of dense SiO2 with the measured
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refractive index of porous SiO2 with its associated water in the void space at each relative humidity
set point. An advantage of using SE integrated with QCM is that the polymer/water mass uptake
can be accounted for during QCM experiments and be used to verify the water content and
corrections in the porous SiO2-water layer optical modeling.

7.2. Experimental

7.2.1. Materials
5 MHz SiO2-coated quartz crystals (Inficon, East Syracuse, NY), were employed as the
QCM substrate. Disulfonated poly(arylene ether sulfone) with a 60% degree of fuctionalization
(BPS60) was purchased from Yan Jin Technology Co. (Tianjin, China). A 10 wt% stock solution
was prepared by dissolving BPS60 in dimethylacetamide (DMAc) and subsequently filtered
through a 1 μm PTFE filter to remove contaminants and gels.

7.2.2. Thin Film Preparation
Prior to solution spin coating, all QCM crystals were submerged in 200 proof ethanol and
placed in a sonicating bath for 20 min to remove surface contamination. The QCM crystals were
removed from the solvent bath and rinsed with ethanol followed by rinsing with isopropyl alcohol.
Substrates were dried under a dry nitrogen stream and placed in a UV/ozone chamber with active
UV exposure for 7 min, followed by an additional 30 min of ozone exposure. The solution was
further diluted until the spin cast thin films achieved the targeted thickness of 100 nm. For BPS60
thin film fabrication, 30 µL of solution the substrate at rest and spun for 2 minutes at 3000 rpm
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giving the surface sufficient time to dry. All films were dried at 40 °C for 18 hours under vacuum
and then allowed to cool to room temperature while remaining under vacuum.

7.2.3. Water Uptake Measurements
In situ monitoring of film thickness and refractive index was performed using a J.A.
Woollam alpha-SE (Lincoln, NE) at an incident angle of 65°. The ellipsometric parameters wave
amplitude () and phase shift () were measured over the spectral range of 381 to 893 nm (1.3883.252 eV), totaling 188 wavelengths per measurement. Ellipsometric data collection and analysis
were performed using the supplied software, CompleteEASE (v5.01, J.A. Woollam). The first
model determined the SiO2 porosity and thickness, and the second model described the water
uptake contribution of the porous SiO2 and BPS60 layers.
Mass uptake was measured using an Inficon RQCM (East Syracuse, NY). The QCM holder
was mounted in the incident beam path of the SE using a custom-built environmental chamber with
strain-free fused silica windows set at 65° for simultaneous mass and thickness collection. The
QCM crystal baseline frequency and optical properties were measured under controlled humidity
prior to spin coating from 0% RH to 90% RH in intervals of 10% RH and a final step at 95% RH.
Measured % RH values are reported in this work. At each humidity set point, sufficient time was
given for the frequency and SE spectra to equilibrate which ranged from 10 min at lower humidity
to 30 min for high humidity. The mass uptake was calculated using the Sauerbrey equation:
∆𝑓 = −

2𝑓02
∆𝑚
𝐴√𝜌𝑞 𝜇𝑞

(7-1)

where f0 is the bare frequency, A (= 0.402 cm2) is the active area, ρq (= 2.648 g cm-3) and μq (=
2.947 x 1011 g cm-1 s-2) is the density and shear modulus of the QCM crystal, respectively. The
area of the crystal is the overlapping region of the top and bottom electrodes.
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Humidified air was produced by sparging air through a liquid water reservoir held at a
temperature of 30 °C. Humidity was achieved by mixing a stream of dry and a stream of humidified
air with flow rates varied using electronic mass flow controllers (Omega FMA5514, Omega
Engineering, Inc., Stamford, CT) to target specific % RH values. The RH sensor (Omega HX15W) was mounted in the environmental chamber to provide chamber humidity and temperature
feedback.

7.3. Results and Discussion

7.3.1. Optical Analysis of Sputtered SiO2 on a QCM Crystal
SE was used to monitor the in situ optical properties of the porous SiO2 layer on a QCM
crystal prior to BPS60 thin film deposition. Two SiO2-coated QCM crystals were used for this study
with SiO2 thickness values of 211 nm and 260 nm measured using SE. The resulting  and  values
for the 211 nm SiO2 layer are shown in Figure 7-1a to illustrate the change in  and  at a
wavelength of 633 nm as a function of % RH. The change in  and  was indicative of a type I
adsorption isotherm which describes pores filling in a microporous solid.32 Type I water sorption
in porous SiO2 occurs in two ways: (i) water adsorption in the porous channels due to the strong
interaction between pore walls and the adsorbate and (ii) adsorption at the solid-vapor interface.
The small change in  and  above 75% RH can be attributed to the water surface layer thickness
increasing or the presence of larger pores filling, as shown in Figure 7-1b.33
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Figure 7-1. (a) Experimental  and  of the 211 nm SiO2 layer as a function of % RH at a
wavelength of 633 nm. (b) Schematic of the proposed porous structure of the SiO2-coated QCM
crystal filling with water as the RH is increased.

In this measurement, the deconvolution of the pore network filling with water and the water
surface layer formation is difficult. Asay, et al. reported the adsorbed water layer thickness as a
function of % RH on dense SiO2 where a 3 nm thick water layer formed at 100% RH.24 Modeling
the experimental  and  changes under different RH as a homogenous water layer on a dense
SiO2 layer resulted in a 10 nm water layer forming at 88% RH. This 10 nm layer is clearly
unphysical, so the SiO2 layer on the QCM crystal must be modeled as a porous layer that contains
water where the refractive index of this layer changes as a function of RH. The observed change in

 and  was a result of water adsorption into the porous network increasing the refractive index of
the SiO2 layer with increasing relative humidity.

The porous SiO2 layer was optically described as a Bruggeman EMA consisting of dense
SiO2, void, and water components. A schematic of the multilayer structure used to describe the
optical model is shown in Figure 7-2; specific optical model details can be found in Appendix B.
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Figure 7-2. The multi-layer optical model used to determine the porosity of the SiO2 coating on
the QCM crystal.
The contribution of the humidity dependent water surface layer was accounted for in the optical
model by using the thickness of water measured on dense SiO2. The thickness and porosity of SiO2
was determined by performing an iterative fitting process consisting of two steps: 1) adjusting the
thickness and % void with the % water fixed at 0 in the EMA layer at 0% RH and 2) adjusting the
thickness and % water with the % void fixed at 0 in the EMA layer and a fixed 1.75 nm water layer
as the top layer at 88% RH. The SiO2 thickness was tuned until % void and % water were in close
agreement at 0% RH and 88% RH, respectively. Figure 7-3 shows the model fit of the multilayer
optical model closely predicting the dry and humidified experimental  and  values. The resulting
thickness and porosity were 211 nm and 260 nm with 8.2% and 6% void, respectively, under dry
conditions.
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Figure 7-3. Experimental and modeled  and  of the SiO2 coating under dry and humid
conditions.

With thickness and porosity established for the sputter-coated SiO2 layer, the in situ optical
SiO2 data was evaluated to account for water uptake in the SiO2 layer prior to coating BPS60 at
each % RH interval. To determine the refractive index of the porous SiO2 layer, the EMA layer was
replaced with the optical properties of a dense SiO2 Sellmeier layer.34 Using the thickness
determined from the SiO2 EMA layer, the optical properties of dense SiO2 were fit to the
experimental  and  values resulting in the porous SiO2 refractive index. The thickness of the %
RH dependent water surface layer accounted for in the optical model at each % RH value as listed
in Table 7-1.
Table 7-1. Humidity dependent water thickness values used as the top layer in optical model
structure #1.
% RH
Thickness (nm)

0
0

10
0.35

20
0.68

30
0.8

40
0.9

50
1.1

58
1.2

68
1.3

75
1.45

83
1.6

88
1.75

The measured refractive index of the porous SiO2 layer with bounds set for the mixed component
being purely void (black dashes) under dry conditions and purely water (blue dashes) at peak
humidity is shown in Figure 7-4a and Figure 7-4b for the 8.2% and 6% porous coatings,
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respectively. The dense SiO2 layer is denoted by red dashes. The 211 nm SiO2 QCM crystal has the
highest measured porosity resulting in a larger refractive index range than the 260 nm sample.
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Figure 7-4. Measured refractive index (n) of the SiO2 layer with a) 8.2% porosity and b) 6%
porosity at the measured % RH values. The n of SiO2 is denoted by the dashed line for dense SiO2
(red), measured percent void mixed with SiO2 (black), and water mixed with SiO2 (blue).

7.3.2. Mass Uptake of Water in the SiO2-coated QCM Crystal
The mass uptake as a function of % RH for two different bare SiO2-coated QCM crystals
was measured to examine the mass uptake prior to polymer thin film fabrication. The % RH
dependent water surface layer accounted for in the SE measurement was also accounted for in the
QCM measurement. The water surface layer correction resulted in the mass attributed to water
adsorption within the SiO2 porous network for the 211 nm and 260 nm SiO2 coating, shown in
Figure 7-5, exhibiting the same type I adsorption isotherm. The mass uptake was systematically
higher with thickness where the 211 nm and 260 nm SiO2 coating contained 0.64 g and 0.71 g
of water, respectively, at 88% RH.

162
1.0

211 nm SiO2
260 nm SiO2

Mass (ug)

0.8
0.6
0.4
0.2
0.0
0

20

40

60

80

100

% RH

Figure 7-5. Measured water mass uptake for 211 nm and 260 nm sputtered SiO2-coated QCM
crystals at different % RH set points.

7.3.3. Water Content
The volume fraction of water (w) determined from the refractive index of the porous SiO2
layer was calculated using a three-component Bruggeman EMA (Equation 7-2):
𝑛2 −𝑛2

0 = ∑ 𝜑𝑖 𝑛2𝑖+2𝑛2
𝑖

(7-2)

where i is the volume fraction, n is the measured refractive index at a wavelength of 633 nm, and
ni is the refractive index of each component at a wavelength of 633 nm (nSiO2 = 1.457, nvoid = 1, and
nwater = 1.332). The φSiO2 was fixed at 0.918 and 0.94 for the 211 nm and 260 nm SiO2 layer,
respectively, which was determined from the measured % void from SE under dry conditions. The
calculated w from QCM was computed using Equation 7-3:
𝜑𝑤 = 𝜌

𝑚𝑤

𝑤 ∗𝑡𝑆𝑖𝑂2

(7-3)

where mw and w (= 1 g/cm3) are the measured mass and density of water, respectively, and tSiO2 is
the SiO2 thickness. The w value from SE was calculated using the measured refractive index from
Figure 7-4 for each sample. Figure 7-6 shows the calculated w in the SiO2 layer measured
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experimentally by QCM and SE. Both QCM and SE resulted in similar w through the experimental
% RH range. In the case of the 211 nm QCM crystal, the w was determined to be 0.077 (QCM)
and 0.082 (SE) and the 260 nm QCM crystal porosity was 0.069 (QCM) and 0.06 (SE) at 88% RH.
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Figure 7-6. Water volume fraction as a function of % RH for the SiO2 layer of the QCM crystal
determined by refractive index and mass uptake.

7.3.4. Water Uptake Corrections During Polymer Hydration
Figure 7-7a shows the measured thickness of two ~100 nm BPS60 thin films for the asmeasured values and corrected values accounting for the SiO2 refractive index change as a function
of relative humidity. Two changes were made to the multilayer optical shown in Figure 7-2 in order
to describe the in situ thickness and optical properties of the BPS60 thin film. First, the water layer
was replaced with a Cauchy layer to describe the BPS60 thin film. Second, the Bruggeman EMA
layer was replaced with a porous SiO2 layer using the RH dependent refractive index values shown
in Figure 7-4. The SiO2 layer experienced the greatest change in refractive index in the low % RH
regime (RH < 20%) due to the sensitivity of type I adsorption in low humidity environments. With
no water present in the SiO2 and BPS60 layers at 0% RH, the as-measured thickness is
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underestimated compared to the same samples with the corrected SiO2 refractive index. The
introduction of water vapor resulted in the SiO2 quickly adsorbing water which caused the SiO2
refractive index to become similar to the SiO2 refractive index measured under ambient conditions.
The polymer thickness increased sharply due to this SiO2 refractive index increase. The thickness
difference between the as-measured and corrected samples above 30% RH remains similar due to
the minor changes in refractive index previously shown. Substrates typically used for SE
measurements are baselined under ambient conditions that can be anywhere from 30% RH to 80%
RH causing this discrepancy in polymer swelling if the baseline is not performed under the same
testing conditions. The BPS60 thin films did not show evidence of delamination during hydration,
suggesting that a continuous water layer does not form at the polymer/substrate interface.
(b) 30

As-measured
Corrected - 8.2% Void
As-measured
Corrected - 6% Void

111 nm BPS60 - native oxide Si-wafer
105 nm BPS60 - as-measured
105 nm BPS60 - corrected - 8.2% Void
108 nm BPS60 - as-measured
108 nm BPS60 - corrected - 6% Void

25
20

% Swelling

Thickness (nm)

(a) 140

115

15
10
5
0

90
0

20

40

60

% RH

80

100

0

20

40

60

80

100

% RH

Figure 7-7. (a) As-measured (solid) and corrected (hollow) thickness of BPS60 thin films in situ
and (b) % swelling of BPS60 thin films before and after correcting for the refractive index of the
SiO2 layer at each % RH set point.

The % swelling is shown in Figure 7-7b to show the overall effect of the water adsorption
in the SiO2 layer at low humidity. At low humidity, the water in the SiO2 layer accounted for
approximately 70% of the thickness, and as a result, the % swelling in the BPS60 thin film was
reduced by 75%. At 50% RH, the water in the SiO2 layer accounted for roughly half of the measured
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% swelling. At peak humidity (88% RH), the water in the SiO2 layer resulted in the BPS60 thin
film swelling to decrease by 40%. The % swelling of the thin films on the SiO2-coated QCM
crystals showed similar swelling characteristics to the swelling of BPS60 on a silicon wafer with a
1.6 nm native oxide. Using the measured SiO2 refractive index at ambient conditions forced the
optical model to account for the different refractive index and thickness in the BPS60 layer.
Accounting for the water inside the porous SiO2 in the refractive index measurement allows for a
more accurate determination of polymer thin film swelling during optical modeling. It is important
to note that type I adsorption occurs in porous structures with pore sizes < 2 nm, it is unlikely that
the large rigid BPS polymer will penetrate the porous network under the experimental conditions.
Simultaneously collecting SE and QCM permits the correction of both swelling and mass
uptake. Figure 7-8 shows the % mass uptake of the same two ~100 nm BPS60 thin films that were
used for the SiO2 refractive index correction. The % mass uptake was comparable for both BPS60
thin films after correcting for contributions of water in the porous SiO2 layer. The observable mass
uptake difference between 10% - 60% RH was also present in the swelling measurement. This
discrepancy is likely attributed to slight differences in BPS60 thin film fabrication.
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Figure 7-8. As-measured and corrected BPS60 mass uptake at different % RH.
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7.5. Conclusions
In summary, this study has elucidated the contribution of the porous SiO2 layer on a QCM
crystal to the refractive index and optical modeling of thin films during hydration. By conducting
experiments in dry and high % RH environments, the porosity and water content of the porous SiO2
layer as a function of % RH was determined and used to correct the swelling and mass uptake of
BPS60 thin films. The optical properties of QCM crystals measured under ambient conditions could
not be used to model polymer swelling as a function of RH originating from the sensitivity of the
optical properties of the porous SiO2 layer due the type I water adsorption at low levels of hydration.
Accounting for the shift in refractive index of the porous SiO2 layer by replacing void space with
water, the swelling of the BPS60 sample successfully aligned with the BPS60 swelling on a silicon
wafer with non-porous native oxide. The in situ water volume fraction calculated from the SE and
QCM resulted in similarly measured porosity and water content as a function of % RH.
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Chapter 8
Summary of Findings and Future Work

8.1. Conclusions

8.1.1. Substrate Dependent Properties of Nafion® Thin Films
Polymer thin films under confinement exhibit markedly different properties compared to
their bulk counterparts and is a source of suppression in desired properties that make specific
polymers desirable for numerous applications such as Nafion® for proton exchange membranes.
Nafion® with thicknesses ranging between 4 nm to 20 nm facilitates ion transport in the catalyst
layer where the film is subjected to the confinement effect and is a source of resistive losses. To
investigate the impact of the substrate on the structure and properties of confined Nafion® films, a
series of birefringence measurements were performed on different sample thicknesses and
substrates. The sample thickness values ranged from 10 nm to 270 nm on gold, platinum, pyrolized
carbon, and SiO2. All four substrates represent either an application-relevant substrate or a substrate
that is important to fundamental studies. Due to the complexity of Nafion®’s chemical structure,
the birefringence was described using an expression that describes the anisotropy of a two
component crystal system for idealized structures of Nafion®. Although birefringence values could
be measured, deconvolution of the Nafion® backbone and side contributions to the optical
anisotropy was necessary. The idealized structures and measured birefringence values were
correlated to the anisotropy of the ionic domains using nanostructural anisotropy analysis on
scattering patterns collected using grazing incidence small angle X-ray scattering on samples
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fabricated on gold and SiO2 substrates. As the sample thickness decreases, Nafion® can no longer
self-assemble in the traditional phase separated morphology making the nanostructural anisotropy
analysis difficult to perform.
Nafion® films prepared on gold and platinum exhibited a mostly parallel orientation,
relative to the substrate, which was also in agreement with the nanostructural anisotropy analysis.
Nafion® films prepared on SiO2 remained isotropic throughout the experimental thickness range,
also in agreement with the nanostructural anisotropy analysis. Pyrolized carbon substrates resulted
in parallel orientation below 25 nm, perpendicular orientation between 25 and 150 nm, and parallel
orientation above 180 nm. The swelling on Nafion®-coated gold, platinum, and carbon substrates
was also measured. The parallel orientation of Nafion® on the gold and platinum substrates resulted
in an increased swelling when compared to films prepared on carbon which demonstrated a
suppressed swelling due to the perpendicular orientation.
In order to examine the substrate effects prior to the thermal annealing, the substratedependent structural relaxation was monitored as a function of humidity. The physical aging
mechanism developed by Struik was adopted to describe the rate of aging as the humidity was
stepped up. Nafion® deposited on pyrolized carbon exhibited no detectable aging, only swelling
was observed indicative of no structural relaxations. The lack of relaxation was attributed to weak
polymer/substrate interactions resulting in the relaxation occurring prior to performing the
experiment. Nafion® deposited on gold and SiO2 exhibited a structural relaxation as the humidity
was increased. Because the structural relaxations observed in Nafion® films coated on gold was the
greatest, the thickness-dependent aging was measured. The aging rate increased with decreasing
thickness. The structural relaxation was attributed to attractive polymer/substrate interactions
effectively freezing the polymer into a state of increased configurational entropy. Water plasticized
the hydrophilic domains leading to the structural relaxation and as the polymer thickness decreased,
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there was a corresponding increase in configurational entropy due to the stronger substrate
interactions with decreasing thickness.

8.1.2. Probing the Dynamic Morphology Transition in Cationic Diblock Copolymer Thin
Films
In order to continue the investigation of ion-containing polymers, the morphological
response of diblock poly(hexyl methacrylate–block–quaternized vinylbenzyl chloride) (PHMA-bQAPVBC) exposed to humidity was examined. Diblock copolymers self-assemble into controlled
morphologies that provide conductive pathways for ion transport through domains larger than 10
nm in size. Two films with a thickness of 301 and 31 nm were studied. The as-cast morphology
consisted of random cylinders parallel to the substrate and transitioned to parallel lamellae after
exposure to water vapor. The surface morphology was examined using atomic force microscopy
and the bulk morphology was characterized using grazing incidence small angle X-ray scattering.
Water plasticized the QAPVBC block, resulting in a morphological transition from parallel
cylinders to parallel lamellae. In order to examine the morphological transition, in situ
spectroscopic ellipsometry and quartz crystal microbalance were employed simultaneously as both
techniques are capable of measuring the properties of materials in dynamic environments.
Performing simultaneous water uptake measurements on the same sample provided the density.
Inflections in the measured density were observed for both the 301 nm and 31 nm thick samples
providing details about the dynamic morphological transition from cylinders to lamellae. In
addition to detecting the transition, SE and QCM provide water uptake details in terms of volume
and mass which was applied to the Kelley-Bueche glass transition equation. PHMA has a glass
transition temperature of 1 °C and was not expected to uptake water due to the hydrophobic nature
of the polymer suggesting that all of the water uptake was due to the QAPVBC block; therefore,
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the Kelley-Bueche equation was applied only to the QAPVBC block. Findings showed that PHMAb-QAPVBC under confinement exhibited a lower glass transition temperature with decreasing
thickness and as a result, the dynamic morphological transition occurred at a lower water content
in the 31 nm thick sample compared to the 301 nm thick sample.

8.1.3. Side Chain Influence on the Mechanical Properties and Water Uptake of Confined
Comb-shaped Cationic Polymer Thin Films
In addition to block copolymers, researchers have developed comb-shaped polymers for
anion exchange membranes. Comb-shaped polymers form smaller phase separated domains on the
order of 5 nm and below, similar to Nafion®. In this project cantilever curvature was employed as
a characterization technique in order to investigate the mechanical properties and water uptake
characteristics of the comb-shaped polymers. The comb-shaped polymer C16D40 was the only
sample to exhibit increased modulus as a result of the side chain. Samples C10D40 and C6D40
demonstrated a slight increase in modulus compared to the control polymer, BTMA40, due to the
addition of the side chain. X-ray scattering techniques GISAXS and GIWAXS were employed to
characterize the domain formation and crystallinity of the side chain. Scattering from GISAXS
exhibited greater interdomain spacing with increasing side chain length where C16D40 and
C10D40 had a 3.6 nm and 2.7 nm interdomain spacing but due to a scattering feature from the
polyimide window, the C6D40 sample was inconclusive. The domain sizes were in agreement with
the interdomain spacing from bulk membranes; however, the the peak intensity was lower for the
100 nm thick films, indicating that the thin films were not as highly ordered as the bulk membranes.
Scattering patterns from GIWAXS exhibited an increasingly intense scattering peak at q = 10.6 nm1

(d = 4.2 Å), indicative of hexagonally packed polyethylene which was used as a model system to

describe the crystallinity of the n-alkyl side chain. Although GIWAXS demonstrated the presence
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of crystallinity in C6D40 and C10D40, there was no evidence of a structural reinforcement from
the cantilever curvature measurements. The water uptake of ion-containing polymers is related to
the mechanical strength of the polymer where increased modulus results in decreased water uptake.
The thin film water uptake as a function of humidity was compared to the water uptake of a bulk
membrane under the same conditions. Most notably, thin films prepared with the C10D40 and
C16D40 polymers exhibited an increase in water uptake compared to the bulk membranes as the
side chain length was increased due to the disruption of strong domain formation. BTMA40 and
C6D40 showed not strong phase separation resulting in similar water uptake values between the
thin film samples and bulk membrane samples.

8.1.4. Water Sorption in Sputtered SiO2 and Its Influence on Polymer Thin Film Hydration
Measurements
Anomalously high water uptake was observed when making mass and thickness
measurements on sputtered SiO2-coated quartz crystals for use in QCM measurements.
Investigation of the SiO2 coating resulted in finding that these substrates fabricated using a
sputtering technique resulted in an inherent porosity and due to the hydrophilic nature of the silanol
groups, water rapidly adsorbed onto the surface and into the pores. Performing simultaneous SE
and QCM measurements demonstrated agreement that there was an increased water uptake
resulting in erroneous water uptake results. By measuring the mass uptake of a bare crystal, the
water mass associated with adsorption in the SiO2 layer could be subtracted from the total measured
mass when performing water uptake studies on a polymer film. SE does not directly provide
thickness information making it difficult to simply subtract the water content from the  and 
spectra; rather, a model had to be developed by making measurements in dry and humid
environments in order to determine the porosity and thickness of the SiO2 coating. The resulting
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porosity provided the bounds in which the refractive index of the porous SiO2 layer could vary as
a function of humidity. Using a Bruggeman effective medium approximation with the known
porosity, the water content in the SiO2 layer was calculated and showed close agreement to the
water content measured using QCM. Applying the measured humidity-dependent refractive index
of the SiO2 layer, the thickness of the polymer layer no longer accounted for water within the SiO2
layer yielding a more accurate thickness and refractive index. The measured swelling of BPS60
prepared in a similar manner was measured on a silicon wafer with a 1.7 nm thick native oxide
layer, which does not uptake water. A comparison of the corrected swelling to the swelling on a
silicon wafer showed agreement, indicating that the treatment of the porous SiO2 refractive index
with a mixture of void and water was successful.

8.2. Directions for Future Work
Although it has been common for new polymers designed for ion exchange membranes to
be synthesized, few have been able to compete with the electrochemical and thermal stability of
Nafion. One alternative polymer system, disulfonated poly(arylene ether sulfones) (BPS), has
sparked interest for fuel cell applications due to their excellent thermal stability and mechanical
properties which are desirable for proton exchange membranes;1,2 however, the thin film properties
remain unexplored. As observed in Nafion thin films, the large suppression in the water uptake and
consequently the conductivity has profound implications on fuel cell performance.3 Understanding
the thin film properties is of great importance for ion-containing polymers and investigation of the
material properties must keep pace with ion exchange membrane development, the BPS class of
polymers are no different. Structurally, BPS is very different than Nafion and will likely exhibit a
very different response to confinement. BPS consists of an aromatic backbone in which the
sulfonate group is bonded directly to the backbone, removing the pendant perfluorinated ether side
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chain linkage that is used in Nafion. Investigating the structure-property relationship differences
between BPS and Nafion would be of interest due to the differing chemical structures as the
sulfonate tethered to the backbone may drive an increased degree of anisotropy and packing density
when confined in thin film geometries, either due to the aromatic backbone/substrate or the
sulfonate/substrate interactions. BPS is readily available in varying degrees of functionalization
ranging from 10% to 90%. Investigation of the functionalization-dependent and thicknessdependent properties would provide a wide range of details regarding the effect of confinement on
sulfonated materials, generating new insights into water uptake, substrate interactions, and
mechanical properties. BPS polymers are of interest for proton exchange membranes and there will
need to be systematically studied on gold, platinum, pyrolized carbon, and SiO2 in order to form a
meaningful comparison to the studies performed on Nafion over the last decade.
An emerging ion-containing polymer system for anion exchange membranes involves
synthesizing multiple cations onto the pendant side chain of comb-shaped polymers in order to
increase the conductivity.4 Multi-cation comb-shaped polymers based off of the poly(phenylene
oxide) backbone have shown great promise as a next generation AEM material and as a result, thin
films under confinement should be evaluated for water uptake and mechanical properties, similar
to the single cation comb-shaped polymers discussed in this dissertation. The addition of a second
or third cation along the side chain in comb-shaped polymers retains the necessary phase separation
to facilitate increased ion conductivity while sorbing less water which is beneficial for the
mechanical properties of the membrane. If increased water uptake is demonstrated in the multication thin films compared to the bulk membrane counterparts, this particular chemistry may prove
to be desirable for use within the catalyst layer.
Water uptake is commonly reported in ion-containing polymer literature but details about
the location of the water and ions within the hydrated film are not fully elucidated. Neutron
scattering techniques, such as neutron reflectometry (NR), can be employed to quantify the
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distribution of water throughout the polymer, which has been performed in the Nafion literature.5
NR is useful in future studies on the proposed polymer thin films. An additional capability that is
necessary to understand confinement effects in ion-containing polymers involves the measurement
of the humidity-dependent ion conductivity which is a critical property of these polymers.
Conductivity measurements in thin films are achieved by employing an interdigitated array of gold
electrodes on a silicon wafer that are connected to an impedance analyzer via micro-probes.6 It is
important to further explore water-polymer interactions in order to determine how water and ion
domains change with hydration and the subsequent effects on the thin film morphology and
conductivity. The work in this dissertation employed experimental techniques that are commonly
available to establish only the beginning of understanding the material properties of ion-containing
polymers under confinement. With an increased understanding of confinement, there is more
rationalization for studying the complex nature of these materials with specialized characterization
tools.
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Appendix A: PHMA-b-QAPVBC
Figure A.1 shows the height images that corresponds to phase images from Figure
5-2. The interdomain spacing from AFM was measured by calculating the distance between
the local maxima in the line cuts for five separate locations. Figure A.2 shows the line cut
locations and an example line cut from the first line cut performed on the phase images.
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Figure A.1. AFM height images of the 301 nm and 31 nm as-cast and post-hydrated PHMA-bQAPVBC thin films under ambient conditions – scale bars are 200 nm. All image colors are scaled
to the same height range.
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Figure A.2. (a) AFM phase image showing the location of the line cuts for the 301 nm thick
PHMA-b-QAPVBC film and (b) and the corresponding plot showing the phase angle as a function
of distance for line cut 1 for the 301 nm thick sample. (c) AFM phase image showing the location
of the line cuts for the 31 nm thick PHMA-b-QAPVBC film and (d) and the corresponding plot
showing the phase angle as a function of distance for line cut 1 for the 31 nm thick samples.

Correction for Water Sorption in SiO2 QCM Substrates
Quartz crystals prepared using a sputtered SiO2 top layer coating consists of an inherent
porosity that results in erroneous mass and thickness measurements. The water content must be
accounted for within the SiO2 layer in order to accurately extract the real mass uptake and swelling
in polymer films. Corrections are performed by accounting for the frequency shift in the quartz
crystal microbalance measurements and refractive index shift in the spectroscopic ellipsometry
measurement due to water uptake in porous SiO2.
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The mass uptake of the PHMA-b-QAPVBC film was corrected by subtracting the water
content in the SiO2 coating from the total water uptake measured with the PHMA-b-QAPVBC film
deposited on the SiO2-coated crystal.1 The subtraction can be performed by measuring the water
uptake of the bare SiO2 crystal prior to coating the crystal with the polymer film or intimate
knowledge of the SiO2 porosity and the water uptake isotherm.
Spectroscopic ellipsometry does not directly provide the thickness and optical properties
of a material; therefore, an optical model must be developed to describe the state of polarization
for the incident light and then compared to the experimentally measured parameters wave
amplitude () and phase (). A model consisting of erroneous optical properties will only result in
incorrect values for the thickness and optical properties. The PHMA-b-QAPVBC thickness was
corrected by using the refractive index of a 6% porous SiO2 layer measured at 60% RH. Figure S2
shows the thickness of PHMA-b-QAPVBC when inputting the measured refractive index of a 6%
porous SiO2 layer at 0%, 30%, and 60%. The thickness values for PHMA-b-QAPVBC were the
same when employing the SiO2 layer measured at 30% RH and 60% RH, indicating that using the
measured refractive index of a 6% porous SiO2 layer at 60% RH successfully describes the optical
properties throughout the experimental range above 30% RH. Kushner, et al. showed that the
majority of water sorption occurring in the SiO2 coating occurred within the first 15% RH, which
was below the dynamic morphological transition indicating that the treatment of SiO2 was sufficient
in predicting an accurate thickness.2 Figure S3 shows the uncorrected density and the resulting
density after the water content correction in the SiO2 layer for the 301 nm thick PHMA-b-QAPVBC
sample, during the first hydration cycle, discussed in the manuscript.
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Figure A.3. Thickness of the PHMA-b-QAPVBC film using the refractive index of a 6% porous
SiO2 layer measured at 0%, 30%, and 60% RH.
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Figure A.4. Uncorrected (black line) and corrected (red line) density after accounting for the mass
uptake of the porous SiO2-coated QCM crystal.

References
(1)

Shim, H. K. (Key); Paul, D. K.; Karan, K. Resolving the Contradiction between
Anomalously High Water Uptake and Low Conductivity of Nanothin Nafion® Films on
SiO 2 Substrate. Macromolecules 2015, 48 (22), 8394.

(2)

Kushner, D. I.; Hickner, M. A. Water Sorption in Sputtered SiO2 and Its Influence on
Polymer Thin Film Hydration Measurements. In Press.

Appendix B: Water Adsorption in Sputtered SiO2
Optical Model
Model Structure #1.
The multilayer optical model, shown in Figure B.1a, was used to determine the void content of the
SiO2 layer. The first layer of the optical model was opaque gold coating the quartz crystal. The
optical parameters used in this layer were determined by measuring the SE spectra of a gold coated
QCM crystal from the same supplier. Subsequent layers in the optical model employed preloaded
material files available in the J.A. Woollam CompletEASE software package (v5.01). The second
layer used to describe the adhesion layer was modeled as a transparent titanium layer using a
preloaded material file (file: Ti (Lorentz)). The third layer was a transparent TiO2 layer which was
described used a preloaded material file (file: TiO2_2). This layer was based on the assumption that
during the SiO2 deposition process, some titanium would convert to TiO2. The fourth layer involved
a Bruggeman effective medium approximation (EMA) consisting of dense SiO2 (file: SiO2
(Sellmeier))1, water (file: H20_Pribil_20), and void (file: VOID). The fifth layer consisted of water
with thickness corresponding to the experimental % RH. Thickness values for water were taken
from studies performed on dense SiO2, values used for the water layer are shown in table 7-1.2 The
results are summarized in Table B.1.
Table B.1. Parameters determined from the experimental data for the SiO2 substrates.

Sample
1
2

Thickness (nm)
Titanium
TiO2
SiO2
3.4
3.7
211
5.9
2.8
260

SiO2
Porosity
8.2
6

MSE
Dry
11.36
13.844

Wet
18.4
11.864
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(a)
Model Stucture #1

(b)
Model Structure #2
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Figure B.1. (a) The multi-layer optical model used to determine the porosity of the SiO2 coating
on the QCM crystal and (b) the multilayer optical model used to describe the refractive index of
the SiO2 coating and the thickness and refractive index of BPS60.
Model Structure #2.
The multilayer optical model, shown in Figure B.1b, was used to describe the optical properties of
water in SiO2 and BPS60. Gold, titanium, and TiO2 were unchanged from the previous model. In
order to reduce number of fitting parameters and error, the 3 component Bruggeman EMA was
changed to a dense SiO2 Sellmeier layer using the thickness determined from the first optical model.
The refractive index of the porous SiO2 layer is calculated using the Sellmeier equation (Equation
B1):
A∗λ2

n2 = 1 + λ2 −λ2

𝑘

(B1)

where A is the amplitude, k is the resonant frequency and is the wavelength. The fifth layer
describes the BPS60 thin film. The refractive index of the polymer is calculated using the Cauchy
equation (Equation B2):
B

C

n2 = A + λ2 + λ4
where A, B, and C are fit parameters.

(B2)
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