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Abstract

Design, Synthesis, and Characterization of Functional Materials for Battery Electrolyte and Marine
Antifouling Applications

by
Hilda Buss
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley

Professor Bryan D. McCloskey, Chair

In this thesis, challenges associated with the creation of anti-fouling surfaces and polymer-based
electrolytes are addressed using a versatile polymer chemistry that affords control over material
functionality through the manipulation of the polymer’s side chain composition. The polymers used in
this thesis generally have a backbone comprised in-part or wholly of poly(ethylene oxide) (PEO) with
pendant allyl side groups, to which various moieties can be attached using a straightforward thio-ene
click. I describe the attachment of different side groups to design polymers with desirable properties, then
characterize these polymers’ performance when used as anti-fouling surface coatings and electrolytic
solutions.

The development of high lithium cation transference number electrolytes, those in which the ionic
conductivity is carried predominantly by the lithium ion instead of its counteranion, could limit
concentration polarization that plagues current battery electrolytes. The typical approach for achieving
high transference number electrolytes is to immobilize the anion on a polymer to limit anion motion. We
designed a lithium neutralized PEO backbone with pendent sulfonate groups to use as a dry single ion
conductor. Interestingly, these sulfonate functionalized materials self-assembled into very well ordered,
small (2.5nm) lamellae, which result from aggregation and phase segregation of the attached ions from
the polymer backbone. Unfortunately, given that the ions are not solvated (i.e., dissociated) by the
polymer backbone, no conductivity was observed in these materials, including at high (120°C)
temperatures. The lack of ion dissociation suggests that a solvent with higher Lewis basicity or acidity
than the PEO backbone is needed to disrupt the contact ion pairs and allow conductivity.

Polyelectrolyte solutions were therefore prepared from the polyanion described above and a strong Lewis
basic solvent, dimethyl sulfoxide. These solutions exhibited an excellent combination of high ionic
conductivity and Li* transference number (e.g., 1.2 mS/cm and 0.99, respectively, at 25°C). In addition,
this system is tunable (polyanion molecular weight and charge concentration can be manipulated), and
provided a platform to explore the tradeoff between conductivity and transference number in liquid
electrolytes with an unprecedented combination of both. Taking advantage of this tunability, | explored
the effect of temperature, polymer molecular weight, solvent choice, and small molecule salt addition on
the solution transport properties. Li* transference number was found to be temperature independent, as

1



expected for solutions that are fully dissociated at all temperatures measured. Scaling theories for
molecular weight dependence of diffusion coefficients described the polymer behavior well but did not
capture the behavior of the lithium cation, which was generally found to be independent of polymer
molecular weight. Solutions made in a variety of solvents all displayed high cation transference number
and high conductivity, but there was no simple relationship between solvent and electrolyte properties.
Finally, when mixed into the polyelectrolyte solution, small molecule salts, such as LiTFSI, increase the
solution conductivity, but at a substantial cost to Li* transference number.

In another application, | designed polymer materials that prevent marine fouling, the attachment of
organisms to human-made structures in marine environments. Amphiphilic polymers have been shown to
be effective as antifouling materials against a variety of organisms and organic compounds. We therefore
designed a polymer platform to present sequence-specific peptoids at the surface of thin film coatings.
These amphiphilic coatings were used to study the effect of hydrophobic and hydrophilic residue
sequence on antifouling performance. The polymer platform had a polystyrene (PS) anchoring block, and
a PEO presentation block to which peptoids were attached. We showed that fluorinated moieties are very
surface active and direct the surface composition of the polymer thin film. The position and number of
fluorinated groups in the polypeptoid was shown to affect both the surface composition and antifouling
properties of the film. Specifically, the position of the fluorinated units in the peptoid chain changes the
surface chemistry and the antifouling behavior, while the number of fluorinated residues affects the
fouling release properties.

In addition to the peptoid sequence, the specific composition of the polymer platform is an important
consideration for film stability and surface presentation. The anchoring block molecular weight plays an
important role in film stability, but also affects the overall film hydrophobicity, which adversely affects
antifouling performance. It was found that the coatings using an entirely hydrophobic scaffold,
polystyrene-b-poly(dimethyl siloxane), performed well against only one of the marine organisms studied
(Ulva linza), but that hydrophilic coatings comprised of polystyrene-b-poly(ethylene oxide) performed
well against all marine organisms studied, including U. linza and Navicula. Finally, it was shown that
perfluorooctane thiol attached directly to the polymer chain can direct surface presentation of the entire
polymer system, thereby allowing improved anti-fouling film formation.



To my cat,
Winnie
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1 Introduction

1.1  Ashort history of polymer chemistry

The first use of chemistry to control the properties of a polymeric material can be traced back to 1600
B.C. in ancient Mesoamerica. A natural latex material was extracted from Castilla elastica, a tree
indigenous to the area. When the tree extract is dried, the material is brittle, and fractures easily.
However, the ancient Mesoamerican people added juice from the Ipomoea alba plant, and were able to
produce a rubbery material that could be formed into balls or figurines, then cured into a solid material.
The appeal of this material was the unique set of physical properties that were accessible, specifically
elasticity and the ability to form a shape, and then have it remain that shape.

It was not until much later that the underlying chemistry was understood. The C. elastic extract was an
emulsion of an aqueous phase and an organic, polyisoprene containing phase. Mixing in juice from I. alba
served both to purify small molecules out of the polymer, but also to crosslink the chains. A very large
amount of progress has been made in the intervening 3600 years in the understanding and synthesis of
polymeric materials. This progress now allows us to design and synthesize materials with specific, and
otherwise inaccessible, properties.*

1.2 Why polymers?

Polymers have a unique range of achievable mechanical and chemical characteristics. This range of
characteristics stems from their large molecular structures, as well as the range of structures achievable,
and the ease of introducing different chemical interactions. While the bottom limit of polymer size is
somewhat dependent on the property of interest, certain polymers can achieve >1 million g/mol molecular
weights for a single chain, and crosslinked polymer networks are approximated as having infinite
molecular weight. Polymers can be arranged as long chains, crosslinked networks, branched systems,
densely grafted bottle brushes, or even cyclic molecules, with each arrangement resulting in its own
unique set of mechanical properties. Poly(ethylene) with different backbone configurations serve as a
common example of the large range of accessible properties for a single polymer, as hard plastic milk
jugs (high density poly(ethylene)) and soft, stretchable plastic bags (low density poly(ethylene)) are both
comprised of poly(ethylene).

An astounding variety of chemical functionalities can also be incorporated into polymers, allowing their
use in a large number of applications. Examples range from super hydrophobic fluorinated materials to
hydrophilic materials that contain ionicially charged moieties. In fact, it is possible to combine these
chemistries in different architectures within a single polymeric material by covalently tethering two
chemistries together in blocks, mixing them randomly, grafting a polymer to another, or even combining
them in a sequence specific way. This range of chemistries gives rise to super strong materials like
Kevlar, super soft and silky materials that give hair conditioners their characteristic texture, materials with
a memory (e.g., shrink hose), or biologically active materials that bind in specific ways and take on
specific structures.

Finally, polymers are easily solution or thermally processable, either into thin films, coatings, or bulk
materials, making them easy to use for a variety of applications.



1.3 Challenges facing targeted polymer design

In many ways, the expansive tunability of polymer materials is both a blessing and a curse. As described
in the previous section, there are numerous variables that can be used to manipulate the properties of any
given material. There is no way to combinatorialy address the entire accessible phase space for a certain
material goal in a single PhD thesis. For this reason, it is important to understand the design rules for
polymers, and to determine structure-property relationships when they are lacking. It is nevertheless this
same tunablility that allows polymers to be used as state-of-the-art materials for a variety of applications.
With this in mind, we set out to use polymer design principles to tackle the following challenges:

1.3.1 Design a battery electrolyte with superior transport properties

Current batteries employ small molecule salts dissolved in organic solvents as an electrolyte. While these
electrolytes provide sufficient performance to allow the expansive commercialization of Li-ion batteries,
poor ion transport in current lithium ion based electrolytes, particularly through highly tortuous, thick
electrodes, is a limiting factor for fast charging. More specifically, the transport properties of interest are:

1. High ionic conductivity
2. High cation transference number (the fraction of total current carried initially by the cation)

The design of electrolytes with these properties would enable fast (>2C), efficient battery charging and
decrease operating over potentials. It would also allow the use of thicker porous electrodes in high-energy
cell designs that would lead to decrease of weight by 30-50%.

1.3.2 Design a coating for seafaring ships with superior antifouling properties

Marine biofouling presents a unique challenge for antifouling materials due to the large variety of
marine organisms that can foul a surface, ranging from organic material and biofilms to seaweed and
barnacles. Fouling is a problem that affects all seafaring vessels, and can increase fuel consumption
by up to 30%. The design of ship hull coatings which can prevent this fouling while not
contaminating the ocean is critically important. In addition to their antifouling properties, the coating
stability and compatibility with under layers (such as anticorrosion layers) are also important to the
design of a successful antifouling coating.

1.4  Approach to polymer design

In order to limit the scope of the project, | used the same base polymer chemistry for both projects. The
chemistry of choice was poly(allyl glycidyl ether) (PAGE) for its favorable backbone chemistry,
compatibility with other polymer chemistries, and the ability to easily functionalize the polymer through
the pendent allyl group.

This materials is a poly(ethylene oxide) (PEO) backbone with pendent allyl groups. PEO is a well studied
polymer with a number of favorable traits. It is a hydrophilic material with a high dielectric constant (for
a polymer), allowing it to highly interact with water and salts. Its use as a battery electrolyte has been
explored due to its ability to conduct lithium cations. It was also found to have some resistance to marine
fouling. The crystalline nature of PEO is not always desirable, particularly in battery applications, but the
presence of the pendent allyl group breaks up the PEO crystallinity, and PAGE itself is a viscous liquid at
room temperature with a T4 of about -80°C.



PAGE is grown through the anionic ring opening polymerization of allyl glycidyl ether, an epoxide ring
with a pendent allyl group. This synthetic route allows for good control over the molecular weight of the
polymers grown, as well as low polydispersity of the resulting material. It can also be copolymerized with
other epoxides, such as ethylene oxide, to maintain the same backbone but decrease the concentration of
pendent allyl groups. This also allows for the facile formation of block copolymers incorporating PAGE.

Finally, the allyl group can be easily, and with high conversion, functionalized using thiol-ene click
chemistry. Thiol-ene is the chemistry of choice for this functionalization because it is compatible with a
large number of solvents and reaction conditions. It is a radical initiated chemistry, compatible with both
thermal and ultraviolet radical initiators. It is possible to incorporate both small and polymeric materials,
as well as charged, hydrophilic, or hydrophobic residues. The reaction can be easily tracked through
NMR. As the reader will see, this chemistry has been exploited as a method to introduce a variety of
chemical functionalites into the PAGE-based polymers studied here.

1.5 Aims
The aims of this thesis were threefold:

1. To design and synthesize polymer systems to address the two challenges listed above

2. To characterize the materials and determine whether or not the material was appropriate for the
intended application

3. To understand the underlying physics that most affected properties of interest and optimize the
system for better performance

Chapter 2 leads the reader through the design and synthesis of a material for battery electrolytes. The
particular system synthesized, a lithium sulfonate-modified PAGE polymer, was found to order into
lamellae whose layers were comprised of the PAGE backbone and sulfonate aggregates, respectively.
Unfortunately, this indicated that the lithium sulfonate existed as an associated ion pair and no
conductivity was observed in these materials. To induce dissociation, | dissolved these materials in a
Lewis basic organic solvent and found that this strategy provided electrolytes with an unprecedented
combination of conductivity and Li* transference number. The characterization of these so-called
polyelectrolyte solutions is the focus of chapters 3 and 4.

The fifth chapter leads the reader through the design and testing of antifouling coatings that are comprised
of peptoid-modified PAGE-based polymers. When optimized, these materials were found to provide
excellent anti-fouling properties against two common biofoulants, and provided more insight into the
design criterion for antifouling materials. The sixth and final chapter delves deeper into the structure
property relationships introduced in chapter 5.



2 Understanding the molecular structure of dry polyether polyelectrolytes
2.1  Abstract

Development of dry single ion conducting polymer electrolytes which do not contain flammable organic
solvents for Li metal batteries would enable safer Li metal cycling and improved specific and volumetric
battery energy densities. The use of swollen polymer or liquid electrolytes tends to provide higher ionic
conductivities, but also increases the flammability of the system. Therefore, understanding how to
engineer improved ion transport through dry single ion conductors (SIC) is of importance for battery
safety. A poly(ethylene oxide) based polymer was designed and synthesized to be a dry SIC. The benefit
of this system is that the polymer backbone is able to coordinate lithium cations and that ion
concentration and ion chemistry is easily tunable, thereby allowing systematic exploration and
understanding of the complex polymer phase behavior. In this chapter | present insights into the
relationship between polymer structure, crystallization, and phase behavior. Interestingly, these sulfonate
functionalized materials self-assemble into very well ordered, small (2.5nm) lamellae, which result from
aggregation and phase segregation of the attached ions from the polymer backbone. Unfortunately, given
that the ions are not solvated (i.e., dissociated) by the polymer backbone, no conductivity is observed. In
the end, 1 will emphasize the importance of employing solvents with sufficient Lewis basicity to disrupt
ion crystals to achieve high ion conductivity in these single ion-conducting electrolytes.

2.2 Introduction to dry single ion conductors

Battery electric vehicles (BEVS) present a huge opportunity in the development of clean energy
infrastructure. Widespread adoption of BEVs would limit petroleum reliance and the environmental
impact of internal combustion engines, while opening new markets to US manufacturing. However, the
underlying battery technology is plagued by a number of problems including low energy density, range
anxiety, safety concerns, and high cost. Large efforts are being made by industry and government
agencies to address these issues. A variety of new battery chemistries, including lithium-air, lithium-
sulfur, and magnesium-ion, have emerged as possible alternatives to increase the energy density of
batteries over current state-of-the-art Li-ion batteries. However, these high-energy technologies have not
been successfully commercialized in BEVs given the numerous technical challenges that limit their
competitiveness compared to Li-ion batteries. An important limitation for BEVs is the long time
necessary to charge the battery; even with Tesla superchargers, it takes 40 minutes to charge today’s
lithium ion batteries from 10 to 80% state-of-charge. While the price of the lithium-ion battery used in the
Nissan Leaf dropped from about $18,000 in 2010 to $6,500 in 2014, it is still a significant fraction of the
cost of the car?. It is clear that if we want consumers to embrace BEVs as a mainstream transportation
option, we have to improve the performance of the batteries that power them.

Dry polymer electrolytes have the possibility of eliminating flammable solvents in batteries, greatly
improving the safety of batteries. Binary lithium salts (such as lithium (trifluoromethane sulfonimide),
LiTFSI) dissolved in poly(ethylene oxide) (PEO) are well known as useful solid polymer electrolytes for
Li batteries®*. PEO is able to coordinate lithium ions, thereby solvating the binary salt and allowing
modest ion conductivity in a non-volatile electrolyte. However, the lithium transference number for these
and other binary salt electrolytes is low, typically between 0.1-0.4, meaning that most of the ionic current
is initially carried by the electrochemically inactive counteranion. In contrast, dry single ion conductors



(SICs) are polymers wherein the negative counter ions are covalently tethered to the polymer backbone,
rendering them immobile®®. The Li* transference number of such systems is one, because the immobile
anion concentration is fixed throughout the polymer electrolyte matrix, eliminating concentration
polarization. To take advantage of both the solvating efficacy of PEO and the desirable aspects of single
ion conductors, | use the sulfonate functionalized PEO used in the previous chapters with variable ion
content, as shown in Figure 2-1.
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Figure 2-1 Synthesis of poly(ethylene oxide-co-allyl glycidyl ether/sulfonate) (P(EO-co-AGES)) used in
this study. The polymer is studied with a variety of counterions, Li*, Na* and K*. The percent ion content
is reported for each polymer and is quantified as n/(n+m).

Here, salt concentration is changed by changing the ratio of EO units (m) to AGE/sulfonate units (n). The
mole percent AGE/sulfonate in the polymer is reported using the following equation

mol% sulfonate = ﬁ (2-1)

Using this nomenclature, 100% is PAGE/sulfonate homopolymer and 0% is PEO homopolymer (with no
attached ions). Additionally, because the sulfonate is introduced via thiolene-click chemistry, it is possible
to incorporate a variety of different anions into the system. This work will focus on bound sulfonate
anions. Additionally, the polymer can be ion exchanged from the sodium cation for a variety of different
ions, which has interestingly been found to have a large effect on the polymer structure.

2.3 Experimental
2.3.1 Synthesis of PAGES

The poly(ethylene oxide-co-allyl gylcidyl ether/sulfonate) copolymer was synthesized as shown in Figure
2-1. The parent poly(ethylene oxide-co-allyl glycidyl ether) (P(EO-co-AGE)) polymer was synthesized by
anionic ring-opening copolymerization of allyl glycidyl ether and ethylene oxide from benzyl alcohol
with a potassium naphthalenide solution to generate the potassium alkoxide as described previously™.
Successful synthesis of the precursor PAGE polymers was confirmed by *H nuclear magnetic resonance
(NMR) spectroscopy in deuterated chloroform (CDCl3). Gel permeation chromatography was carried out
on an Agilent system with a 1260 Infinity isocratic pump, degasser, and thermostated column chamber
held at 30 °C containing Agilent PLgel 10 pm MIXED-B and 5 pm MIXED-C columns. The thiol-ene
click reaction was done in a tetrahydrofuran water mixture with a 2,2-dimethoxy-2-phenylacetophenone
(DMPA) radical initiator'. Purification and ion exchange to lithium, sodium, or potassium were



performed via dialysis (3.5kDa MWCO, Spectrum) in water. Successful synthesis of the precursor
PAGES polymers was confirmed by 'H (NMR) spectroscopy in deuterated water (D,0). Successful ion
exchange and removal of excess salts was confirmed using inductively coupled plasma-optical emission
spectroscopy (Varian). Samples were freeze dried before being brought into an argon glovebox.

2.3.2  Thermal Analysis

Differential scanning calorimetry (DSC) was performed on a Perkin Elmer DSC 8500 between 2-
200°C/min (cpm). Pans with 1-5mg of dry polymer were hermetically sealed in the glovebox before
analysis in the DSC. Traces reported here are the second heating scan. Thermal gravimetric analysis
(TGA) was performed on a PerkinElmer Pyris 1 TGA at 10°C/min.

2.3.3 Wide-Angle X-ray Scattering (WAXS)

All X-ray scattering experiments were performed with guidance from Jacob Thelen, and more details
about x-ray scattering experiments and theory can be found in Dr. Thelen’s articles®*® and thesis™
(chapter 2). Samples for X-ray scattering were prepared in an Argon glovebox (<1ppm O, and H,0) by
pressing freeze dried polymers into 1/8 inch diameter holes in 1/32 inch thick Aflas rubber sheets. The
polymer-filled spacer was then covered on both sides by 1 mil Kapton film windows and sealed in a
custom-built hermetically sealed aluminum sample holder. The sealed samples were removed from the
argon glovebox and vacuum annealed at 90°C for 24 hours before being cooled and measured.
Experiments were performed at the Advanced Light Source (ALS) at LBNL, Beamlime 7.3.3".The
sample-detector distance was determined using a silver behenate calibration standard. Temperature was
controlled by a sample stage holder, and held between 25°C and 120°C. The scattering data were
analyzed using the Nika macro in Igor Pro developed by Jan Ilavsky'®. WAXS patterns are circular
averages of the 2D scattering pattern, unless otherwise specified.

2.4 Results and Discussion
2.4.1 Thermal Analysis

DSC shows that the a pure PAGES homopolymer, where equation 2-1 is 100% for the structure shown in
Figure 2-1, has no accessible phase transitions (Figure 2-2). These are both second heating traces from
close to -100°C to 150°C. The fast cooling trace (shown in blue) has larger artifacts at the beginning and
end of the scan, but can increase the size of glass transitions, making them easier to observe. The lack of
any glass transitions or melting peaks in either trace makes it clear that there are no accessible transitions
between -100°C to 150°C. The lack of a Tg is surprising. The Tg of pure PAGE is -80°C, and the
transition temperature is expected to increase as ions are added to the backbone®’. As we will see, despite
the lack of a melting temperature, these polymers are highly crystalline, and this crystallinity suppresses
any glassy to rubbery transitions that the backbones may undergo, as has been observed by others™.
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Figure 2-2 Sample DSC of Na PAGES at both fast (blue) and slow (red) heating rates. No accessible
phase transitions are observed. The second heating scan is shown in each case.

TGA shows that the PEO backbone of these polymers is relatively stable, not degrading until 300°C
(Figure 2-3). The pendent allyl groups present on in the PAGE homopolymers decreases the stability of
the overall polymer, with degradation being observed starting at ~225°C. The PAGES degrades at the
same temperature as its PAGE parent polymer, but the magnitude of the degradation is larger.
Additionally, the ion content of the PAGES polymer makes it very hygroscopic. The initial drop in mass
at the start of the scan is due to initial water loss. For this reason, all X-ray scattering and conductivity
samples were dried and prepared inside of an argon glovebox.
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Figure 2-3 TGA of PEO, PAGE, and PAGES at 10 °C/min.
2.4.2  Wide angle X-ray scattering (WAXS)

While the PAGES polymers showed no accessible melting temperatures, it was clear from visual
inspection and mechanical properties that they were highly crystalline materials. WAXS was used to
further characterize the structure of the PAGES polymers. A typical PAGES WAXS pattern and



schematics for the proposed structure are shown in Figure 2-4. It is very clear from the peaks at integer
spacing of g* that these materials take on a layered structure (Figure 2-4A). The position of the g* peak
determines the size of the lamellar domains, which is found to be 2.5nm. It is unusual to see such a small
domain size in microphase separated polymers, but such structures have been observed before for
polyelectrolytes with long sidechains'®*®. For example, on such system is a protonated poly(ethylene
imine) backbone with alkyl carboxylate counter ions. The alkyl chains on the counter ions will crystallize
within the hydrophobic domains, and the backbones and the carboxylates will group in a separate domain.
In agreement with these studies, | suggest that the PEO backbones align in sheets, with the sulfonate
groups assembling between these sheets of PEO backbones, as drawn in Figure 2-4B. In support of this
proposed structure, | have calculated that the sulfonate side chain, if full extended (including bond
angles), would be 1.3nm long. In the proposed structure, each sulfonate chain is head to head, meaning
that the domains should be 2.6nm wide, which is in reasonable agreement with the observed domain size.
It is also interesting to note that there are many higher order peaks visible in the WAXS patterns shown,
suggesting that these structures are unusually well ordered.

B C "Na0;8

s/

;Ftuextended:
o] J 1.6 nm

q u{o\/GO{H

T

(=1
-
|

bl ol i Y

|
| A8
| (hard to see) | \
| \ 7q°
| | | I Sq/ \--m.t: (hard to see)
/ ~._ 8g°

g7 ~, H\q aq°
1 —

Intensity

2
|
.

A

q[1/nm]

Figure 2-4 Sample WAXS pattern of sodium PAGES and the corresponding structures. A) A schematic of
a lamellar structure. The blue phase contains PEO backbones while the red phase contains the
sidechains. From the position of the g* peak, the domain spacing is calculated to be 2.5nm. B) The
polymer backbones (blue) are likely aligned with aggregated or crystalized side chains (yellow ovals). C)
Structure of PAGES and the calculated length of the side chain assuming it were fully extended. D) WAXS
spectrum of sodium PAGES with a characteristic lamellar pattern (g* ~ 2.5 nm™) and an amorphous halo
(15 nm™). The bump at 4 nm™ is due to poor subtraction of the Kapton peak.



In agreement with the ones of the works mentioned above®®, the driving force for the ordering of PAGES
is hydrophobicity, not crystallization, despite the presence of crystals. It is apparent that the freeze dried,
unannealed sodium 100% PAGES sample in Figure 2-5 has a broad amorphous peak at 15nm™. This
suggests that after freeze drying, there is little to no crystallinity, despite the presence of the lamellar
peaks. This indicates that unlike the studies cited above, crystallization is not the dominant factor in
structuring the material. Instead, the ionic groups prefer to microphase separate away from the PEO
backbone into the lamellar structure. Once templated in this manner, the sulfonate groups crystalize on
smaller length scales within the lamellae. The amount of order within these crystals is very sensitive to
processing conditions, but the crystallization happens faster during annealing. | would like to again
emphasize that these crystals do not have an accessible melting temperature, which also suggests that it is
the side chains crystalizing as opposed to the PEO-based backbone. When PEO crystalizes, the backbones
stack, but PEO crystals melt at 60°C, and no thermal transition is observed at 60 °C for PAGES,
suggesting that the PEO-backbone is not crystallizing. It is also interesting to note that the crystal
structure is different from both the structure of PEO as well as the structure of the sodium sulfonate thiol
used for the click reaction. This suggests that the sulfonate groups are effectively templated within the
lamellae, thereby crystalizing into a new, very stable, structure.
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Figure 2-5 WAXS pattern of sodium PAGES after freeze drying (blue) and after annealing at 120C for 45
minutes (red).

By heat pressing the PAGES polymer into the spacer used, it is possible to align the lamellae and the
crystals within the sample. This gives anisotropic scattering, and by taking line cuts at different angles of
the 2D scattering pattern, it is possible to begin elucidating the orientational relationship between the
crystals and the lamellae (Figure 2-6). First, the orientation of the lamellae allows for easier observation
of higher order peaks. As seen in the assignments in Figure 2-6 and the table or peak position and g/q*,
there are many higher order peaks, suggesting, along with the extremely sharp nature of these peaks, that
these lamella are exceptionally well ordered. Additionally, because the highest intensity of the lamellar
peaks at 80° but the highest intensity for the crystalline peaks is at 0°, most of the crystals are oriented
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orthogonal to the lamellar peaks. It is interesting to note that the peak at 0.15nm™ is the only peak that is
not oriented. However, further characterization and peak assignments would be required to extract out
additional information about the structure of this material.
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Figure 2-6 WAXS pattern at different angles of a heat pressed sodium PAGES. Each differently colored
line is a line cut at a different angle of the two dimensional scattering pattern. The lamellar peaks are
labeled, and the position of that peak is listed in the table, as well as g/g* to show the integer spacing.
The broad peak at 0.4 A™ is Kapton.
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Figure 2-7 WAXS pattern of PAGES polymer with different counter ions and mol% sulfonate. A) WAXS
patterns of PAGES with different counterions. B) Domain size is affected by both the counterion as well
as the mol% sulfonate.
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Figure 2-7 shows that while the samples order into a lamellar structure regardless of the counterion
(lithium, sodium, or potassium), both the lamellar domain size and the crystal structure within these
domains changes with counterion. The smallest ion, lithium, has the smallest domain size, while the
larger ions, sodium and potassium, have larger domain sizes. There are insufficient potassium samples to
conclude whether the potassium samples tend to be larger than the sodium form.

Interestingly, Figure 2-7B demonstrates that domain size increases with decreasing ion content. The
interaction between the sulfonate ions acts to pin the PEO chains together, presumably through a physical
ionic crosslink. As the sulfonate content decreases, the number of possible ionic crosslinks between
chains decreases, and the chains have more freedom to separate. Well below 25 mol% sulfonate, the PEO
backbone crystalizes and no lamellar structure is seen (not shown, at 2.5 and 1 mol% sulfonate).

2.4.3  Conductivity and Solubility of PAGES

Due to the high crystallinity of PAGES, they have no ionic conductivity, both at room temperature and at
120°C (as measured using AC impedance spectroscopy). This is not surprising, as conductivity in
polymer electrolytes depends on charge carrier concentration and polymer chain segmental motion>%.
The ions in this system are in crystal aggregates, which means that there is no ion dissociation, and there
is no accessible melting temperature for these ion containing crystals, regardless of ion content.
Additionally, these crystal aggregates serve to pin the polymer chains in physical crosslinks, and limit
segmental motion, the second important factor in ionic conductivity. However, even if plasticizers are
used to increase segmental motion, if the ions containing crystals are not dissociated there, can be no
ionic conductivity. This was experimentally observed in PAGES/PEO blends, which did exhibit glass
transitions temperature between -50°C and -25°C, depending on PAGES concentration, but still displayed
no measurable ionic conductivity at 120°C.

The solubility and swellability of PAGES in various solvents was explored. However, the low Lewis
basicity of the sulfonate anion means that these materials were poorly solvated by most organic solvents
(Table 2-1). While swelling was shown to be an effective way to increase segmental motion, ion
dissociation proved to be the largest challenge in both this system. However, the goal of this work was to
design a highly conductive and high cation transference number system. This is still achievable if the ions
are fully dissociated in a high donor number solvent, as will be explored in the following chapters.

Table 2-1 Solubility of lithium PAGES in various solvents.

Dimethyl sulfoxide (DMSQ) Yes 29.8
Dimethylacetamide (DMAC) Yes 27.8
N-methylpyrrolidon (NMP) Yes 27.3
Dimethylformamide (DMF) Yes 26.6
Tetrahydrofuran (THF) No 20
Dimethoxyethane (DME)/ No 20
polyethyleneoxide (PEQ)

Dimethyl carbonate (DMC) No 15.1
Acetonitrile (ACN) No 14.1
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2.5 Conclusions

In this chapter, | explored the use of sulfonate functionalized PEO as dry single ion conducting polymer
electrolyte. These materials self-assemble into well-ordered and small lamellar structure, with the PEO
backbones aligned in a plane, and the side chains clustered in between these planes of PEO backbones.
This structure is seen for a variety of ion content, from 25-100mol% sulfonate, as well as a variety of
counter ions (lithium, sodium, and potassium). While these structures are unusually small for well-
ordered, phase-separated polymers, the sulfonate ions crystalize within these lamellae, with no accessible
melting temperature. The high crystallinity of these materials gives them no ionic conductivity, and
precludes their use as battery electrolytes. These materials also have low solubility in poor Lewis basic
solvents, including PEO itself, which explains the lack of ion dissociation in the polymer backbone itself.
I conclude that to achieve ion dissociation and ionic conductivity, these polymers must be dissolved in
strong Lewis basic solvents. We will explore this possibility in the following chapter.
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3 Demonstration of Nonaqueous Polyelectrolyte Solutions as Liquid
Electrolytes with High Lithium lon Transference Number and
Conductivity

3.1 Abstract

Liquid electrolytes using small molecule lithium salts are currently employed in commercial lithium-ion
batteries. While these systems display high ionic conductivity, most of the initial current is carried by the
electrochemically inactive anion due to the large solvated radius of Li*. This behavior results in
concentration polarization of the salt during cycling, particularly in porous electrodes, which limits
battery energy density and disallows fast charging. Liquid electrolytes with high Li* transference number
(where Li* carries most or all of the ionic current) and high ionic conductivities have the potential to
improve battery performance by limiting these concentration gradients. In this chapter, we propose
lithium neutralized polyanions in solution as an intriguing strategy to attain both high lithium transference
number (> 0.9) and high ionic conductivity (> 1 mS/cm) at room temperature. We study a Li*-neutralized
poly(ethylene oxide)-based sulfonated polyanion from the previous chapter, dissolved in an otherwise
salt-free high Lewis basic solvent, dimethyl sulfoxide, that allows solubility of the highly-charged
polyelectrolyte to ca. 1.0 M Li* concentrations. ‘Li and 'H pulsed field gradient nuclear magnetic
resonance (PFG-NMR) measurements are used to attain the self diffusion coefficients of the Li* and
anion, D, and D., respectively, and hence the Li* transference number, t.. Conductivity calculated from
the PFG-NMR results showed good agreement with conductivity measured directly using a conductivity
meter. Interestingly, higher concentration solutions yielded Li* diffusion coefficients greater than that
expected from Stokes-Einstein theory for a species in a viscous solution. Although the polyelectrolyte
solutions studied here exhibit maxima in conductivity around 0.5 M Li* (1.5 mS/cm), t. continuously
increases with concentration, achieving 0.99 at 1.0 M Li" in solutions containing the highest molecular
weight polyanion studied. Many of the results presented in this chapter have also been published in ACS
Energy Letters®.

3.2 Introduction

The development of high lithium cation transference number electrolytes, those in which the ionic
conductivity is carried predominantly by the lithium ion, could limit concentration polarization that
plagues current battery electrolytes’? and enhance battery performance. In binary salt electrolytes, most
of the ionic conductivity is initially carried by the anion, with cation transference numbers ranging from
0.1-0.4, regardless of whether the solvent is a liquid®*® or polymer®®. These low transference numbers
cause concentration gradients in the electrolytic solution both in the separator and in the porous
electrodes?’, limiting effective use of the electrode active materials, as well as introducing concentration
overpotentials?®, both of which reduce battery energy density.

While the benefits of high Li* transference number (t.) has been modeled®? and is often cited®***% as
motivation in new electrolyte design, limitations in high t. electrolytes has made systematic experimental
studies of their influence on battery performance difficult. The typical approach for achieving high t.
electrolytes is to immobilize the anion on a polymer®®32 to limit anion motion, although Li* conductive
ceramics® are also being explored in this context. However, these dry electrolytes suffer from either low
ionic conductivity or high interfacial impedance (particularly when porous electrodes are used)*. For
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example, the highest bulk ionic conductivity reported for dry (non-gelled) single ion conducting polymers
is approximately 10° S cm™ at 60°C®, nearly three orders of magnitude lower than a standard liquid
electrolyte at room temperature®.

Swelling with organic solvents to increase the conductivity of these single ion conductors, both in
polymer gels***’, and composite gels®**® has proven to be effective. Yet, this concept has not been fully
extended to electrolytes in which single ion conducting polymers (Li*-neutralized polyanions) are fully
dissolved in nonaqueous solvents to create liquid polyelectrolyte solutions. The transport properties of
such solutions, specifically the relative mobilities of the polymer and its Li* counterion, are poorly
understood, even though this strategy presents an opportunity to design electrolytes that may allow an
unprecedented combination of liquid-like conductivities and t. approaching unity.

In this study, we synthesize a model anionic polymer, poly(allyl glycidyl ether-lithium sulfonate)
(PAGELYS), via the synthetic route shown in Figure 3-1. PAGELS was selected as our model polymer
because the polymerization affords precise control of polymer molecular weight (with low polydispersity)
and charge density along the polymer backbone. The PAGELS polymer is then dissolved in an otherwise
salt-free strong Lewis basic solvent, dimethyl sulfoxide (DMSO), that allows solubility of the highly
charged polyelectrolyte to ca. 1.0 M Li* concentrations. We demonstrate that these polyelectrolyte
solutions exhibit an excellent combination of high ionic conductivity and transference number (e.g., 1.2
mS/cm and 0.98 at 25°C). With future advances in the polymer chemistry, this strategy provides a clear
path to the development of highly stable Li battery electrolytes with liquid-like conductivities and
transference numbers above 0.99. In addition, the strategy introduced here provides a method to tune
both transference number and conductivity, thereby providing an experimental approach to better
understand the relationship between these transport properties and battery performance.

SO4Li*
) - ;) ABN 3
AL
S
HS Na+
THF o) ~"s0; \H
OH ——— »

©/\ 2) ol °
— 2) lon exchange
o H. OJ\/O)”*
PAGELS

Figure 3-1 Synthesis of the lithium neutralized polyanion used in this study. The poly(allyl glycidyl ether)
parent polymer was synthesized anionically. Other than the addition of THF from titration of the benzyl
alcohol from a potassium naphalenide solution in THF, the reaction was done neat. The pendent allyl
groups are functionalized with sulfonates using thiol-ene click chemistry to create the PAGELS polymer.

3.3 Experimental
3.3.1 Synthesis

Poly(allyl glycidyl ether/lithium sulfonate) (PAGELS) was synthesized as shown in Figure 3-1. The
parent poly(allyl glycidyl ether) (PAGE) polymer was synthesized by neat anionic ring-opening
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polymerization of allyl glycidyl ether from benzyl alcohol with a potassium naphthalenide solution to
generate the potassium alkoxide as described previously™. Successful synthesis of the precursor PAGE
polymers was confirmed by 'H nuclear magnetic resonance (NMR) spectroscopy in deuterated
chloroform (CDCIs). Gel permeation chromatography was carried out on an Agilent system with a 1260
Infinity isocratic pump, degasser, and thermostated column chamber held at 30 °C containing Agilent
PLgel 10 pm MIXED-B and 5 um MIXED-C columns. Molecular weights and dispersities were recorded
relative to polystyrene standards. The dispersity indices of these polymers are reported in Table 3-1.

Table 3-1. Properties of the PAGELS used in this study. Most data reported was collected using the
shortest (n=43) polymer.

Molecular Weight Degree of Precursor Dispersity 2
(M,) [g/mol]* polymerization (n)*
11,000 e 1
24,000 93 1.4
66,000 250 12
132,000 500 12

"Measured by *H NMR spectroscopy by end-group analysis. “Measured for the precursor PAGE polymer
by size exclusion chromatography relative to polystyrene standards.

Thiol-ene click chemistry was used to attach sulfonate anions to the synthesized PAGE. PAGE, 10 wt. eq.
of dimethyl sulfoxide (DMSO, Sigma Aldrich), 1.5 mol. eq. of sodium 2-mercaptoethanesulfonate (Na 2-
MCES, Sigma Aldrich), and 0.2 mol. eq. of radical initiator azobisisobutyronitrile (AIBN, Sigma Aldrich)
were added to a tared round-bottom flask and stirred at room temperature until homogeneous. The round-
bottom flask was placed in an oil bath at 65°C, attached to a bubbler to relieve pressure from N,
production, and stirred for 24 h. The solution was then poured into a 2.54 cm diameter dialysis tube (3.5
kDa MWCO, Spectrum Labs), dialyzed two times to ion exchange with a total of 2 wt. eqg. of lithium
bromide in ultrapure water (Milli-Q), and dialyzed (3.5kDa MWCQO, Spectrum) against pure water six
times to remove residual reactants and salts. Each dialysis step required a minimum of two hours.

The solution was filtered through a nylon syringe filter (0.4 um, Fischer Scientific), frozen at -85 °C, and
lyophilized (Labconco) at 15 mTorr. Successful synthesis of the polymer was confirmed using *H NMR
spectroscopy in D,O indicating complete conversion of allyl substituents. Reported molecular weights in
Table 3-1 are number average molecular weights determined via end-group analysis by 'H NMR
spectroscopy (Bruker, 500MHz) by comparing end-group benzyl resonances (2H) relative to polyether
backbone signals (5H/repeat unit) or allyl signals (3H/repeat unit). A sample NMR is shown in Figure
3-2. It is also important to note that the allyl group in PAGE can isomerize during the polymerization.
However, as shown in Figure 3-2A, the isomer is also clickable, and is not expected to change the
observed characteristics. The purified solutions were freeze dried to remove water and dried under high
vacuum (<5mbar) for several days before being brought into an inert argon glovebox. Successful ion
exchange and removal of excess salts was confirmed using inductively coupled plasma-optical emission
spectroscopy (Varian). The synthesized Li*-neutralized polyanions are given the acronym PAGELS
(PAGE-lithium sulfonate).
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Figure 3-2 NMR of PAGELS in D,0. A) The thioene click reaction on both PAGE and isomerized PAGE.
B) 'H NMR spectrum with peaks assigned.

3.3.2 Solutions

PAGELS and lithium bis(fluorosulfonyl)imide (LiTFSI) solutions were prepared in an argon atmosphere
using anhydrous dimethyl sulfoxide (DMSO, Burdick and Jackson). Water content in these solutions was
20 ppm or less as confirmed by both Karl Fischer Titration (Metrohm) and *H NMR spectroscopy during
the diffusion measurements. Solutions for NMR spectroscopy analysis were prepared in deuterated
DMSO-d6 (Sigma Aldrich), and placed in a NMR tube sealed with a high pressure polyethylene cap
before being removed from the glovebox for measurement. The molarities of the solutions were recorded
with respect to lithium.

Water contamination was an important consideration in this study, as even small water impurities can
influence Li* solvation and dramatically influence conductivity measurements. We present the following
control measurements to support our contention that minimal water content (<15 ppm) was present in all
PFG-NMR and conductivity measurements. To confirm the accuracy of our Karl Fischer water titration, a
small, known amount of water (120 ppm) was added to nominally anhydrous DMSO. Karl Fischer
Titration results for this 120 ppm H,O control, as well as samples used for conductivity measurements,
are shown in Table 3-2, and confirm the accuracy of the measurement.
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Table 3-2. Measured water content in different solutions using Karl Fischer titration.

Sample ppm [g/g]
Blank 0

120 ppm H,0 in DMSO 115
LiTFSI in DMSO 0

Na Thiol in DMSO 0
Polymer solution in DMSO | 6

A representative NMR analysis of the 120 ppm water in DMSO control and an LiTFSI solution used for
conductivity is presented in Figure 3-3. The ratio of the integrated area of the small H,O peak at 3.6-3.8
ppm to the area of the DMSO peak (along with its satellite peaks) confirm the expected water content in
each sample.

120 ppm Water in DMSO control LiTFSI solution used for conductivity measurement
PR 515 & T s 8] ® “
| ppm Area
ppm Area 3.64 30water
3.81 1,000 water 3.17 1000DMSO
3.17 35,000DMS0 3.03 186,000 DMSO
3.03 7,560,000 DMSO 2.89 1000DMSO
2.89 25,000 DMSO <1 ppm [g/g]
130 ppm [g/g]

Figure 3-3. '"H NMR of a DMSO sample contaminated with 120 ppm H,0 and a nominally anhydrous
LiTFSI in DMSO solution. The water content calculated from the ratio of the water to DMSO peak areas
is shown in each table.

Finally, we show in Figure 3-4 a representative analysis of the water content in a PFG-NMR sample. This
sample does not have a large DMSO peak (centered at ~3.47 ppm) because it is performed in deuterated
DMSO. It is therefore very easy to observe the water peak (sharp peak on the right, 1.33 ppm) when it
exists. This is an example of a fairly high water content sample, which is still only 25 ppm water.

' 5 ppm WU
f

i Gom)

Figure 3-4. NMR spectrum showing 25 ppm water contamination in an electrolyte solution.
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3.3.3 Self-Diffusion Coefficients using Pulsed Field Gradient-Nuclear Magnetic Resonance (PFG-
NMR)

NMR measurements were performed on a Bruker Avance 500 MHz magnet with an Observe broadband
high resolution probe with a Z-gradient. The strength of the Z-gradient was calibrated using DMSO-d6*
and a lithium chloride solution,* the results of which are shown in Figure 3-5.

1.20E-05 -~
& 1.10E-05 ® DM30-d6, Measured
o DMS0-d6, Literature
E 1.00E-05 1 Licl solution, Measured
:c: 9.00E-06 - LiCl Solution, Literature )
2 ]
% 8.00E-06 - :
o
")
E 7.00E-06 - A
g =
£ 6.00E-06 -
=
% 5.00E-06 -
(7]

20 22 24 26 28 30 32 34 £
Temperature [C]

Figure 3-5 Calibration and validation of PFG-NMR measurements using DMSO-d6 and LiCl solutions.

The variable temperature unit maintained the temperature of the samples at 25°C to within 0.1 °C during
all measurements. Each sample was allowed to equilibrate at 25°C for 30 minutes before any
measurements were made. The 'H, "Li, and °F isotopes were studied to separately characterize the
dynamics of the polymer, lithium cation, and perfluorinated anion, respectively. The 90° pulse length was
optimized for each sample at each temperature to achieve maximum signal. The T1 relaxation times were
measured for each sample using inversion recovery (180-t-90-acq.) to establish a sufficient delay time
between scans. A double stimulated echo pulse sequence with bipolar gradients, eddy current delays, and
convection compensation was used to measure diffusion coefficients*>*®. Diffusion coefficients of the
polyelectrolyte solutions were calculated from the relationship between the free diffusion echo signal
attenuation, E, and the experimental parameters:

E=1/l,=exp (—y262g2D (A +43—5 +%)) (3-1)

where | is the intensity of the resonant peak of interest, |y is the intensity at small gradient values, v is the
gyromagnetic ratio of the observed isotope, & is the length of the bipolar gradient pulse, g is the gradient
strength, A is the time between pulses, and 1 is the gradient ringdown delay. For these experiments, A was
varied between 0.1-0.5 s, T was set to 0.002 s, and & was varied from 0.005-0.050 s. The diffusion time A
and gradient pulse length 6 were independently varied to confirm that they do not affect the measured
value of D, as shown in Table 3-3.
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Table 3-3 Varying delay time in the PFG-NMR experiment does not affect the measured diffusion
coefficient. Sample was PAGELS (n=500), 0.075M Li* in DMSO.

A(s) S (s) D, 1H, (cm”2/sec)
0.4 0.008 4.13E-08
0.5 0.008 4.16E-08
0.5 0.011 4.04E-08
0.6 0.013 4.04E-08
0.7 0.015 4.05E-08

Each diffusion coefficient was determined by fitting the attenuated signal of 32 spectra of varying
gradient strength (Figure 3-6A). A typical fit and the calculated diffusion coefficients for various protons
along the PAGELS backbone and side chain are shown in Figure 3-6B & C. NMR spectroscopy
measurements confirm that the calculated self diffusion coefficient of the polyanion is independent of
which proton is traced, as is shown in Figure 3-6C. This fact supports that we are tracking true
translational motion of the polymer instead of relative segmental dynamics. Importantly, given that the
diffusion coefficient of all protons are equivalent regardless of the position of the proton on the polymer,
we assume that the sulfonate anion diffusion coefficient, D_, is also equivalent to the diffusion
coefficients measured at all other points on the polymer. The remainder of this study reports D_ values as
measured from the methylene (H2) protons at 1.73 ppm because of the uniqueness of the protons at this
chemical shift.

3.3.4 Conductivity measurements

A Metrohm 856 electrode conductivity probe (five electrode configuration), outfitted with a heating and
chilling block and Teflon® vials was used to measure the ionic conductivity and temperature of solutions.
Measurements were performed inside the glovebox (M-Braun LabMaster with continuous Ar
recirculation through both solvent/H,0 and O, traps, with H,O and O, both <0.1ppm) where the solutions
were prepared. The temperature was held at 25°C and was controlled to within 0.1°C. The instrument was
calibrated using an aqueous LiCl solution, and validated against literature values of LiTFSI in DMSO*,
as shown in Figure 3-7.

3.3.5  Viscosity

Viscosity measurements were made using a Cannon-Ubbelohde Semi-Micro Viscometer (size 50),
immersed in a water bath to maintain the temperature at 25°C. Solutions were prepared in the glovebox
and removed immediately before measurement to reduce atmospheric exposure. Viscosity measurements
were validated against literature values for water and DMSO at several temperatures.
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Figure 3-6 Representative PFG-NMR for self diffusion determination. A) PFG-NMR spectra of 0.5M
PAGELS (n=43) solution in d6-DMSO. The stacked spectra of different intensities are at different
gradient strengths. B) Integrated intensity of three of the peaks from A as a function of the exponent in
equation 3-1. The red lines are best fits to equation 3-1 used to extract the self diffusion coefficients
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Figure 3-7 Validating conductivity measurements by comparison of literature and experimental data.
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3.4 Results and Discussion

Figure 3-8 compares the transport properties of two series of solutions at 25 °C: A,C show PAGELS
(n=43) dissolved in DMSO, and B, D show a common binary salt used in battery electrolytes, lithium
bis(trifluoromethane)sulfonimide (LiTFSI), dissolved in DMSO. DMSO is used in this study because of
its high Gutmann donor number (29.8), reflective of being a strong Lewis base, to allow solubility of the
PAGELS over a wide concentration range with high dissociation of the lithium sulfonate. PAGELS was
unfortunately found to be poorly soluble in carbonates and ethers (solvents more appropriate for Li
battery electrolytes) given their low Lewis basicity and/or acidity. While ion dissociation will occur more
readily in DMSO than in other solvents due to its high Lewis basicity, we believe that the trends in
transference number and conductivity observed in DMSO can be realized in other solvents if polymers
can be dissolved in them. Advances in polymer chemistry that allow polymer solubility in poor Lewis
base/acid solvents are necessary and are currently being developed in our laboratory. Figure 3-8A shows
the self-diffusion coefficients of the anions (D_) and the lithium cation (D.) as measured by PFG-NMR.
While D. only drops by a factor of two by switching from the TFSI anion to the polymer anion, the anion
self-diffusion coefficient drops by more than an order of magnitude. This demonstrates that by shifting
from a small molecule anion to a large, polymeric anion, selective, and substantial, restriction of anion
mobility can be achieved.
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Figure 3-8 Solution properties of PAGELS (n=43) (A, C) and LiTFSI (B, D) at 25 °C in DMSO. A) and B)
Self-diffusion coefficients, as measured using PFG-NMR, of the Li* (D.) and anion (D.) and the Li*
transference number (t.). C) and D) Conductivities as calculated from diffusion coefficients acquired
using PFG-NMR using the Nernst-Einstein relationship, equation 3-3.
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As seen in other semidilute polyelectrolyte solutions, there is a regime (0.01-0.5 M Li*) where the
PAGELS self-diffusion coefficients are independent of concentration. For this semidilute regime, the
increase in solution viscosity with concentration is offset by a decrease in effective chain radius of
gyration due to increased electrostatic screening, causing the diffusion coefficient to remain constant. >
At 0.5 M, the self-diffusion coefficients for both ions drop sharply, corresponding with the crossover into
a regime where physical polymer obstructions cause self-diffusion to drop with concentration.*>“®

Figure 3-8B shows the cation transference numbers, t., or the fraction of ionic current that was carried by
lithium, as calculated by equation 3-2 for a dilute binary 1:1 electrolyte:

ty=—t—=—"t (32

- Dy+ D_ oyt o_

where o, and o_ were the ionic conductivities due to the cation and the anion, respectively, in a solution
of uniform composition. The polymer solutions exhibited very high t., 0.80 or above for all
concentrations, and reaching 0.91 at 1.0 M. As seen in other binary salt electrolytes, t. of LiTFSI
solutions are low at ca. 0.4.4"*

The self-diffusion coefficients are related to the ionic conductivity through the Nernst-Einstein relation
for a dilute, binary 1:1 electrolyte:

F%c
o= F(D‘ +D,)=0_+40, (3-3)

where F is Faraday’s constant, C is concentration of the salt (which, for a 1:1 electrolyte, is the
concentration of Li*), R is the universal gas constant, T is temperature, and o; is species i contribution to
the overall conductivity®. The ionic conductivities of the polymer solutions calculated from PFG-NMR
spectroscopy using this relationship are shown in Figure 3-8C. As expected from the high t, of these
solutions shown in Figure 3-8B, the contribution of the polymer anion to overall ionic conductivity is
much lower than that of the lithium cation. It is also important to note that, as is the case of many binary
salt polymer electrolytes, the ionic conductivity passes through a maximum with concentration®®.
Despite this maximum, the ionic conductivities reached with this system are quite high, reaching over 1
mS/cm at 0.5 M and 25 °C, which is expected to be sufficiently high for battery applications®.

Due to non-idealities in experimental systems, such as incomplete ion dissociation®*%** and concentrated

solution effects,*®** it is important to evaluate the validity of the Nernst-Einstein relationship in this
system, which is strictly valid only in the dilute solution regime. To this end, Figure 3-9 compares the
conductivity as calculated using the Nernst-Einstein relationship to conductivity measured directly using a
conductivity probe. This comparison is important because NMR spectroscopy measures the self-diffusion
of all species of a particular nucleus, regardless of charge state or ion pairing. Conductivity measurements
using an electric field probe the true ionic mobility of charged species in solution, and no conductivity
contribution from ion pairs (condensed ions) would be observed given that ion pairs are uncharged
species. The conductivities calculated from the Nernst-Einstein equation using the PFG-NMR diffusion
coefficients show good agreement with the measured conductivity, particularly for the polymer solutions.
However, at high salt concentrations the two methods begin to deviate by a small amount, with the NMR
spectroscopy measurements overestimating the conductivity. This overestimation at high polyanion
concentrations in solution is expected because ion condensation increases with increasing concentration.
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Figure 3-9 Conductivity of solutions in DMSO at 25 °C. Blue squares are PAGELS (n=43) solutions, red
circles are LiTFSI. Filled points are data collected from a conductivity meter while empty points are
conductivities calculated from NMR measurements. Inset shows the extent of ion dissociation in the same
solutions as calculated using equation 3-4.

NMR measurements capture motion of these associated ions during the diffusion measurements,
whereas associated ions will not contribute to measured ionic conductivity. It is typical to calculate ion
dissociation by assuming the difference between the calculated conductivity from NMR-measured
diffusion coefficients and actual conductivity measurements is entirely related to ion condensation. We
therefore use the following simple relationship to calculate ion dissociation:

o = Jprobe (3-4)

ONMR
Where « is the degree of ion dissociation, o,p. is the conductivity as measured using a conductivity
meter, and oy is calculated from equation 3-3 using the diffusion coefficients measured using PFG-
NMR. The inset in Figure 3-9 shows the degree of dissociation for the LiTFSI and PAGELS solutions.
When compared to LiTFSI dissociation observed in a variety of solvents in a previous study**®, the
degree of dissociation observed in the LiTFSI solutions is consistent with what would be expected in a
high Lewis basic, high dielectric constant solvent. LiTFSI’s lower degree of dissociation, particularly at 1
M, also implies that the transference numbers calculated from NMR-measured diffusion coefficients are
actually slightly larger than would be observed using electrochemical techniques. The degree of
dissociation in the PAGELS solutions is higher, implying that DMSO is better solvent for dissociation of
sulfonate-based salts compared to imide-based salts.
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Figure 3-10 Viscosity (A) and cation and anion Stokes radii (B) of PAGELS (n=43) (blue squares) and
LiTFSI (red circles) solutions at 25 °C. In B, filled points are data for cations and empty points are data
for anions.

It is also seen in Figure 3-9 that, similar to other polymer electrolytes®**°, these polyelectrolyte solutions
go through a maximum in conductivity as a function of concentration. The source of this maximum is
clear when considering the viscosity of the solution, as is shown in Figure 3-10A. The dynamic viscosity
of the solution spikes sharply as the Li* concentration approaches 1.0 M, likely a result of the onset of
polymer chain entanglement. This increase in viscosity substantially reduces ion mobility, thereby
resulting in an overall decrease in conductivity even though the overall concentration of ions is
increasing. There was no corresponding increase in the viscosity of LiTFSI solutions at high
concentrations and hence no maximum in conductivity was observed over the concentration range
explored.

Figure 3-10B plots the Stokes radius of each ion in solution as a function of concentration, as calculated
from the Stokes-Einstein equation:

_ kpT
6nnD

(3-5)

where n is the dynamic viscosity from Figure 3-10A, and k, is the Boltzmann constant. The Stokes radii
of the Li cation in the LiTFSI solutions, and the TFSI anion itself, follow the expected trends and suggest
that these ions can be treated as non-interacting spheres. For these LiTFSI solutions, the radii did not
change as a function of concentration, and the effective radius of the lithium cation (ca. 0.3nm) was larger
than that of the TFSI counter ion (ca. 0.2nm)*’.

The calculated Stokes radii of charged species in the PAGELS solutions showed intriguing trends. We
only briefly comment on these trends and offer potential explanations that would require subsequent
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studies for confirmation. As expected and previously observed, the polyanion was much larger than all of
the small molecule ions, and decreased in size with increasing concentration before reaching a plateau at
0.5-1.0 M. However, a corresponding decrease in the Li* Stokes radius is surprising and suggests that the
dynamics of the cation motion are different than that of the cation motion in the LiTFSI solution. While
the size and diffusion properties of polyanions have been previously studied*“**"®? there is a distinct
lack of understanding of the counterion dynamics. Similarly to Schipper et al.””, we do not propose that
the solvation shell (or the size) of the solvated cation is decreasing as concentration increases. Instead, we
note that the derivation of the Stokes-Einstein equation does not consider important localized electrostatic
interactions that influence ion mobility. We therefore suggest that both electrostatic and hydrodynamic
interactions cause the local viscosity experienced by a diffusing lithium ion to be higher than the bulk
viscosity of the solution measured using a viscometer. This difference between local and bulk viscosity is
likely due to electrostatic friction®®*. At low concentrations, the Debye electrostatic screening length,
which scales with C°, is large, so electrostatic interactions of Li* with the large, slow anions cause more
friction and therefore results in a large apparent Stokes radius. As concentration increases, the Debye
length decreases, lessening the electrostatic interactions and decreasing the apparent Li* Stokes radius. In
the case of the LiTFSI solutions, no change in the apparent Stokes radius is observed with increasing
concentration, implying that electrostatic friction between the ions is substantially smaller compared to
the PAGELS solutions. This observation is likely due to the smaller difference in diffusion coefficients of
the cations and anions in the LiTFSI solution compared to the PAGELS solution: the smaller, faster
anions in the LiTFSI solution result in less electrostatic friction exerted on the Li* ions. At high
concentrations, an intriguing observation is that the apparent Stokes radius of the Li* in a 1M PAGELS
solution is calculated to be smaller than the Stokes radius of Li* in a 1M LiTFSI solution. The cause of
this observation is unknown, but implies that the Li* diffuses faster than predicted by the Stokes-Einstein
relation.

|63

Figure 3-11 explores the relationship between polymer molecular weight and electrolyte o and t., both
calculated from D, and D_ measured by PFG-NMR spectroscopy. The changes in conductivity with
molecular weight of the polymer were surprisingly small. In addition, all polymers exhibited the same
general behavior of increasing conductivity with concentration until reaching a maximum of 1.5 mS/cm at
0.5 M. However, Figure 3-11B shows that the molecular weight has a very large effect on t., with the
largest PAGELS molecular weight achieving t. = 0.99 at 1.0 M [Li*]. Increasing the molecular weight of
the polymer at a given concentration beneficially increases t. without significantly decreasing the
conductivity. These tradeoffs will be explored in more detail in the next chapter.
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Figure 3-11 PAGELS molecular weight dependence of conductivity calculated from NMR-measured self
diffusion coefficients (A) and Li* transference number (B). The red diamonds are PAGELS (n=43), yellow
circles are PAGELS (n=93), the green triangles are PAGELS (n=250) and blue squares are PAGELS
(n=500).

3.5 Conclusions

This work presents a new approach to the ideal marriage of both high ionic conductivity and high
transference number in liquid electrolytes for battery applications. By replacing the small molecule anion
typically used in battery electrolyte solutions (e.g., TFSI, PFg) with a polyanion, the self-diffusion
coefficient of the anion in solution can be decreased by more than an order of magnitude without a
substantial decrease in the self-diffusion of the lithium cation. Using a model system of functional
polyether with pendant lithium sulfonate moieties dissolved in a polar aprotic solvent (DMSQO), it was
shown that high Li* transference numbers (0.80-0.99, Figure 3-11B) and high ionic conductivity (of order
1 mS/cm, Figure 3-11A) at room temperature could be achieved. This is among the highest combination
of transference number and conductivity in a liquid electrolyte reported in the literature. Additionally, our
approach is modular, versatile, and could be utilized using a variety of different polymer backbones,
pendant anions, solvents, molecular weights, and formulations, making it an ideal platform for exploring
this new paradigm of battery electrolyte. In the next chapter, we will test some of these options, and
suggest future directions for improving this electrolyte system.
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4  Transport properties of polyelectrolyte solutions with varying
temperature and composition

4.1 Abstract

In the last chapter, I introduced the idea of using polyelectrolyte solutions as an electrolyte for lithium
batteries. Using polyelectrolyte concentration and molecular weight as variables, the polyelectrolyte
solutions were found to exhibit tunable, although always high, Li ion transference numbers (t.) (0.8-0.99)
with conductivities approaching that of common binary salt liquid electrolytes (maximum of 1.5 mS/cm).
In this chapter, we use the same Li*-neutralized polyanion as the previous chapter, poly(allyl glycidyl
ether-lithium sulfonate) (PAGELYS), to explore the influence of temperature, PAGELS molecular weight,
solvent choice, and small molecule salt addition on polyelectrolyte solution transport properties. | will
demonstrate that the cation transference number is temperature independent, as is expected for solutions
that are fully dissociated at all temperatures measured. Next, | present scaling theories for molecular
weight dependence of diffusion coefficients, showing that the theories describe the polymer behavior well
but that a simple scaling model developed for Li* transport does not capture experimentally observed
trends, indicating that more detailed theories should be developed for Li*. | explore the effect on transport
of several different solvents, concluding that while all have high t, and high conductivity, there is no
simple relationship between solvent properties and electrolyte transport properties. Finally, | test the
hypothesis that small molecule salts, such as lithium bis(trifluorosulfonylimide) (LiTFSI), when mixed
into the polyelectrolyte solution at small concentrations, can increase conductivity while having minimal
effect on the overall t.. I instead find that only a minor increase in conductivity and moderate decrease in
t. is observed in this case. Transport properties of polyelectrolyte compositions in which TFSI comprised
a moderate to large fraction of the overall anion content were dominated by the TFSI rather than the
polyanion, such that these solutions exhibited high conductivity but low t..

4.2 Motivation

One of the attractive aspects of employing polyelectrolyte solutions is the ability to potentially optimize
the inherent tradeoff between transference number and conductivity in a way that is inaccessible in any
other electrolyte system. Small molecule lithium salts dissolved in organic solvents or polymers suffer
from low t., with minimal ability to increase t, above 0.5. Single ion conducting solid polymers or gels
have a t, fixed at 1, but conductivities which are extremely low and difficult to increase. As shown in the
previous chapter, the polyelectrolyte system studied is tunable by simply varying molecular weight and
concentration. For example, both conductivity and t, increased with increasing polyanion concentration,
while increasing the polyanion molecular weight increased t. while not dramatically changing
conductivity. In this chapter, | explore the influence of different polyelectrolyte solution composition
parameters on t. and conductivity.

Currently, there is a lack of understanding as to how tradeoffs in t. and conductivity affect battery
performance. It is clear that a t. of 1 is superior to a t. of 0.35 (if both electrolytes had similar
conductivities), but it is unclear how much better a transference number of, e.g., 0.99 is than a t. of 0.97.
These questions have not been addressed because no other electrolyte solution has approached the
combination of high t. and conductivity that these polyelectrolyte solutions possess, while
polyelectrolytes also allow each transport property to be independently tuned through simple composition
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modifications. Now that we have shown that high t. and conductivity are possible, it is important to
understand physical polyelectrolyte solution design rules and how they may affect tradeoffs between
conductivity and t.. In this chapter, | will explore the influence of temperature, polyanion molecular
weight, solvent choice, and addition of small molecule salt on transport properties with the end goal of
gaining a better understanding of how to optimize t. and conductivity in these systems.

4.3 Temperature dependence of transference number

4.3.1 Theoretical background

The dependence of transference number on temperature is important to understand because in real
applications, a battery’s operational temperature will likely fluctuate substantially during its operational
lifetime. From a physical perspective, the temperature dependence of t, can be understood using two
different approaches, both starting with well-established theories that describe how the self diffusion
coefficients of the cation (D.) and polymer anion (D.) scale with temperature. The first approach starts
with the Stokes Einstein equation, which is a simple model that predicts how spherical particles would
diffuse in a viscous media®:

kgT

Da(T) = 6,y

(4-1)

where T is temperature, Rp is the particle’s Stokes radius, and kg is the Boltzmann constant. Dag(T), the
diffusion coefficient of molecule A through solvent B, and pg(T), the viscosity of the solvent B, are both
expected to change with temperature while under ideal conditions, the other parameters are not.
Rearranging, we can show that

Dpp(T1) _ Ty pp(T2) )
Dap(Tz) Ty up(Ty) (4 2)

Using this relationship and the definition of transference number (equation 3-2), we can see that the
cation transference number is expected to be temperature independent if the polymer’s effective Stokes
radius is independent of temperature:

£ (1) = —2)__ 0z, i = t,(Ty) (4-3)
+401 D4 (Ty)+D_(Ty) D+(T2)(%)ﬁgi§+D_(Tz)(%)zgii 2

However, as was shown in the previous chapter, Stokes-Einstein theory may be too simplistic to entirely
capture all physical phenomena that influence species diffusion in polyelectrolyte solutions. It is therefore
useful to evaluate the temperature dependence of these diffusion coefficients through another approach.
While the Stokes Einstein equation is derived for a sphere moving through a solution at low Reynolds
number, it has also been proposed to instead fit the temperature dependence of diffusion coefficients to
the empirical Vogel-Fulcher-Tammann (VTF) equation®*®®®",

D = Dyexp (— %) (4-4)

Here, D is a species self diffusion coefficient, D, is the VTF pre-exponential factor, T, is the Vogel
temperature, and B is inversely related to the fragility of the liquid, where fragility is a liquid property that
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describes the deviation from ideal behavior. As | will show, the self diffusion coefficient of each species
in the solution is expected have its own pre-exponential factor (e.g., Do+ and Dy. for the cation and anion,
respectively), but because B and T, are properties of the solution, these should be the same for all species
in a given solution. This gives us the following forms of D, and D.:

B
D+ = D0+ exp (— T—_To) (4'58)
B
D_ = Dy_exp (— T_—To) (4-5b)
It becomes apparent from these equations that the pre-exponential factors, Do. and Dg. are the upper
bound on the diffusion coefficient of that species, or, the self diffusion coefficient of that species as

temperature approaches infinity. Using these equations and the definition of t., we again find that t. is
temperature independent:

Do+ exp(~7=7;)
D, o+ €XP\ ~7_7, Do+

t, = - — 4-6
ARy . g . R e

While these derivations are general to both polymeric and small molecule salts, they break down when
there is incomplete salt dissociation. This is because the D, and D. measured by NMR becomes an
average of the diffusion coefficient of the dissociated and the associated species, and the degree of
dissociation will also be influenced by temperature.

4.3.2 Experimental verification

Figure 4-1 shows that experimentally we see no temperature dependence in the polyelectrolyte solutions
over a range of concentrations (0.01-1M Li"), molecular weights (43-500 repeat units), and temperatures
(25-70°C). Such a trend has been seen in sulfonimides dissolved in PEO, a system which has complete
ion dissociation®®. We showed in the previous chapter that the polymer solutions are well dissociated, so
we also expected t. of this system to be temperature independent. Given the expected lack of temperature
dependence, it is not surprising that these polymer solutions do in fact follow VTF behavior (Figure 4-2).
Figure 4-2A shows fits for the n=500 PAGELS solutions at different concentrations, while Figure 4-2B
and C shows the extracted fits to equation 4-5. These fits confirm that B is the same for both the cation
and the anion, and hence a property of the solution, while the pre-exponential factor is specific to each
ion. Dy, is approximately 3x10™ cm?/s while Dy is 10 cm?/s and decreases with concentration.

Whereas t. for a given polyelectrolyte solution was found to be independent of temperature, small
molecule salt solutions, specifically LiTFSI in DMSO, were found to have temperature-dependent t.
(Figure 4-3). t, of the most dilute (0.01M) LiTFSI solution has a slight temperature dependence, with t,
increasing slightly with temperature. The most concentrated solution (1M) has a much stronger
dependence on temperature, but follows the same trend, with the highest t, at the highest temperature
studied (60°C). This temperature dependence is not unexpected, because, as was shown in the previous
chapter, the degree of dissociation in the LiTFSI solutions at 25°C is much lower than for the polymer
solutions, around 0.7 for 0.01M and almost 0.5 at 1M. The degree of dissociation is expected to change
with temperature, which will influence the measured t. depending on the relative diffusion of the ion
paired and dissociated species. However, the diffusion coefficients of the dissociated species should scale
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Figure 4-1 Transference number of polyelectrolye solutions at different molecular weights (n=43, 93,
250, 500 in each graph), concentrations (abscissa of each graph), and temperatures (25-70°C as shown
in the different color circles). The transference number is independent of temperature for any given
polyelectrolyte solution composition between 25 and 70°C.

similarly with temperature (equations 4-5a and 4-5b), and it is therefore expected that t. measured
electrochemically (which only measures transport of dissociated charged species) would be temperature
independent, even for LiTFSI solutions. This hypothesis is not tested here, as it is beyond the scope of
this thesis, but would be useful to confirm for general electrolytic solutions.
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Figure 4-2 Vogel-Fulcher-Tammann (VTF) fits to diffusion coefficients of n=500 PAGELS solutions. A)
Diffusion coefficients as a function of inverse temperature. Blue circles are experimental data from PFG-
NMR of the lithium cation while red triangles are of the polymer anion. Lines are data fit to equation 4-5
with T, fixed at 150 K. Different lines are at different concentrations, 0.01-1M. Fit parameters extracted
from the fit to equation 4-5 as a function of concentration are shown in B) Prefactor and C) inverse
fragility. In both plots, Li* is in blue and polymer anion is red, and error bars are 95% confidence limits
of the nonlinear fits. In B the bottom 95% confidence limits on D,. are not shown because the value goes
to zero. More temperature points would be needed to improve quality of the fit.
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Figure 4-3 Transference number of LiTFSI solutions at 25 (blue circles), 40 (green circles), and 60°C
(red circles). At low concentrations the transference number is less sensitive to temperature than at high
concentrations. At all concentrations, the lowest transference number is at 25°C and the highest is at
60°C.

4.4 Molecular weight dependence of transference number

The molecular weight dependence of transference number can predicted using scaling laws for diffusion
developed for polyelectrolyte solutions*®**%6%%7 ‘\While there are a number of theoretical®®**"* and
computational® "™ studies that characterize diffusion of charged polymers in solutions, there are
substantially fewer experimental studies, most of which are performed in aqueous electrolytes®%">",
With two exceptions®®®, the focus of these studies is on the behavior of the polymer and not the
counterion, The transport properties of both are obviously required to understand the transference number
scaling behavior. In this section, | will first focus on the polyanion behavior, both from a theoretical and
experimental standpoint, and show that our solutions follow the expected behavior predicted from scaling
theory. To my knowledge, this is the first experimental verification of scaling behavior of polyelectrolyte
self diffusion coefficients with polyelectrolyte molecular weight in a non-agqueous solution. Next, | will
address the behavior of the lithium cation, showing that the experimental scaling does not match the
expected trend with polyelectrolyte molecular weight, mostly due to a lack of detailed scaling laws.
Finally, 1 will comment on the consequences of these scaling laws on the overall dependence of t, as a
function of polyelectrolyte molecular weight.

4.4.1 Diffusion of PAGELS polyanion dissolved in DMSO

As was similarly observed by Oostwal et al. in aqueous solutions of polystyrene sulfonate, PAGELS-
DMSO solutions are in the semidilute unentangled regime in the concentration range of 0.01-0.25 M Li".
This regime is characterized by a reasonably constant polymer self diffusion coefficient throughout the
0.01-0.25 M concentration range (Figure 4-4A). These solutions cross over into the entangled regime
above 0.25M, as characterized by the sharp drop in polymer self diffusion coefficient (Figure 4-4A) and
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viscosity (previous chapter). We will focus on the untentangled regime for its importance in polymer
physics and evaluate the validity of established scaling theory that predicts the relationship between
diffusion coefficient and polymer molecular weight®®™. Unfortunately, | do not have sufficient data in
the entangled regime to evaluate the validity of esablished model in that range.
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Figure 4-4 Scaling of polymer self diffusion coefficient with polymer molecular weight. A) Self diffusion
coefficients as a function of concentration for solutions containing four different molecular weight
polymers. PAGELS diffusion coefficients are filled while those for lithium cations are unfilled. B) Self
diffusion coefficients of PAGELS polymers as a function of the number of repeat units at different
concentrations. Circles are experimental data while the lines are best fits to equation 4-10. C) Shows the
value of z from fits shown in B). This is the power of the molecular weight dependence of the self
diffusion coefficient. Error bars are 95% confidence limits.

In the semidilute unentangled regime, the polymer follows Rouse-like behavior and can be modeled using
the bead and spring model, which provides T, the polymer relaxation time’’. Physical arguments that
describe Coulomb interactions, electrostatic screening, and random walk statistics are used to predict the
chain size, R. Using t and R, the self diffusion coefficient of the polymer (D) is expected to follow the
scaling law:

R? kgT\ B -1.0
Dpolymer ~ T ~ (77_5) b_N x N "¢ (4'7)
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Where 1 is the solvent viscosity, b is monomer size, N is degree of polymerization, and B is a parameter
that describes the solvent quality™. It is very unusual and surprising for the self diffusion coefficient to
have no dependence on concentration (c), but this is both predicted and observed previously for charged
polymers in aqueous solutions®, and here in nonaqueous solutions (Figure 4-4A). It is also useful to note
that the solvent quality has a large effect on the polymer conformation, both because of interactions with
the polymer backbone and ion solvation.

In order for the Rouse model to apply, we must consider the range of polymer chain lengths in which the

model is valid. The characteristic time (t) is calculated for a chain segment that is usually a few times
larger than the polymer persistence length. For flexible, uncharged polymers (e.g., polystyrene or
polyethylene oxide), the persistence length is on the order of 0.5 nm. However, charges along the
backbone increase the polymer persistence length to a value that can be estimated using the following
model®:

A
4K2A2

Lrotas = Lp + Lpes = Lp + (4-8)

where Lo IS the total persistence length, while Lp is the persistence length of the bare backbone and Lp ¢

is the electrostatic contribution to persistence length. Ag is the Bjerrum length (equation 4-9A), A is the

contour distance between adjacent charges, and k™ is the Debye-Hiickel shielding length (equation 4-9B).
eZ

dp=—— (4-9A)

- 4megerkpgT

—1 _  |&r&RT _
k1= hﬂ% (4-9B)

where e is the elementary charge, ¢, is the dielectric constant, €, is the permittivity of free space, F is the
Faraday constant, and C, is the molar concentration of the electrolyte. The Debye screening length and
the total persistence length of the polyelectrolyte solutions are shown in Table 4-1.

Table 4-1 Debye screening length and calculated persistence length of PAGELS solutions in dimethyl
sulfoxide (DMSO) at 25°C.

Concentration [M] | Debye Screening length [nm] Liotal [NM]
0.010 2.3 8.9
0.025 1.5 3.8
0.075 0.9 1.5
0.100 0.7 1.3
0.250 0.5 0.8
0.500 0.3 0.6
1.000 0.2 0.5

The contour lengths of the polymers, as calculated using average C-C (0.154 nm) and C-O (0.143 nm)
bond lengths, are 19, 40, 110, 220 nm for the 43, 93, 250, and 500 repeat unit polymers, respectively.
Using the results in Table 4-1 and the calculated contour lengths, as well as computational models which
study polyelectrolyte scaling laws as a function of polymer molecular weight® ", the 43 repeat unit
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polymer is likely too short to be represented by the Rouse model, as the calculated persistence lengths at
low concentrations are a substantial fraction of its contour length. | therefore exclude the 43 repeat unit
polymer from the following analyses and note that its inclusion would result in poor model fits.

In order to determine whether the nonaqueous polyelectrolyte solutions used here support or refute the
expected scaling of the diffusion coefficient with polymer molecular weight, we perform a non-linear fit
in Matlab using the following equation:

Dpolymer = yN? (4-10)

where y and z are fitting parameters. We are particularly interested in z and whether its value matches
that provided in equation 4-7. We perform these fits at all concentrations where the solutions are
semidilute and unentangled (0.01-0.25 M Li") for the polymers with 93-500 repeat units. The data and fits
using equation 4-10 are shown in Figure 4-4B, while the resulting values for z with 95% confidence
limits are shown in Figure 4-4C. We see that good fits are observed for each polymer molecular weight
series, and that the value of z for each fit is statistically equivalent to -1, the expected value from equation
4-7, which confirms the validity of Rouse model scaling theory for these nonaqueous polyelectrolyte
solutions.

4.4.2 Diffusion of the lithium counterion in PAGELS dissolved in DMSO

No analogous scaling law is available for the counterion self diffusion coefficient in a polyelectrolyte
solution. The best approximation for such a model is to combine Stokes Einstein theory with scaling
theory to predict solution viscosity. The scaling of viscosity with polymer molecular weight can be
derived using similar methodology®® as that used to derive equation 4-7:

n =nsN(cb3)*>B1> « Nc%5 (4-11)
Combing equation 4-11 with Stokes Einstein, we obtain:

kBTBl.S

_ -1,.-05 _
+ T 6mrns(ch3)05N x N™c (4 12)

where r is the Stokes radius of the cation (discussed in the previous chapter). Figure 4-5A presents Li*
self diffusion coefficients as a function of PAGELS molecular weight and concentration, with best fits to
equation 4-10 also provided. Given the diffusion coefficient/molecular weight dependence predicted in
equation 4-12, we expect that the fits shown in Figure 4-5A would result in z=-1. However, z is found to
be statistically equal to 0 at all PAGELS concentrations (Figure 4-5B). This is perhaps to be expected
given the shortcoming of the Stokes Einstein equation as discussed in the previous chapter. It would
perhaps be more appropriate to use the Poisson—-Boltzmann—Smoluchowski (PBS) model, but this method
requires numerical solutions and does not provide simple scaling laws**®". Instead, the experimental
data show that empirically, there is no dependence of the lithium counter ion self diffusion coefficient on
degree of polymerization in the semidilute unentangled regime, and future studies to elucidate the cause
of this behavior is certainly warranted.
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Figure 4-5 Dependence of Li* self diffusion on the degree of PAGELS polymerization. A) Self diffusion
coefficients of Li* as a function of the number of repeat units at different concentrations. Circles are
experimental data while the lines are best fits to equation 4-10. B) Value of z from equation 4-10, or the
power of the molecular weight dependence of the self diffusion coefficient. Error bars are 95%
confidence limits.

4.4.3 Overall effect of polyelectrolyte molecular weight on transference number

Using the scaling arguments made in the previous two sections, it is possible to conclude that the
transference number will continue to increase with increasing degree of polymerization, with little to no
penalty for the cation self diffusion. This suggests that continuing to move towards higher molecular
weight polymers will be beneficial to the transport properties of the resulting electrolytes. Synthetic
challenges make it difficult to make higher molecular weight PAGELS, but other systems are expected to
follow similar trends. This relationship will hold as long as the solution is in the semidilute unentangled
regime. As the molecular weight increases, the crossover concentration to the entangled regime will
decrease, and must be taken into account in design of future materials.

45 Effect of solvent choice on transference number

In the previous chapter, we hypothesized that lithium neutralized polyanions in solution should have high
cation transference number, regardless of solvent choice. To test this hypothesis, PAGELS (n=43 and
500) dissolved in three different solvents, dimethyl sulfoxide (DMSQO), water, and dimethylformamide
(DMF), were studied, with Li* transference numbers of each solution shown in Table 4-2. As expected
given the large size difference between the cation and polyanion regardless of solvent choice, the
transference numbers of each solution is very high, particularly for the large molecular weight polymer. It
is equally unsurprising that the transference number is slightly different depending on solvent choice, as
there are many solvent-specific parameters that influence the relative diffusion of each ion, including
solvated ion size (particularly Li"), viscosity, polymer conformation, and electrostatic shielding.
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Table 4-2 Cation transference number of PAGELS solutions in three different solvents at 0.1M Li™ and
25°C. Some useful properties of the three solvents.

DMSO Water DMF
t, n=43 0.81 0.91 0.70
t,, n =500 0.95 0.99 0.91

Diffusion coefficient of . ] ]
pure solvent [cm?/s]**® 7.3x10° | 2.3x10° | 1.5x10°

Pure solvent viscosity at

20 °C [cP] 2.00 0.89 0.92
Donor Number 29.80 18.00 26.60
Acceptor Number 19.30 54.80 16.00
Dielectric Constant 46.70 80.10 36.70
Solvent radius [A] 2.73 1.73 2.81
X PEO-solvent® 1.2 5.5 0.7
Debye Screening Length

at 0.1M [nm] 0.7 1.0 0.7

2 As calculated from regular solution theory”

The most important solvent parameters for the transport behavior of PAGELS solutions are listed in the
bottom half of Table 4-2: diffusion coefficient of the pure solvent at 25°C (inversely related to the solvent
viscosity), donor and acceptor number, dielectric constant, solvent radius, and PEO-solvent interaction
parameter. The self diffusion coefficient of the solvent is typically a good descriptor for ionic
conductivity because it is an indicator of general mobility in the system. However, the solvent diffusion
coefficient is not expected to selectively affect cation mobility compared with the anion, implying that t.
is not expected to be a strong function of the solvent diffusion coefficient.

The donor number, acceptor number, interaction parameter, and dielectric constant all influence the
solubility of the polyelectrolyte and the degree of ion dissociation. The donor number describes the
solvent’s ability to solvate the lithium cation, and to a reasonable first approximation, a solvent with a
higher effective donor number than the weak Lewis base sulfonate counterion will dissociate the lithium
sulfonate salt. Furthermore, the acceptor number describes a solvent’s ability to solvate the sulfonate
anion, and therefore sufficiently high acceptor number solvents (such as water) can efficiently dissociate
the lithium sulfonate ion pair. Covalent attachment of the sulfonate to the polymer backbone also likely
affects the solvating ability of the solvent. Given that the Li* ion migrates with its solvation shell intact,
increasing the solvent molecule radius reduces the Li* diffusion coefficient, with other conditions staying
the same, simply because it increases the effective size of the Li".

Certain solvent properties can also influence the polyanion shape and size, and understanding these
effects is important to explain the polymer self diffusion coefficient. The dielectric constant directly
influences the Debye shielding length (e.g., see equations 4-9B), which is a measure of how strongly the
charges along the backbone interact, which in turn, has a large effect on polymer conformation. For high
dielectric constants (resulting in high Debye screening lengths at a fixed concentration), the polymer is
expected to take on a more rod-like conformation due to increased electrostatic repulsion between the
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appended anions. Likewise, in low dielectric constant solvents, the polymer will approach a more
collapsed, globular conformation because the ions are more effectively screened from one another.

Interactions between the polymer backbone and the solvent also play a role in polymer conformation. To

obtain a rough estimate of the PAGELS backbone solubility, | have calculated the interaction parameter
between a plain PEO chain and the solvents (y PEO-solvent) using regular solution theory and have
shown these interaction parameters in Table 4-2. It is useful to note that while these calculated interaction
parameters are not expected to be exact, they will provide a rough understanding of how well the solvent
interacts with the polymer chain. For ¥y=0.5, the polymer is in a theta solvent, or has equal interactions
between the solvent and itself. In this case, the polymer chain conformation takes a random walk. For
¥<0.5, the polymer prefers to interact with the solvent rather than itself, and will therefore take on an
extended, or swollen, conformation. Finally, for %>0.5, the polymer prefers to interact with itself instead
of the solvent, and will take a collapsed conformation. All three of these solvents have ¥>0.5, so the
polymer chain would want to collapse onto itself if it were not decorated with ions. Of the three solvents,
only water does not solubilize the PAGE parent polymer. It is also interesting to note that water, which
has the largest y (and therefore the least interaction with the polymer backbone), has the highest dielectric
constant, and therefore the worst ability to shield electrostatic interactions between ions. In this case, the
dielectric constant should drive the polymer towards an extended conformation while the high y should
oppose electrostatics and drive towards a more collapsed state. This is not necessarily true for all solvent
choices and backbone chemistries, and it is envisioned that in some cases, solvation and electrostatic
interactions can have opposite effects, such that tuning solvent properties could provide leverage to
optimize transport properties of polyelectrolyte solutions’™.

Figure 4-6 shows the relationship between self diffusion coefficient of the Li* and polymer anions as a
function of the self diffusion coefficient of the pure solvent. DMSO has the lowest self diffusion
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Figure 4-6 Self diffusion coefficient of the lithium (red) and polymer anion (blue) in different solvents
(DMSO, DMF, and water). Solutions are at 0.1M Li* and 25°C.
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coefficient (and highest viscosity) and is expected to therefore have the slowest ion motion. As the
solvent diffusion coefficient increases, the self diffusion coefficients of dissolved solutes are also
expected to increase. This correlation is generally observed in Figure 4-6, with the exception of the
polymer diffusion coefficient in water. This is the first sign that there are conformational changes and
specific interactions affecting the PAGELS self diffusion coefficient. To remove the effect of solvent
viscosity from the overall diffusion coefficient, we use the relative diffusion coefficient (D,) 46,6374
defined as:

(4-13)

where D is the raw self diffusion coefficient of a species in solution and D, is the self diffusion coefficient
of the pure solvent (third row of Table 4-2).

The relative diffusion coefficients for the PAGELS solutions are shown in Figure 4-7. The relative
diffusion coefficient for the lithium (Figure 4-7A) scale inversely with the solvent radius. This is
expected, as increasing the solvent radius increases the effective size of the lithium cation, slowing down
its relative motion in solution. Both the n=43 and the n=500 PAGELS solution follows the same trend,
though the difference in Li" relative diffusion coefficient is not very large between the two solutions (see
previous section). The relative diffusion coefficients of the polymer in solution scale inversely with both
dielectric constant and y, indicating that electrostatic screening is a more important factor than solvent-
backbone interactions.
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Figure 4-7 Relative diffusion coefficient of charged species in polyelectrolyte solutions in three different
solvents. A) Relative lithium diffusion coefficient as a function of the solvent radius. B) Relative polymer
diffusion coefficient as a function of the solvent dielectric constant. C) Relative polymer diffusion
coefficient as a function of the interaction parameter between the PEO backbone and the solvent. Circles
are data for the 43 repeat unit PAGELS solutions while triangles represent 500 repeat unit PAGELS

solutions. Solutions are at 0.1M Li™ and 25°C.
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Overall, the ideal solvent to optimize conductivity and transference number would have:

o Asufficiently high donor number to dissociate the ions (I note that high donor or acceptor
number solvents typically are unstable in Li batteries, such that new ion chemistries that allow
lower donor/acceptor number solvents to be used would be ideal)

e A high diffusion coefficient to increase overall conductivity

e A small molecular radius to selectively increase the Li* diffusion coefficient

e A small y with the polymer backbone to swell the polymer backbone and therefore decrease the
polymer’s diffusion coefficient

e A high dielectric constant to promote an extended polymer conformation due to increased
electrostatic interaction between appended ions and thereby decrease the polymer diffusion
coefficient.

4.6  Effect of small molecule salt addition to polyelectrolyte solutions on Li* transference number

It was observed in the previous section and chapter that the self diffusion coefficient of Li* in PAGELS
solutions is smaller than that of Li* in LiTFSI solutions of equal Li* concentration. The analysis of the
Stokes radii shows that at high concentrations, where overall solution conductivity is the highest, this
difference is due in part to a large increase of the polymer solution viscosity. Although Li* diffusion
coefficient differences between the two types of solutions are also observed at low concentrations, it is
clear that this difference arises from other interactions, likely electrostatic friction, affecting the Li" in the
polymer solutions rather than just viscous drag, as is only considered when calculating Stokes radii.
Previous reports have indicated that the viscosity of polyelectrolyte solutions are substantially lower when
even small amounts of binary salts are added to the solution®®®. This decrease is a result of increased
electrostatic screening (i.e., a decrease in the Debye charge screening length) of the appended anions
when a salt is added. Charged polymers in this case will therefore behave more like an uncharged
polymer, whose conformation is smaller in solution than a charged polymer with equal contour length. |
therefore incorporated LiTFSI into PAGELS solutions in an attempt to reduce solution viscosity at high
concentrations, and thereby potentially increase overall solution conductivity. Although I hypothesized
that this strategy would improve conductivity, it also would likely reduce the Li* transference number due
to a reduction in the polyanion conformation size. The objective of this section is to understand transport
properties of these solutions and, specifically, the tradeoff between conductivity and Li* transference
number with varying anion composition.

Table 4-3 Solutions used to study the effect of varying the ratio of LiTFSI and PAGELS (n=500) in
DMSO.

Solution # | PAGELS Concentration [M Li*] | LiTFSI Concentration [M Li'] | Total Li* concentration [M]
1 0.000 1.000 1.000
2 0.025 0.975 1.000
3 0.250 0.750 1.000
4 0.750 0.250 1.000
5 0.975 0.025 1.000
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The transport properties of solutions with varying PAGELS and LiTFSI concentrations, whose
compositions are provided in Table 4-3, are shown in Figure 4-8. Figure 4-8A presents the self diffusion
coefficients of both the Li* and the polyanion at various LiTFSI/PAGELS ratios, with the Li*
concentration associated with PAGELS plotted on the abscissa. To evaluate the effect of the LiTFSI
added to the PAGELS solution, the mixture is compared to the pure PAGELS solutions without added
salt, but with similar Li* concentrations. Surprisingly, when comparing solutions with and without added
LiTFSI, negligible differences in Li* and PAGELS diffusion coefficients are seen even at high LiTFSI
contents. n other words, mixtures of PAGELS and LiTFSI result in solutions with diffusion coefficients
that resemble pure PAGELS solutions, instead of our desired outcome of a higher Li* diffusion
coefficient that perhaps approached that observed in a pure 1M LiTFSI solution. Using the self diffusion
coefficients shown in Figure 4-8A, plus the self diffusion coefficients of the TFSI anion (not shown), the
new Li* transference number is calculated using the following relation:

CpitDpit

(4-14)

ty =

Cri+Dpi++CrEsi—Drrsi—+Cpolymer—Dpolymer—
t, for PAGELS + LiTFSI mixtures is shown in Figure 4-8B, and for most compositions, resembles t.
observed in a pure LiTFSI solution until very low LiTFSI concentrations. At very small LiTFSI contents
(e.g., solution #5 in Table 4-3), a modest decrease in t. is observed compared to the pure 1M PAGELS
solution, yet almost no difference in conductivity is observed between the two solutions, as is shown in
Figure 4-8C). Furthermore, the degree of ion dissociation (Figure 4-8C) appears to scales roughly with
the relative concentrations of TFSI anions (which only partially dissociate from Li*) and polymer anions
(which almost completely dissociate from Li").

It is incredibly surprising that the diffusion coefficients lack of sensitivity to added LiTFSI (Figure 4-8A),
particularly when comparing the solution viscosities of pure PAGELS and PAGELS + LiTFSI mixtures
(Figure 4-8D). Even the inclusion of 0.025M LiTFSI dramatically decreases (~5x reduction) the overall
solution viscosity, which is in agreement with previous studies® . In a simple, ideal solution, such a
substantial reduction in viscosity would result in an increase in dissolved species diffusion coefficients
consistent with that expected from Stokes-Einstein theory (~5x increase). For our solutions, we would
certainly have expected at least some conductivity benefit from reducing viscosity, particularly because
only minor differences in ion dissociation exist between the two solutions (Figure 4-8C), and a portion of
the large polyanion is being replaced by a small, more mobile anion. This leads us to two very important
conclusions and numerous remaining questions. The first is that viscosity is obviously not the only
important factor in determining either the lithium or the polymer diffusion coefficient. In other words, our
results are not well-modeled by Stokes-Einstein theory, as was shown and discussed in the previous
chapter. The other important factor was hypothesized to be electrostatic friction on the lithium cations in
the previous chapter. Therefore, it is important to evaluate the ability of a small molecule salt to decrease
this friction by shielding these electrostatic interactions. Second, LiTFSI does not appear to be more
effective at screening this electrostatic friction than the polymer itself. We arrive at this conclusion
because despite the decrease in bulk viscosity, the lithium cation appears to still be slowed by this
frictional effect. Understanding how these electrostatic interactions appear to counterbalance viscous
interactions will help identify whether the addition of small molecule salts is a useful design strategy to
increase polyelectrolyte solution conductivity while maintaining a high Li" transference number.
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Figure 4-8 Transport properties of PAGELS (n=500) + LiTFSI solutions. The x-axis of all plots is
sulfonate anion concentration from PAGELS. All PAGELS + LiTFSI mixtures (pink) are the compositions
in Table 4-3, and have a total lithium concentration of 1 M. All solutions are in DMSO at 25°C. A) Self
diffusion coefficients of the Li* (empty shapes), and of the polymer anion (filled shapes) in the pure
polymer solutions (blue squares), and the mixtures (pink triangles). The red line is the self diffusion
coefficient of Li* in LiTFSI at 1M. B) Transference number of mixed (pink triangles) and pure polymer
(blue squares) solutions. C) Conductivity of the mixtures as measured by conductivity probe (filled) and
by NMR (empty). The calculated dissociation is shown in the upper right hand corner. D) Dynamic
viscosity of mixed (pink triangles) and pure polymer (blue squares) solutions. The red line is the dynamic
viscosity of 1M LIiTFSI.

4.7 Conclusions

In this chapter, | outlined various possible compositional parameters that influenced transport properties
of polyelectrolyte solutions. The Li* transference number was found to be temperature independent, in
agreement with theory for solutions that are fully dissociated at all temperatures measured. A positive
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correlation between polymer molecular weight and Li* transference number was identified, the effect of
which can only be partially described with existing scaling theories. While all three solvents tested here
provided high t. and high conductivity, it was found that optimization of transport properties through
solvent choice is influenced by a variety of different solvent parameters. A donor number large enough to
dissociate the ions is critical, whereas ionic motion was also found to be influenced by solvent viscosity,
solvent radius (which primarily affects Li* motion due to its occupation of Li*’s solvation shell), and a
combination of dielectric constant and polymer-solvent interaction parameter, both of which affect the
conformation of the polymer chain. The addition of small molecule salts, such as LiTFSI, as additives to
the polyelectrolyte solution, was not identified as a promising approach to improve conductivity while not
substantially influencing t., but numerous questions remain in understanding why this direction does not
appear to be beneficial.

43



5 Effect of sequence in amphiphilic peptoid coatings on surface structure
and marine antifouling/fouling release properties

5.1 Abstract

Amphiphilic polymers, specifically combinations of hydrophilic and hydrophobic residues, have been
shown to be effective as antifouling materials against the algae Ulva linza and Navicula diatoms. In this
chapter we use the inherent sequence specificity of polypeptoids made by solid phase synthesis to show
that the sequence of hydrophilic (methoxy) and hydrophobic (fluorinated) moieties affects both
antifouling and fouling-release of U. linza. The platform used to test these sequences was a polystyrene-b-
poly(ethylene oxide-co-allyl glycidyl ether) (PS-b-P(EO-co-AGE)) scaffold, where the polypeptoids are
attached to the scaffold using thiolene click chemistry. The fluorinated moiety is very surface active and
directs the surface composition of the polymer thin film. The position and number of fluorinated groups
in the polypeptoid is shown to affect both the surface composition and antifouling properties of the film.
Specifically, the position of the fluorinated units in the peptoid chain changes the surface chemistry and
the antifouling behavior, while the number of fluorinated residues affects the fouling release properties.
This work is also published in peer reviewed journals.?*®

5.2 Introduction
5.2.1 Marine antifouling

Marine biofouling is a complex problem, affecting many man-made structures which operate in water,
particularly ships. These foulants adversely affect the performance of the ship, but more importantly,
cause the spread of invasive species and harm local aqua-environments. Fouling organisms are classified
into three main groups: “micro-settlers” which are microscopic slimes (e.g., diatom Naviculla), “soft
macro-settlers” which are larger seaweeds and sponges (e.g., algae Ulva linza) and “hard macro-settlers”
which are shell bearing invertebrates (e.g., barnacles Balanus Amphitrite).?%" These three example
organisms are the most commonly used in tests of marine antibiofouling coatings because of their
different settling preferences and behavior.

Historically, antifouling coatings were made using toxic/biocidal materials such as tributyltin oxide.®
However, legislation has outlawed the use of many of these biocides, and other materials such as copper
have come under scrutiny.® This has created a need for effective, non-biocidal, marine antibiofouling
coatings. The goal is to create a coating that will not Kill organisms, but instead be unattractive for
settlement.®® To create such a surface, it is first necessary to understand the fouling process. The classic
view of surface colonization involves the initial “conditioning” of a surface by organic materials such as
proteins, which later recruit micro-settlers, followed by the settlement of macro-settlers. By this logic
surface colonization will be avoided if the initial surface conditioning is avoided, and protein adsorption
studies are effective tests for antifouling coatings. However, both seaweed spores® and barnacle larvae®
are capable of settling on a pristine surface, meaning that protein and cell adsorption studies are not
sufficient to test the marine antibiofouling performance of a surface.

Marine antibiofouling studies usually involve two main tests. The first is a settlement assay to determine
whether the surface is attractive to the organism by finding the settlement density of the organism on the
surface. The environmental cues that determine organism settlement include chemical, biological, and
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topographical properties. In the case of Ulva linza, one of the two organisms used in this study, the spore
will spend time “exploring” the surface. Once it finds an attractive surface for settlement, the spore will
release vesicles filled with an adhesive onto the surface. The chemical composition of the adhesive itself
is not well understood due to the difficulty in obtaining large amounts of the adhesive as well as difficulty
in determining which molecules are actually involved in the adhesion process. The adhesive is a
combination of a polydisperse 110kDa glycoprotein (the polydispersity is due to different degrees of
glycosylation and number of repeated motifs) and smaller (45-80 kDa) proteins.*® This adhesive is
initially liquid and wets the surface differently depending on the hydrophobicity of the surface.* The
adhesive then undergoes a curing process which involves the crosslinking of the glycoprotein by dithiol
linkages. The second test is a fouling release assay which measures how easily an organism is removed
from a surface under shearing forces. As a ship moves through water its hull is exposed to shearing
forces, which may remove organisms which are not strongly attached. These properties are often related
to the modulus of the material, though the chemistry will also have an effect. In the case of Ulva linza,
after initial settlement the spore germinates and continues to produce the adhesive, which integrates with
the cell wall, keeping the growing plant attached to the surface.®

5.2.2  Why Polypeptoids

In nature the sequence specificity of polypeptides and other biological polymers mediates the complex
interactions between organisms and their environment. Small variations in sequence, size, and
composition can have large effects on structure, as well as the peptide’s interaction with living organisms.
Peptoids are a class of non-natural biomimetic oligomers based on an N-substituted glycine backbone®
that combine many of the advantageous properties of bulk polymers with those of synthetically produced
polypeptides. Because the functional group in polypeptoids is introduced via a primary amine, there are a
large number of cheap and readily available starting materials, and an enormous number of available
functionalities. Additionally, peptoids can be synthesized in high yields and large, scalable batches by
synthesis on rapid, automated synthesizers. Furthermore, they have the ability to incorporate biologically
relevant functionalities as well as synthetic functionalities, and have high biological stability. Because
there is no hydrogen bond donor in the peptoid backbone (in contrast to peptides, which contain
secondary amines in the backbone) polypeptoids exhibit enhanced thermal and solution processability
over other biological materials.®* However, attaching peptoids to a surface in an industrially relevant way
is challenging. For the purposes of this study, the peptoids are attached to the surface using a
poly(styrene)-b-poly(ethylene oxide) scaffold polymer. This scaffold allows for the incorporation of the
peptoid into a thin film, while adding mechanical stability to the film, as well as increasing compatibility
with underlying coatings such as rubbery coatings or anticorrosive coatings.

These advantageous properties make polypeptoids ideal candidates for creating tunable materials for large
scale applications such as coatings. The sequence specificity of polypeptoids enables their physical
properties and therefore their processability to be tunable with monomer sequence. We can thus access a
range of thin film processing conditions. At the same time, because many known antifouling
functionalities can be incorporated using a single backbone chemistry, making a direct comparison of the
effects of these functionalities and their sequence possible. Previous antifouling studies have shown that
topographical patterns®™, low modulus surfaces®, hydrophilic surfaces®, amphiphilic surfaces®* |, and
zwitterionic surfaces'® all have favorable antifouling and fouling release properties. Our approach of
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using polypeptoids to understand the effect of sequence on antifouling leads us to a particular interest in
amphiphilic surfaces and sequences of the hydrophobic and hydrophilic groups.

5.3 Experimental
5.3.1 Synthesis

The synthesis of the polymers used in this study was performed using three main steps. First, the parent
poly(styrene)-block-poly(ethylene oxide-co-allyl glycidyl ether) (PS-b-P(EO-co-AGE)) polymer was
synthesized using anionic polymerization, Figure 5-1. Then, the thiol-terminated polypeptoids were
synthesized using solid phase synthesis and purified using standard methods, Figure 5-2. Finally, the
peptoids were attached to allyl groups pendent to the parent polymer using thiol-ene click chemistry
Figure 5-3.

5.3.1.1 PS-P(EO-co-AGE) synthesis

PS-b-P(EO-co-AGE) with Mn(PS) = 22300, and Mn(P(EO-co-AGE)) = 46000 with 2.9 mol% AGE and a
polydispersity (PDI) of 1.11 was synthesized as described previously.*® In short, alcohol-terminated
polystyrene (PS) was grown anionically in cyclohexane with a sec-butyl lithium initiator and termination
with ethylene oxide followed by isopropyl alcohol. The resulting polymer was precipitated into 50:50
methanol/isopropanol, filtered, dried under vacuum, and characterized by refractive index size-exclusion
chromatrography (RI-SEC) and 1H NMR spectroscopy. The hydroxyl terminated PS was then used as a
macroinitiator for the anionic co-polymerization of ethylene oxide and allyl glycidyl ether in
tetrahydrofuran (THF).
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Figure 5-1 Reaction scheme for synthesis of the parent PS-b-P(EO-co-AGE) polymer.
5.3.1.2 Peptoid Synthesis

Polypeptoids were synthesized on a robotic synthesizer on 100 mg of Rink amide polystyrene resin (0.6
mmol/g, Novabiochem, San Diego, CA) using a previously described submonomer method.'***% All
primary amine monomers, solvents, and reagents were purchased from commercial sources and used
without further purification. Amine displacement times were typically 1 hour for methoxyethylamine (1.5
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M in N-methyl pyrrolidone (NMP)) and 2 hours for heptafluorobutylamine (1.25 M in dimethyl
formamide (DMF)) and amines coupled directly after that. Only when heptafluorobutylamine was to be
coupled directly to the resin (or to one or two heptafluorobutyl groups already coupled to the resin) was
the reaction performed at 50 °C for 3 hours. All peptoids were thiol functionalized by reacting for 1 hr in
1 mL of 0.5 M S-tritylmercaptopropionic acid and 75 pL of N,N’-Diisopropylcarbodiimide (DIC).
Peptoid chains were cleaved from the resin by addition of 3.0 mL of cleavage cocktail (47.5 v%
trifluoroacetic acid (TFA), 47.5 v% dichloromethane (DCM), 2.5 v% H20, 2.5 v% triisopropylsilane
(T1S)) for 10 minutes, which was then evaporated off using a Biotage V-10 evaporator. This
simultaneously resulted in deprotection of the thiol functionality (significantly longer cleavage times
would result in a cyclization reaction cleaving off the thiol and final monomer). Following cleavage,
peptoids were dissolved in appropriate acetonitrile/water mixtures and lyophilized twice to obtain a fluffy
white powder. All peptoids were purified by reverse-phase prep high performance liquid chromatography
(HPLC), and their purity and mass were determined by analytical reverse-phase HPLC and matrix
assisted laser desporption ionization (MALDI) as previously described'®. Properties and sequences
synthesized for this work are shown in Table 5-1.

Table 5-1 Thiol functionalized peptoids used in this study are shown below with their names and purity.
The thiol functionality is represented by a dash in the sequence column, the N-(2-methoxyethyl)glycine
unit is represented by green (dark), and the N-(heptafluorobutyl)glycine unit is represented by yellow
(light). The code is used to identify the peptoid sequence. Once the peptoid has been clicked onto the PS-
b-P(EO-co-AGE) scaffold described below, it is called AGE-(peptoid code).

Name Code Sequence Mass Observed mass | Purity
(+Na)® (%)°
5merAl 5 00000 804.3 829.3 91
10merA2 | 10 N 000000000 1503.6 | 1529.0 92
15merA3 | S3 000000000000000 | 2202.8 | 2228.1 90
15merB3 | S2 -0000000°0000000 | 2202.8 | 2227.5 86
15merC3 | S1 -000000000000000 | 2202.8 | 2227.4 81
15merC2 | 15-2 0000000000000 | 2078.9 | 2103.2 83
15merC1 | 15-1 -000000000000000 | 19549 | 1979.8 80
12merD 12 Fe 00000000000 1485.8 | 1510.9 81

% as observed on MALDI. The ionized peptoid usually flies with a sodium counterion, meaning
that the observed mass is 23 g/mol larger than the calculated mass. This is not related to the
state of charge in solution.

b as observed by analytical reverse-phase HPLC
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Figure 5-2 Solid phase synthesis of polypeptoids in two steps. First, the bromoacetylation occurs, then a
displacement using a primary amine, recreating the secondary amine, which can then be bromoacetylated
again. This synthesis allows for the sequence-specific synthesis of peptoids up to 50 monomers long
where one monomer is formed by the two step reaction of bromoacetylation and displacement.

5.3.1.3 Comb-copolymer Synthesis

Thiol-ene coupling of the thiol functionalized peptoid sequences, as shown in Figure 5-3, was performed
by dissolving 100 mg of polymer in a small amount of DMF (typically 550 pL per 100 mg of polymer) in
a 1 dram vial. Then 2.5 equiv of thiol functionalized peptoid (with respect to alkene groups in the
polymer) were added and dissolved. Finally 0.4 equiv of 2,2-dimethoxy-2-phenylacetophenone (DMPA)
photoinitiator and a small stir bar were added. The vial was sealed with a screw cap fitted with a
polytetrafluoroethylene (PTFE) septum, and the mixture was purged with argon for 10 min. Irradiation
was carried out for 30 min with a 365 nm UV lamp. The reaction was driven to completion by extra
addition of 0.5 equiv of peptoid, 0.2 equiv of DMPA, and DMF (50 uL per 100 mg). The new mixture
was purged for 10 minutes with argon before reacting 30 extra minutes under UV irradiation. After the
reaction, 2.5 ml of acetonitrile was added to the reaction vessel and the mixture was suspended in 12.5 ml
of Milli-Q water. These mixtures were concentrated using Amicon Ultra centrifugal filter units (30 000
cutoff Mw, Millipore) and resuspended in 15 ml of 1:6 acetonitrile/water. This procedure was repeated
twice. All concentrated block copolymer solutions were lyophilized from 1:6 acetonitrile/water mixtures.
The reaction was monitored by *H NMR, shown in Figure 5-4.

T B e g
{ DMPA, DV, UV 365nm K/\sf\)\’.

Figure 5-3 a.) Peptoid monomers used in this study, N-(2-methoxyethyl)glycine (Nme) and N-
(heptafluorobutyl)glycine (NF), symbol, and abbreviation used to present them. b.) Thiol-ene click
chemistry is used to functionalize PS-P(EO-co-AGE) with thiol terminated peptoids to make a comb
shaped polymer. Specific functionalized polymers within this class are called AGE-(Peptoid code), where
the peptoid code is provided in Table 5-1.

/
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5.3.1.4 Polymer characterization

Nuclear magnetic resonance (*H NMR) spectra, such as those in Figure 5-4, were recorded on a Bruker
Biospin Avance Il 500 MHz High Performance NMR Spectrometer at room temperature. Chemical shifts
are reported in parts per million relative to CHCI; at 7.26 ppm for 'H as an internal reference. Gel
permeation chromatography (GPC) was performed on an Agilent GPC system, equipped with PLgel 5um
MIXED"D columns and calibrated with narrow polystyrene standards. Using a flow rate of 1 mL/min, the
mobile phase was DMF at 40°.

i F,C
\
O /CF2 J
j / F3C

-

ppm

Figure 5-4 1H NMR spectra of the starting PS-b-P(EO-co-AGE) polymer (bottom), thiol terminated
peptoid (middle), and the product after thiol-ene coupling (top). The inset shows an overlay of the 3-2.5
ppm region for the peptoid product. *Four peaks are visible due to the diastereotopic protons next to the
amide bond and a minor amount of dithiol impurity.

5.3.2  Thin film preparation and characterization

Films with a thickness of approximately 80 nm were spin coated at 1500 rpm from 1.5% (w/v) block
copolymer solutions in toluene onto plasma-cleaned silicon wafers. All films were vacuum annealed for
at least 16 hours at 120 °C.
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5.3.2.1 Near Edge X-ray Absorption Fine Structure (NEXAFS)

Near Edge X-ray Absorption Fine Structure (NEXAFS) experiments were conducted on the U7A
NIST/Dow materials characterization end-station at the National Synchrotron Light Source at
Brookhaven National Laboratory (BNL). The general NEXAFS principles and a description of the beam
line at BNL have been previously reported®%%. In short, the X-ray beam hits the sample with an angle
0 to the sample surface and ejected electrons are collected at an angle ¢ from surface normal as shown in
Figure 5-5. Because the angle between the X-ray and detector is fixed at 36°, both the surface sensitivity
and the sensitivity to bond orientation can be controlled by varying 0. At a 0 of 120°, ¢ is 66° and the
technique is more surface sensitive. At “magic angle” of 0 equal to 54.7° the technique reports chemistry
irrespective of ordering or bond orientation, and provides information about the top 2nm of the film.
Unless otherwise specified, all spectra were taken at the magic angle.

Detector

Figure 5-5 Geometry of NEXAFS set up at U7A endstation at NSLS.

The PEY C1s spectra were normalized by subtracting a linear pre-edge baseline from 270 — 280 eV and
setting the edge jump to unity at 320 eV.'® The photon energy was calibrated by adjusting the peak
position of the lowest ©* phenyl resonance from polystyrene to 285.5 eV*”’. No further normalization was
conducted for the N1s spectra.

5.3.2.2  Sum Frequency Generation (SFG)

The polymers were coated on silica windows (1 inch in diameter, 1/8 inch thick, from ESCO Optics) via
spin-coating and annealing, with a thickness of approximately 80 nm. The SFG spectroscopy was
implemented according to the protocol reported previously'®. Briefly, the visible and infrared (IR) input
beams penetrated a SiO, window and overlapped spatially and temporally at the polymer surface/interface
(Figure 5-6). The incident angles of the visible and IR beams were 60° and 54° with respect to the surface
normal, and the pulse energies of the visible and IR beams were 50 and 100 pJ, respectively. The
reflected SFG signal was collected by a monochromator along with a photomultiplier tube. All SFG
spectra were collected using the ssp (SFG output, visible input, and IR input) polarization combination.

50



IR SFG
Vis /
/’ <Sio,

_ <-Polymer
Air/Water

Figure 5-6 Schematic of setup used in SFG experiments. The polymer coating is on a silica window in air
or water.

5.3.3 Ulva Assays

Both antifouling and fouling-release assays were performed as previously described®*®. Coatings were
equilibrated in 0.22um filtered artificial seawater (Tropic Marin®) for 24 hours before testing. Zoospores
were obtained from mature plants of U. linza, collected at Llantwit Major in South Wales. Spores were
released by the standard method. A suspension of zoospores (10 ml; 1x10° spores ml™) was added to
individual compartments of quadriperm dishes, in the dark. After 45 minutes in darkness at c. 20 °C, the
slides were washed by passing 10 times through a beaker of seawater to remove unsettled spores.

5.3.3.1 Settlement of zoospores

Slides were fixed using 2.5 % glutaraldehyde in seawater. The density of zoospores attached to the
surface was counted on each of 3 replicate slides using an image analysis system attached to a
fluorescence microscope. Spores were visualized by autofluorescence of chlorophyll. Counts were made
for 30 fields of view (each 0.15 mm?) on each slide.

5.3.3.2 Growth and Removal of Sporelings

Spores were allowed to settle on the coatings for 45 minutes and then washed as described above. The
spores were cultured using supplemented seawater medium for 7 days to produce sporelings (young
plants) on 6 replicate slides of each treatment. Sporeling growth medium was refreshed every 48 hours.

Sporeling biomass was determined in situ by measuring the fluorescence of the chlorophyll contained
within the sporelings in a Tecan fluorescence plate reader. Using this method the biomass was quantified
in terms of relative fluorescence units (RFU). The RFU value for each slide is the mean of 70 point
fluorescence readings taken from the central portion. The sporeling growth data are expressed as the mean
RFU of 6 replicate slides.

Strength of attachment of sporelings was initially assessed using a shear stress of 52 Pa in a water channel
(52 Pa is the maximum achievable in our initial experimental setup)*'®. There was negligible removal
from any of the peptoid test surfaces and consequently the apparatus was changed for a higher-powered
water jet.

The relative attachment strength of sporelings on the peptoid comb copolymer coatings was determined
by exposure to a water jet producing an impact pressure of 160 kPa (Figure 5-7). The sequences of these
peptoids are shown in Table 5-1. Biomass remaining after exposure to the water jet was determined using
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the fluorescence plate reader (as above). The percentage removal was calculated from readings taken
before and after exposure to the shear stress.

¥ - ‘:‘\ . ] " . .-,’."\
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Figure 5-7 Image showing sporelings remaining on amphiphilic peptoid coatings after exposure to a
shear stress of 160 kPa. From left: AGE-15-1, AGE-15-2, AGE-S1, AGE-S2, AGE-S3, AGE-10, AGE-5,
glass, PDMS.

5.4  Results and Discussion
5.4.1 NEXAFS to probe surface chemistry of dry polymer thin films

A previous study of PS-b-peptoid model block copolymer systems indicated that fluorinated peptoid
monomers drive surface segregation of a predominantly hydrophilic peptoid block'®?. The carbon edge
near edge X-ray absorption fine structure (NEXAFS) spectrum shown in Figure 5-8 shows that the same
is true for the PS-b-P(EO-co-AGE) copolymer system used here (23kPS, 46kPEO, 3 mol% AGE). In
Figure 5-8 it is apparent that in the case of the fluorine deficient peptoid, AGE-12merD shown in Table
5-1, PS segregates at the top 2 nm'® of the surface as characterized in Figure 5-8 by the sharp C 1s —
T*c=c transition at 285.5e¢V and no evidence of the C 1s — m*c=o or the C 1s — nt* ¢ transition (at 288.6
and 289.5 eV) that are characteristic of polypeptoids and PEO respectively. In this case, the PS has a
lower surface free energy than the peptoid or the PEO and therefore forms a wetting layer at the surface
of the film. However, fluorocarbon bonds have an even lower surface free energy and will segregate to
the surface on top of the PS. When a fluorocarbon group is attached to the polypeptoid and PEO domains
of the polymer, it provides a sufficient driving force to drag the polypeptoid and the PEO to the surface as
well, effectively pushing the PS deeper into the film. This can be seen in the case of the fluorinated
peptoid AGE-15merB3 in Figure 5-8 where no C 1s — m*c-c transition is observed. Instead, typical PEO
and peptoid m and o transitions can be observed as well as the o*cr transition at 293 eV. Moreover,
Figure 5-8 shows that closer to the surface (6=120° is more surface sensitive than 6=55° as seen in Figure
5-5) the w*c.n, o*cn, and o*cr transitions are more pronounced, indicating that peptoid chains are
concentrated at the surface since the fluorocarbon is attached directly to the peptoid.
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Figure 5-8 Carbon K-edge NEXAFS spectra of AGE-15merB3 (sequence on image) at two different 6.
The dashed line is the spectrum of the hydrophilic AGE-12merD surface. It is identical to the spectrum
obtained for a pure polystyrene surface and for the parent AGE copolymer because when there is no
fluorine to direct the surface presentation, PS surface segregates.

A systematic study of the surface segregation behavior of the complete fluorinated peptoid series listed in
Table 5-1 gives further insight into our control of surface composition with the modular PS-b-P(EO-co-
AGE/peptoid) copolymers. The NEXAFS spectra for this series are shown in Figure 5-9. There is a
strong dependence of surface chemistry on the position of the fluorinated moiety in the peptoid, despite
identical overall chemical composition of the peptoid and therefore the overall polymer. The fluorinated
groups were placed at the beginning of the peptoid (closest to the PEO backbone), in the middle of the
peptoid, or at the end of the peptoid (farthest from the PEO backbone). All of these peptoids were fifteen
repeat units long, containing three N-(heptafluorobutyl)glycine residues and twelve N-(2-
methoxyethyl)glycine residues. They are compositionally identical with a molar mass of 2228 Da as
observed by matrix-assisted laser desorption ionization (MALDI). The carbon edge NEXAFS spectra
shown in Figure 5-9a shows that the 6*cr peak from the peptoid and the n*c-c peak from the PS are
similar for all three sequences. For all three the surface is covered by the surface segregating fluorocarbon
as indicated by a large o*c.r peak, and PS is effectively covered by PEO and peptoid as indicated by the
very small n*c-c peak. However, there is a clear difference between the different sequences in the amount
of PEO as compared to peptoid as seen in the 6*c.y and c*c.o peaks. Because these peaks are close
together and the peptoid is the only source of nitrogen in the system, it is informative to use the nitrogen
edge NEXAFS spectrum shown in Figure 5-9b as an indicator of peptoid content at the surface. As the
fluorinated units were moved from the outer edge of the peptoid towards the PEO backbone, the amount
of peptoid at the surfaces decreased as seen in Figure 5-9b, and the amount of PEO increased because
when the fluorine is at the end of the peptoid it dragged only peptoid towards the surfaces, covering the
surface with fluorinated peptoid chain ends. However, when the fluorine is close to the PEO backbone,
both the PEO and the peptoid are dragged to the surface and the surface is covered with fluorinated
peptoid loops.

As one might expect, the length of the peptoids also has an effect on the thin film surface composition. In
this case, peptoids were five, ten, and fifteen repeat units long and contained one, two, and three
fluorinated residues, respectively. The nitrogen 1s NEXAFS spectra in Figure 5-9d show that there is less
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peptoid at the surface of the films with shorter peptoids due to a lower volume fraction of peptoid in the
film. From the carbon edge we see that there is a small increase in 6*cr peak height with increasing
fluorinated residue content. However, there is an increase in the size of the w*c=c peak, indicating an
increase in PS content with decreasing peptoid size. This indicates that the five unit and ten unit long
peptoids are not able to completely cover the PS, and that to achieve a PS free surface, a higher peptoid
volume fraction or larger groups are needed.

Finally Figure 5-9 shows that the fraction of fluorinated groups can be used to control the surface
segregation. Decreasing the number of heptafluorobutyl groups does not change the amount of peptoid at
the surface as seen in the nitrogen edge NEXAFS spectra, indicating that one group is sufficient to drag
all geometrically accessible peptoid to the surface. As expected, we observe an increased o*c.¢ signal for
higher fluorine content polymers, but we also see a corresponding decrease in PS because the
heptafluororbutyl groups are larger than the methoxyethyl groups and are more effective at covering the
underlying PS.

5.4.2 SFG to probe surface chemistry of hydrated thin films

In collaboration with Zhan Chen’s group at the University of Michigan, the same polymers as shown
above were analyzed using sum frequency generation (SFG) spectroscopy. Unlike NEXAFS, which is
done in ultra-high vacuum, SFG is able to probe the surface chemistry of polymer thin films under
aqueous conditions relevant for marine antifouling applications. SFG works by only observing the
stretches of molecules with particular symmetries. Because molecules at interfaces and in the bulk have
different symmetries, it is possible to separate about the signals of these two populations™*. It is sensitive
to less than a monolayer of molecules™*?. In the case of the dry samples presented below, the first several
layers of atoms are observed. In the case of the hydrated films, the signal is dominated by the monolayer
of water closest to the polymer surface.

Figure 5-10A shows the SFG spectra of the polymer coatings in air. A distinct peak at 2815 cm™ assigned
to the O-CHs group on N-(2-methoxyethyl)glycine (Nme) was observed for all the Nme-containing
polypeptoids, indicating that the O-CH; end group is present at the polymer surfaces in air. As expected,
the spectrum of PFOT (a control sample containing no peptoid, only the parent PS-b-P(EO-co-AGE)
polymer functionalized with perfluorooctanethiol) does not show any peak at 2815 cm™, verifying that the
2815 cm signal for the other polymers is due to the presence of methoxyethyl groups on the peptoids.

Figure 5-10B shows the intensity of the peak at 2815 cm™ detected from the polymer surfaces in air. We
observe that the intensity is a function of polypeptoid sequence. The strongest intensity was detected for
15merC1, in which one N-(heptafluorobutyl)glycine (NF) residue is attached to the outer edge of the
peptoid (farthest from the polymer backbone). The single NF residue segregates to the surface in air,
bringing the rest of the peptoid and the methoxyethyl residues to the surface as well. As the number of the
NF units at the outer edge of the peptoid increases from one to three (15merC1, 15merC2, and 15merC3),
the SFG signal of Nme decreases because while peptoid is present at the surface, the heptafluorobutyl
residues replace methoxyethyl residues at the surface. For 15merC3, 15merB3, and 15merA3, in which
the number of the NF units stays constant at three in the peptoid chain, the O-CHj signal increases when
the NF units are moved from the outer edge to the middle of the peptoid close to the polymer backbone.
Unlike those at the end of the peptoid, the three NF units in the middle of peptoid can drag the Nme units
at both sides to the surface, thereby increasing the surface coverage of Nme. For all the polymers, no

54



signal of the phenyl ring above 3000 cm™ was detected, indicating the absence of polystyrene at the
surfaces in the AGE-peptoid polymers containing NF. This is consistent with the NEXAFS results shown

in 0.

Figure 5-10C shows a negative correlation between the SFG signal at 2815 cm™ in air assigned to the
Nme residue (Figure 5-10) and the NEXAFS signal at 293.8 eV assigned to the NF unit (Figure 5-9). The
negative relationship demonstrates the inversely related surface coverage between the Nme and NF units
due to their different surface energies, and also demonstrates the consistency between the results from
SFG and NEXAFS measurements
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Figure 5-9 The carbon edge (left) and nitrogen edge (right) NEXAFS spectra of PS-b-P(EO-co-
AGE/peptoid) copolymers show the surface chemistry of the films.
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Figure 5-10 SFG spectra of polymer thin films and comparison with NEXAFS results. A) SFG spectra of
the polymers in air allows us to probe the methoxy units in the polymer film. B) Peak intensity at 2815 cm’
! (assigned to methoxy residues) from the spectra of the polypeptoids in A. C) The SFG intensity at 2815
cm™ assigned to O-CH; of Nme is negatively correlated to the partial electron yield (PEY) at 293.8 eV
from NEXAFS assigned to the fluorine element on NF. These SFG results agree with the NEXAFS results.

While the SFG experiments on dry films agree with the NEXAFS experiments of dry films, the additional
value of SFG is as a tool to probe the hydrated films. These results are shown in Figure 5-11. We observe
that all of the polymers films in water show little C-H stretching signal, indicating a lack of ordering of
the polymer surface. The random orientation of the polymer surface may result from the surface
restructuring processes that amphiphilic polymers are expected to experience upon immersion in water or
simply because of the swelling of polymer chains. Water signals dominate the SFG spectra at the
polymer/water interfaces, with a stronger band at 3200 cm ™ and a weaker signal at 3400 cm™*, assigned to
strongly hydrogen-bonded and weakly hydrogen-bonded water, respectively. While the shape of the water
spectra is similar for all of the polymers, the signal intensity varies depending upon the polymer surface
structures, indicating the different ordering of the interfacial water molecules on different polymer
surfaces. For example, an increase in the number of the NF units at the outer edge of the peptoid (15 1, 15
2, and S1) leads to a decrease of the water signal as a result of the unfavorable interaction between the
hydrophobic fluorocarbon chains and water molecules, which disrupts the ordering of the interfacial water
molecules. These SFG water spectra show that the hydration of the polymer surfaces is sensitive to the
sequence of the peptoid (both the number and position of the fluorocarbon chains), revealing a subtle
trade-off between the dragging effect on and the surface suppression of the hydrophilic components by
the NF units.
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Figure 5-11 SFG spectra of the polymer/water interfaces for different polymers. There is little ordering of
the polymer in the films, and the signal is dominated by the strongly and weakly hydrogen bonded water
at the surface of the film.

5.4.3 Antifouling and fouling release performance

These surfaces were used to study the effect of sequence and surface chemistry on the settlement
(attachment) of zoospores and the adhesion strength of sporelings (young plants) of U. linza, a widely
studied fouling alga. In this system, polystyrene imparts stability to the film, but it is known to be
attractive to spore settlement and is thus undesirable at the surface™*. In this case, the heptafluorobutyl
groups are used to not only direct the surface chemistry but also as the hydrophobic residue of our
amphiphilic coating. Figure 5-12 shows the settlement and release performance of these films against U.
linza.

Assays with zoospores showed that while all the surfaces were antifouling with respect to the glass and
PDMS standard, the sequence in the peptoid affects both settlement behavior as well as the release
properties of sporelings, the young plants that develop from settled spores. Notably, the position of the
fluorinated residues in the peptoid has a large effect on the spore settlement density, with the most
settlement on the peptoid with the fluorinated NF residue on the end of the peptoid. This may be due to
the decreased amount of PEO at the surface, meaning that PEO is better at antifouling than the peptoid
itself. While methoxyethyl peptoids have not been previously tested against Ulva, they have been shown
to be resistant to protein adsorption and cell adhesion, similarly to PEO™. Alternatively, the geometry of
the polymers at the surface may play a role. When the fluorinated NF is at the end of the peptoid farthest
from the PEO backbone, the surface is populated by fluorinated chain ends whereas when the NF moves
toward the PEO backbone, the surface is populated by fluorinated polymer loops. The chain ends will
have more available conformations and a lower surface energy than the corresponding loops and may
have caused the difference in settlement density. The position does not markedly affect the fouling release
properties of the surface.
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Figure 5-12 Antifouling and fouling-release assays on peptoid surfaces. A) Density of attached spores on
peptoid surfaces after 45 min settlement. All surfaces performed well as antifouling materials compared
to the glass and PDMS standards. The position of the fluorine in the peptoid affects spore settlement,
while peptoid length and fluorine number does not have a marked effect. Each bar is the mean from 90
counts on three replicate slides. Bars show 95% confidence limits. B) Percent removal of sporelings
(young plants) from the surfaces after exposure to an impact pressure of 160 kPa, generated by a
calibrated water jet. The fluorine content of the peptoid and peptoid length affect fouling-release whereas
fluorine position has no effect. As expected, there is high removal of sporelings from the PDMS (fouling-
release) standard and no removal from the glass standard. Each bar shows the mean percentage removal
of sporeling biomass from 6 replicate slides. Bars show standard error of the mean.

Peptoid length does not markedly affect antifouling. However, both length and number of fluorinated NF
residues have a large effect on fouling-release, where peptoids with fewer NF groups have better fouling-
release (i.e. higher % removal of sporelings). While this is unusual, as increased fouling release is often
associated with higher fluorocarbon content'*, a similar trend was observed by Dimitriou et al. at very
low fluorocarbon content™. It is interesting to note that the dominant antifouling factor in the peptoids of
different length is not the size of the peptoid, but the number of fluorinated residues. In the varying length
series (S3, 10, 5), the heptafluorobutyl volume fraction in the peptoid was kept the same, meaning that
they contained different numbers of NF residues. Both the spore settlement density and the release of
sporelings from these peptoids reflected the results obtained for the peptoids with a different number of
NF residues.

5.5 Conclusions

We have found that peptoid sequence in our PS-b-P(EO-co-AGE/peptoid) thin films has a profound effect
on both surface structure and marine antifouling properties. Using only two peptoid units, a hydrophilic
N-(2-methoxyethyl)glycine unit and a hydrophobic N-(heptafluorobutyl)glycine unit, we are able to
explore the effect of sequence on the properties of interest. For example, polymer thin films with identical
chemical composition but different fluorinated NF group position have different surface composition
because the fluorinated group prefers to segregate at the film surface, and will therefore drag portions of
the polymer within its proximity to the surface. These films also have different antifouling and fouling-
release properties, though it is unclear whether these differences are due to the difference in surface

58



chemical composition, surface structure, or a combination of the two. Studies of sequence-specific
peptoid films must be expanded to identify the most important aspects of the sequence to obtain good
antifouling properties. These insights into the relationship between architecture and sequence can be used
to design the next generation of amphiphilic antifouling/fouling-release coatings.
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6 Effects of polymer chemistry and structure on thin film stability and
antifouling/fouling release performance

6.1 Abstract

Here | present work on the optimization of the polymer-peptoid hybrid system introduced in the previous
chapter, as well as additional insights into their film structure. First, | introduce a triblock copolymer to
replace the diblock morphology for improved mechanical properties, and use secondary ion mass
spectroscopy (SIMS) to determine the structure of this polymer on an industrially relevant under layer.
Next, | explore perfluorooctane thiol as a tool to direct surface presentation of the polymer system, using
NEXAFS and AFM to understand the surface presentation. Finally, | compare the performance of the PS-
b-P(EO-co-AGE)-b-PS triblock to that of an opposite polarity backbone, polystyrene-b-
poly(dimethylsiloxane-co-methylvinylsiloxane)-b-polystyrene (PS-b-P(DMS-co-MVS)-b-PS). It was
found that the coatings using the hydrophobic scaffold, PS-b-P(DMS-co-MVS)-b-PS, performed well
against the U. linza sporelings, while the coatings using the hydrophilic coatings, polystyrene-b-
poly(ethylene oxide-co-allyl glycidyl ether)-b-polystyrene, PS-b-P(EO-co-AGE)-b-PS, performed well
against both U. linza and Navicula diatoms.

6.2 Thin films using triblocks

In the previous chapter, we used a PS-b-P(EO-co-AGE) polymer scaffold to present peptoids of different
sequences on the surface of thin films for antifouling applications. While these films worked, they had
limited long term stability in water. Additionally, those films were spin coated directly onto silicon or
glass slides for studies. It would be preferable to use a spray coating method, and to apply the peptoid
containing active layer on top of a thermoplastic elastomer underlayer. SEBS, (polystyrene-b-
poly(ethylene-co-butylene)-b-polystyrene), is a commonly used elastomer underlayer for antifouling
applications. Films of SEBS form hard, glass polystyrene (PS) spheres in a rubbery, poly(ethylene-co-
butylene) (PEB) matrix as seen in Figure 6-1'°.

B 0

Figure 6-1 Chemical and thin film structure of SEBS.

The PS-b-P(EO-co-AGE) scaffold polymer used in the previous chapter is somewhat compatible with the
SEBS underlayer, and was expected to form films with the structure shown on the left of Figure 6-2. It
was hypothesized that the PS of the PS-P(EO-co-AGE) copolymer will insert itself into the PS domain of
the SEBS (glassy PS spheres inside of a rubbery poly(ethylene/butylene) matrix) as shown in Figure 6-2,
and that this morphology will lead to a strong interface between the SEBS and the PS-P(EO-co-AGE). It
was also hypothesized that the transition from a diblock morphology (PS-b-P(EO-co-AGE)) to a triblock
morphology (PS-b-P(EO-co-AGE)-b-PS) would lead to overall improved film stability because each
EO/peptoid polymer has two tether points instead of only one, as shown on the right of Figure 6-2. These
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polymers were synthesized, and the thin film morphology was probed using secondary ion mass
spectroscopy (SIMS). We find that instead of an insertion of the PS chains into the PS domains, an
interfacial PS wetting layer forms between the two layers. Despite this, we found that the triblocks did
form stable films, and were used for further antifouling studies.

Diblock morphology Triblock morphology

AN

Schematic ‘l/%—fX\[\/

PS-P(EO-co-AGE) PS-P(EO-co-AGE)-PS
Functional
{ top coat
SEBS under layer
I

Figure 6-2 Comparison of diblock and triblock morphologies, and the effect on film structure.
6.2.1  Synthesis of triblocks

PS-b-P(EO-co-AGE)-b-PS triblock copolymers were synthesized similarly to the diblocks, with a few
modifications. First, the P(EO-co-AGE) midblock was synthesized as described in the previous chapter,
but using a difunctional initiator (1,4-benzenedimethanol) such that the resulting polymer was terminated
with an alcohol on both sides (Figure 6-3A). As expected from anionic polymerization, this synthesis
produces clean (Figure 6-3B) and close to monodisperse (Figure 6-3C) polymers.

Next, the difunctional P(EO-co-AGE) was functionalized with  N-tert-Butyl-O-[1-(4-
chloromethylphenyl)ethyl]-N-(2- methyl-1-phenylpropyl)hydroxylamine (CI-BzEt-TIPNO)*" as shown
in the first step of Figure 6-4. TIPNO is an initiator for nitroxide-mediated radical polymerization (NMP),
a living free radical polymerization method that gives low polydispersity (PDI) polymers due to the
dynamic equilibrium between the active and inactive form of the nitroxide propagating chain end %,

For the TIPNO functionalization, P(EO-co-AGE) was dissolved in dry tetrahydrofuran (THF) in a
nitrogen atmosphere drybox. Sodium hydride (5 molar equivalents per alcohol) was added and the
solution was stirred for 30 minutes. Chlorobenzyl TIPNO (2 molar equivalents per alcohol) was added to
the solution,
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Figure 6-3 Synthesis and characterization of difunctional P(EO-co-AGE). A) The synthetic route. B) A
typical NMR of these polymers in CDCl; and peak assignments as is coordinated with assignments shown
in A. C) GPC trace of the resulting polymer in CHCls.
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Figure 6-4 Functionalization of difunctional P(EO-co-AGE) with TIPNO and growth of PS to make PS-b-
P(EO-co-AGE)-b-PS. The first step involves the deprotonation of the alcohol end groups with NaH and
displacement of the CI to attach the TIPNO initiator. The second step is the nitroxide mediated
polymerization of styrene using the TIPNO end groups.
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and allowed to react overnight. The solution was then filtered, precipitated into hexanes, and dried under
vacuum. End group functionalization was confirmed by 1H NMR spectroscopy. It is possible for allyl to
isomerize during the addition of the sodium hydride, as shown in Figure 6-5C. However, this is not
observed, as seen in the NMR in Figure 6-5B.

Finally, PS chains were grown as shown in the second step of Figure 6-4. The TIPNO end functionalized
P(EO-co-AGE) (5.5 g) was dissolved in 4.4 mL styrene (inhibitor removed) and 17mL toluene. The
solution was freeze pump thawed three times, heated to 115 °C, and allowed to react overnight. The
solution was then filtered, precipitated into hexanes, and dried under vacuum. The molar mass and
composition were measured by *H NMR spectroscopy and GPC, as shown in Figure 6-5.
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Figure 6-5 Confirmation of successful synthesis of PS-b-P(EO-co-AGE)-PS. A) 1H NMR of the
synthesized polymer with peaks assigned. The red and blue portions schematically drawn here are
assigned to polystyrene and poly(ethylene oxide), respectively, whereas the green arrows correspond to
the allyl glycidyl ether components (the color scheme matches that in Figure 6-4). B) GPC trace before
and after copolymerization of difunctional P(EO-co-AGE) with PS. The starting material has a high MW
shoulder, perhaps due to polymer coupling. The green trace shows the polymer after growth of PS, and is
shifted slightly to higher MW.

6.2.2 Secondary lon Mass Spectroscopy (SIMS)

Secondary lon Mass Spectroscopy (SIMS) uses a focused ion beam to remove material from the surface
of a film in the form of both neutral and ionized species. Once removed, these species are sent to a mass
spectrometer for analysis. It is a destructive technique that allows for elemental depth profiling of thin
films.

For this experiment, the film shown in Figure 6-6 was used. A silicon substrate containing (**Si) with
300nm of *20 silicon oxide was used. The silicon layer contains only %Si, while the silicon oxide contains
both #Si and 0. A layer of SEBS was spin coated onto the silicon wafer out of a 50 mg/mL toluene
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solution at 2000 rpm for 30 seconds. This layer was vacuum annealed overnight at 120°C. The SEBS
layer contains *H and **C so it can be differentiated from the silicon layer. To differentiate the PS in the
SEBS layer and the PS-P(EO-co-AGE)-PS layer on top of it, PS-P(EO-co-AGE)-PS was synthesized with
deuterated styrene to produce dPS-P(EO-co-AGE)-dPS (20K-(60K, 3 mol% AGE)-20K, PDI = 1.5). The
deuterated polymer was spin coated on top of the SEBS out of a 20mg/mL solution in an orthogonal
solvent (methyl ethyl ketone) at 2000 rpm for 30 seconds. This was again vacuum annealed overnight at
120°C. So that steady state is reached by the time the ion beam reaches the sample, it is useful to have a
100nm layer of regular PS on top of the stack after annealing. However, we could not find an orthogonal
solvent for spin coating the final PS layer, so it was floated onto the stack. The final stack was not
annealed.

PS (120 nm) = H, 12C

dPS-PEO-dPS (100 nm) = H, 2H, 12C, 180
20k-70K-20K (fpe0=0.6)

SEBS (250 nm) = H, 12C

Si0, (300 nm) = 180, 28Si

SiSubstrate = 285i

Figure 6-6 Sample preparation for SIMS. Gray is the pure silicon substrate. Green is the silicon oxide
layer. Dark pink is PS, while the pink and white stripes are deuterated PS. Blue is P(EO-co-AGE) and the
light pink is PEB. We know from NEXAFS experiments that the PS-b-P(EO-co-AGE)-PS films will display
PS at the top surface if there are no fluorine groups to change the surface chemistry. For this reason, we
have depicted the stack as having a thin layer of dPS between the dPS-b-P(EO-co-AGE-b-dPS and the PS
layers.

SIMS was performed by Tom Mates at UCSB. A Cameca ims 5f instrument with cesium as the incident
primary ion beam was used. This particular instrument has a 3-15 nm depth resolution (but lateral
resolution on the order of 200 nm.) The results are shown in Figure 6-7. The x-axis can be calibrated
against the known thickness of the SiO, layer, but has not been done here. The top of the film is at 0 nm.
The top layer contains just **C and *H, as expected from a pure PS layer, and ranges from 0 to 190 nm.
The next layer, the dPS-b-P(EO-co-AGE)-b-dPS layer ranges from 190-290 nm, and contains **C, some
'H (but less than in the neighboring layers), ?H from the dPS, and a small amount of **0 from the EO
layer. The SEBS layer ranges from 290-1000nm and contains only “C and *H. The presence of distinct
layers suggests that there is no mixing of layers, despite the annealing above the Tg of PS. The spike of
8j and '®0 at 185 nm are likely due to impurities introduced when the PS layer was floated onto the
film. While the depth resolution of the SIMS was not sufficient to conclusively confirm the existence of a
PS-rich layer at the interfaces between the dPS-b-P(EO-co-AGE)-b-dPS layer and adjacent layers, the
small spikes in °H intensity at either interface does suggest interfacial dPS enrichment, as would be
consistent with NEXAFS studies presented in the previous chapter.
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Figure 6-7 SIMS results and schematic of film structure. The top shows the counts of the detected
elements for the entire film thickness while the bottom shows the zoomed in section of the dPS-b-P(EO-
co-AGE)-b-dPS layer and adjacent layers. The spike of %Si and '°0 are likely due to impurities
introduced when the PS layer was floated onto the film. The data suggests that instead of mixing into the
SEBS layer, the dPS forms a wetting layer on both sides of the dPS-b-P(EO-co-AGE)-b-dPS layer, as
shown in the schematic on the right (where color coding is similar to that indicated in Figure 6-6).

6.2.3  Surface presentation of peptoids on triblocks

To ensure that the triblock has similar surface presentation properties as the diblock equivalent studied in
the previous chapter, the polymer shown in Figure 6-8 was synthesized and spin coated onto a silicon
wafer for NEXAFS experiments that probes the upper 2-5 nm of the film surface. We also studied the
stability of prepared films when immersed in water.
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1
i

6.5k-27k(3.2%AGE)-6.5k

Figure 6-8 A schematic of the peptoid-functionalized triblock. The key on the left shows the peptoid
residues, which were those studied in Chapter 5, while the schematic on the right shows the polymer used
for this study. The polymer was made of a 27k P(EO-co-AGE) midblock (blue block in schematic) with
3.2mol% AGE (green arrows) and with 6.5k PS endblocks (red block).

The carbon 1s edge NEXAFS spectrum in surface-sensitive PEY mode, shown in Figure 6-9, indicates
that the triblock system displays similar surface presentation to the diblock system, indicating that the
surface presentation can be controlled by varying the triblock/peptoid composition in a similar fashion as
the diblock/peptoid polymers. We see effective surface presentation of the peptoid by the presence of the
characteristic C=0 and C-F transitions. The polystyrene is successfully inhibited from surface enrichment
through the attachment of the peptoid blocks, as seen by the almost non-existent C=C transition,
particularly at 120 °C, which corresponds to a probing depth of ~2 nm. However, the C=C transition does
appear at lower angles, indicating that PS is observed deeper in the film, likely at around 5nm from the
surface. The overlap of the 30°, 55°, 70°, and 90° spectra allow us to conclude that there is no bulk
orientation of these polymers.

3.0+
2.5+

2.0+

PEY

1.5+

1.0

0.5+ cec
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0.0 .

I I I I I I
280 285 290 295 300 305 310
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Figure 6-9 Carbon 1s edge NEXAFS spectrum of the peptoid functionalized triblock shown in Figure 6-8.
The chemical structures of the polymer components are shown on the right. The different color lines are
associated with different incident angles, and probe different depths (2-5 nm) into the film. Substantial
overlap is observed in the 55-90° spectra.

However, Figure 6-10 shows that the triblocks, like the diblocks studied in the previous chapter, are not
completely water stable. Here, NEXAFS C1s and N1s spectra are presented of triblock films before and
after being immersed in water overnight. Before water immersion, negligible PS is observed at the film

66



surface, as indicated by the small C=C transition peak at 285.5 eV. After immersion, the C=C transition
peak has substantially increased and the N peak intensity has decreased, indicating more PS and less
peptoid at the surface. It is unclear whether this compositional change is due to reconstruction of the
surface, or dissolution of the polymer into water. To address this challenge, a series of polymers with
longer PS chains, which limits their water solubility, will be studied in the ensuing section.

Carbon Edge Nitrogen Edge
| Less c=0 More C-N or C-O Less peptoid
o — Dry ) — Dry
— Soaked — Soaked
More Styrene "7

I T I T T I I
260 290 300 310 32 400 410 420 430
Energy (eV) Energy (eV)

Figure 6-10 NEXAFS C1s and N1s spectra (55°) of a peptoid-functionalized triblock (shown in Figure
6-8) thin film before and after immersing in water.

6.3 Using polystyrene molecular weight and perfluorooctanethiol (PFOT) content to control
surface chemistry

6.3.1 Materials used

While the method of incorporating fluorine into the peptoid to direct the peptoid to the surface of the film
was very effective, it is synthetically nearly impossible to use this method for some peptoid chemistries.
The body of anti-fouling literature using charged surfaces, particularly zwitterionic surfaces, makes
peptoids a prime candidate for anti-fouling studies. However, charged and fluorinated peptoids are
difficult to synthesize and work with due to their limited solubility in solvents. To control the surface
presentation of these charged peptoids, we instead click a low surface energy fluorinated group,
perfluorooctanethiol (PFOT), directly onto the P(EO-co-AGE) backbone as shown in Figure 6-11. The
hypothesis is that the PFOT will surface segregate, thereby bringing the adjacent PEO backbone and
peptoid to the surface, burying the PS.
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Figure 6-11 Schematic of using PFOT together with peptoids on PS-b-P(EO-co-AGE)-b-PS. Polystyrene
is red, the PEO backbone is blue, peptoids are the dark dots, PFOT are the orange lines, and the green
arrows are the functionalized allyl groups.

The PS-b-P(EO-co-AGE) diblocks and triblocks were functionalized with PFOT using thiolene click
chemistry, as described in the previous chapter and as shown in Figure 6-12. As shown in Figure 6-12C,
the duration of the UV exposure was used to control what fraction of the allyl groups were functionalized
with PFOT. The final percent functionalization was monitored through the disappearance of the allyl
groups using 1H NMR. The same 35k PEO midblock with 1.1 mol% AGE was used for all studies.
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Figure 6-12 Functionalization of PS-b-P(EO-co-AGE)-b-PS with PFOT. A) Thiol-ene click chemistry was
used to functionalized the polymer. As shown in B) only a fraction of the pendent allyl groups were
functionalized with PFOT, leaving some allyl groups for peptoid functionalization. C) Shows the
relationship between the duration of UV exposure and the percent of the allyl groups that were
functionalized by PFOT.

Here we also explore the effect of PS molecular weight, because increased PS molecular weight decreases
solubility in water and imparts water stability. However, there should be a minimal amount of PS actually
present at the surface because of its poor antifouling properties. The polymer series used to explore this
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tradeoff is shown in Table 6-1. The letter indicates the backbone polymer used, while the number
indicates the fraction of the allyl groups that were functionalized with PFOT. For example, C2 is a 20k
PS-b-35k P(EO-co-AGE)-b-20k PS polymer where 50% of the allyl groups have been functionalized with
PFOT.

Table 6-1 Polymers used in this study. The letters indicate the polymer backbone, while the number
indicates the PFOT content. The same 35k PEO midblock with 1.1mol% AGE was used for all triblocks
(A-D). The diblock (E) is 22k PS, 46k PEO, with 3mol% AGE. Both PS molecular weight and PFOT
content were determined using NMR. Boxes without Xs indicate polymers were not synthesized.

0:0% PFOT | 1:25% PFOT | 2: 50% PFOT | 3:75% PFOT | 4: 100% PFOT
A: 8.6kPS X X X X X
B: 12k PS X X X
C: 20k PS X X X
D: 57 PS X X X
E: Diblock X X X

6.3.2 Thin film characteristics

1.1.1.1 NEXAFS

The NEXAFS spectra shown in Figure 6-13 provide insight into how PS MW and PFOT content affects
the surface composition of these thin films. All samples here were spin coated onto SEBS, soaked in
water overnight, then dried prior to NEXAFS characterization. Figure 6-13B shows the spectra for the B
series of polymers, which have an intermediate size of PS and various PFOT contents. As expected, when
there is no PFQOT, the surface is dominated by polystyrene (and looks like the schematic on the left of
Figure 6-13). As the amount of fluorine (in the form of PFOT) is increased, the amount of PS on the
surface decreases, and the amount of PEO and fluorine at the surface increases, indicating that the film
looks more like the schematic on the right of Figure 6-13D). We expected a similar trend for the polymer
comprised of shorter PS endblocks, series A. However, we see in Figure 6-13A that Al does not follow
the expected trend. The surface of Al looks much more like SEBS (in black) than either PS or PEO. This
suggests that this shortest polymer with a minimal amount of PFOT is not sufficiently hydrophobic to
prevent dissolution in water, and higher PS content or higher PFOT content polymer are required for
stable films. Figure 6-13C shows the effect of increasing PS molecular weight at a fixed PFOT content.
We see that as the length of the PS chains increases, the amount of PS at the surface increases, and the
amount of PEO decreases. It is interesting to note that the diblock has the lowest PS content at the
surface, though this is likely due to the higher PFOT concentration at the same percent PFOT (the diblock
contains 3.5mol% AGE while the triblock contains 1.1mol% AGE).
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Figure 6-13 NEXAFS C1s spectra (55°) of triblock thin films after soaking is water. A) All members of
series A from Table 6-1, with different PFOT contents. B) Series B members with different PFOT
contents. C) Shows the effect of increasing PS MW at a fixed PFOT content (column 2 members of Table
6-1). D) Schematics of potential film structure, where the red segments are polystyrene, the blue segments
are PFOT-functionalized P(EO-co-AGE), and gray segments are poly(ethylene-co-butylene) .

1.1.1.2 Bubble contact angle

Contact angles were determined using a ramé-hart Model 290 standard automated goniometer. The
sample was immersed upside down in ultrapure water and an air bubble was placed onto the surface
(Figure 6-14). It is interesting to note that as the fluorine content increases, the hydrophilicity of the
surface actually increases (Figure 6-14). The first explanation is simply the effective displacement of the
PS with PEO, suggesting that the hydrophilic nature of the PEO offsets the hydrophobicity of the PFOT
groups at the surface. However, it is possible that when immersed in water, the PEO swells, allowing the
normally crystalline PEO chains to be mobile. This mobility in turns allows the hydrophobic PFOT to
rearrange and bury into the film, leaving predominantly PEO at the surface. Such rearrangement has been
observed by our group in the past.’ It is also interesting to note that despite the difference in PS peak
size seen in the NEXAFS spectra as PS MW increases, the contact angle of these surfaces is not
particularly dependent on the PS content.
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Figure 6-14 Bubble contact angle measurements of different triblock films. The left shows a schematic of
the setup while the right shows the bubble contact angle of a variety of films. The film’s hydrophobicity is
not strongly correlated with PS MW, but surfaces become more hydrophilic with the addition of PFOT.

1.1.1.3 AFM

NEXAFS proves useful insight into the chemical composition of the thin films studied. Because the beam
spot used for NEXAFS is about 1mm in diameter, the information gained is an average over that area.
Tapping mode atomic force microscopy (AFM) provides additional insight into the surface patterns of
these films. These measurements were conducted on a Digital Instruments MultiMode AFM equipped
with a Nanoscope Illa controller. Silicon cantilevers (Nanosensors, type PPP-NCL-50, force constant
21-98 N/m, resonance frequency 146—236 kHz) were used. The images in Figure 6-15 indicate that the
films are very inhomogeneous. While the NEXAFS indicated that the surface of CO (Table 6-1) is
dominated by PS with very little PEO and PFOT, we see that the surface is in fact microphase separated
into what appear to be mesas and valleys. We also see from the patterned surface that C2 has a highly
crystalline surface, despite the fact that this material is not crystalline in the bulk. This observation
suggests that the PFOT functionalities are driven to the surface by their low surface energy, where they
then crystalize. This agrees with the high C-F coverage seen in the NEXAFS, but again indicates that the
surface is highly heterogeneous, which may affect antifouling properties. More studies are required to
better understand these inhomogeneities, particularly upon film hydration.

Figure 6-15 Height AFMs of CO and C2 (Table 6-1) thin films. The AFM on the left shows that the
triblock with no PFOT is microphase separated. The AFM on the right shows when the same polymer is
50% functionalized with PFOT, the PFOT crystalizes very strongly at the film surface.
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6.4 Effect of backbone chemistry on antifouling performance

In the previous chapter it was shown that peptoid composition and sequence affects surface presentation
and antifouling properties, while in the previous section it was shown that the structure of the scaffold
polymer (diblock vs triblock and relative block sizes) also affects surface presentation. In this section, we
explore different polymer backbones to present the sequences of interest. A natural analog to peptoids are
polypeptides, naturally occurring sequence specific proteins. While these peptides are more challenging to
work with than peptoids, they also have the sequence specificity desired for this study. For this reason, we
compared the surface presentation of peptoids and pepides with the similar functional group sequences.
We also compare the PS-b-P(EO-co-AGE)-b-PS scaffold to an equivalent molecular weight polystyrene-
block-poly(dimethylsiloxane-stat-methylvinylsiloxane)-block-polystyrene (PS-b-P(DMS-co-MVS)-b-PS)
scaffold. PMDS was chosen for its known fouling release properties™™, stable film formation in aqueous
environments, and opposite polarity to the original PEO system.

6.4.1 Pep(toid/tide) and P(EO/DMS) polymers made

The PDMS based triblocks and the non-natural oligopeptides were synthesized by David Calabrese and
Brandon Wenning in Chris Ober’s group at Cornell. The structures of the polymers used for this study are
shown in Figure 6-16. They synthesized their materials using methods similar to those used for PEO
based triblocks (anionic) and peptoids (solid phase synthesis) as described in the previous chapter. Comb
copolymers were prepared as in the previous chapter, using thiolene click chemistry to attach the thiol
terminated pep(toid/tide) to the pendent carbon-carbon double bond pendent to the polymer midblock
(vinyl in the PDMS and allyl in the PEO). More details can be found in our manuscript.'*® Both PDMS
and PEO-based triblock copolymers shown in Figure 6-16 had polystyrene endblocks of 7 kDa, and a
middle block of 70 kDa. There was a 2.6 mol% inclusion of vinyl/allyl groups in the middle block in
both triblock copolymers.

This series of polymers allowed for the systematic comparison of hydrophobic (PDMS) vs hydrophilic
(PEO) scaffold chemistry, as well as perfluorinated groups vs hydrocarbons, and peptoids vs peptides.
While this series is by no means exhaustive, it was designed to explore a variety of parameters, and
determine which ones have the largest effect on antifouling properties.

6.4.2 Thin film formation

Standard microscope glass slides (3 in x 1 in.) were treated with freshly prepared piranha solution (7:3
v/v, mixture of concentrated H,SO, and 30 wt% H,O, solution) overnight, and then sequentially rinsed
with distilled water and anhydrous ethanol before drying with nitrogen gas. The dried clean glass slides
were then immersed in 3.5% (v/v, in anhydrous ethanol) 3-(aminopropyl)trimethoxysilane solution at
room temperature overnight, followed by washing with water, anhydrous ethanol, and drying using
nitrogen. The aminosilane treated glass slides were cured by heating to 120°C in a vacuum oven at
reduced pressure for 2 h before slowly cooling down to room temperature. The first layer coating was
applied on the silane treated glass slides by spin coating with a maleic anhydride-functionalized
SEBS/unfunctionalized SEBS solution (2% w/v MA-SEBS and 7% w/v SEBS) in toluene (2500 rpm, 30
sec), followed by baking the glass slides at 120°C in a vacuum oven at reduced pressure for 12 h,
allowing the maleic anhydride groups in the polymer backbone to react with amine groups on the glass
surfaces, therefore improving the bonding of the coating to the glass. The second layer was spin coated

72



with SEBS solution (12 % w/v SEBS solution) three times (2500 rpm, 30 sec.), followed by further
baking at 120°C in a vacuum oven at reduced pressure for 12 h to give a base layer thickness about 1 mm.
The modified triblock solutions (16 mg/mL, toluene) was finally spray coated on the surface using Badger
model 250 airbrush and 50 psi nitrogen gas, and annealed in a vacuum oven at reduced pressure at 60°C
for 12 h, and then 120 °C for 12 h to ensure the complete removal of the solvents.

Unfortunately samples 160 and 162 were not used because of delamination of the film during the
antifouling experiment, as seen in the pictures in Figure 6-16. It is interesting to note that this
delamination did not result in dissolution. It is likely that the delamination occurred due to poor
incorporation of the PS into the SEBS under layer, and not due to overall polymer solubility. This
problem did not manifest itself for the spin coated samples, only the spray coated samples. It is well
known that processing, specifically spray vs spin coating, can affect film surface structure'®!, and this
delamination problem suggests that the processing also affects the polymer-polymer interface.

6.4.3 Analysis of antifouling/fouling release data

These surfaces were tested against both Ulva linza sporelings and Navicula diatoms. These two species
have been shown to have very different mechanisms for biofouling. U. linza tend to settle more
aggressively on hydrophilic surfaces, and avoid hydrophobic surfaces with lower surface energy'?. Ulva
spores are motile, meaning that they actively explore surfaces and are able settle selectively. On the other
hand, Navicula diatoms tend to attach strongly to hydrophobic structures, and are easily removed from
hydrophilic surfaces. Navicula are not motile making them gravity settlers’®. Due to the different
polarities of the two polymer backbones, testing against these two different types of biofoulants provides
insight into the versatility of a given polymer against different biofoulants.

Spore settlement of U. Linza, characterized using methods outlined in the previous chapter, on peptide
containing surfaces is shown in Figure 6-17A. All of the peptide containing coatings have lower
settlement than the glass control and the unfunctionalized PS-b-P(DMS-stat-MVS)-b-PS triblock
copolymer. This shows that all of the amphiphilic coatings have antifouling properties, regardless of
whether the hydrophobic moiety is a hydrocarbon or perfluorinated. On the PS-b-P(EO-stat-AGE)-b-PS
triblock, it appears that the perfluorinated peptide is more antifouling than the hydrocarbon counterpart,
but the same is not true on the PS-b-P(DMS-stat-MVS)-b-PS triblock. Overall, there does not appear to
be any significant difference between the two triblock copolymers for initial settlement of spores.

The fouling release data in Figure 6-17B shows that the PS-b-P(DMS-stat-MVS)-b-PS surfaces overall
had better removal than the PS-b-P(EO-stat-AGE)-b-PS surfaces, and outperformed the PDMSe control.
It is important to note that the percent removal is often affected by the initial spore settlement. Samples
with high spore settlement, such as the unmodified VMS surface, often have high percent removal.
However, the modified PS-b-P(DMS-stat-MVS)-b-PS surfaces, DPH and DFH, have both low initial
settlement, and high %removal, indicating the improvement of performance in antifouling and fouling
release with the peptide modification. The modified PS-b-P(EO-stat-AGE)-b-PS surfaces showed fouling
release properties comparable to the PDMSe control, while the unmodified triblock surface was a poor
fouling release surface. Again, this shows that the peptide modification enhanced fouling release
performance of the PS-b-P(EO-stat-AGE)-b-PS surfaces.
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Figure 6-16 Polymers synthesized to explore differences between hydrophobic and hydrophilic scaffold
chemistries. This series of polymers allowed for the systematic comparison of hydrophobic (PDMS) vs
hydrophilic (PEO) scaffold chemistry, as well as perfluorinated groups vs hydrocarbons, and peptoids vs
peptides. Sample 160 and 162 were not used because of delamination of the film during the antifouling
experiment, as seen in the pictures.
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The spore settlement on peptoid containing surfaces is shown in Figure 6-17C. Both of the peptoid
coatings on PS-b-P(DMS-stat-MVS)-b-PS triblocks show very high spore settlement, and comparable or
higher settlement than the unmodified VMS surface, showing that there is no antifouling benefit of the
peptoids on these surfaces. The fouling release behavior of these surfaces in Figure 6-17D equally poor
performance of the peptoid-containing polymers. While the percent removal is fairly high, it is about the
same as the unmodified VMS surface. The cause of this poor behavior will be explored in the next
section, with NEXAFS providing insights of surface composition of each film.
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Figure 6-17 U. linza settlement and removal data from peptoid and peptide surfaces. A) Density of
attached spores on peptide sequences on the PEO and the PDMS scaffold after 45 min settlement. DPH,
DFH, APH, AFH, 159, and 161 structures are provided in Figure 6-16, VMS is the unfunctionalized
PDMS surface, AGE is the surface from unfunctionalized PS-P(EO-co-AGE)-PS triblock, while glass and
the PDMSe samples are literature controls. Each bar is the mean from 90 counts on three replicate
slides. Bars show 95% confidence limits. B) Percent removal of sporelings (young plants) from the same
surfaces as in (A) after exposure to an impact pressure of 160 kPa, generated by a calibrated water jet.
C) Density of attached spore on two peptoid sequences on the PDMS scaffold, and the unfunctionalized
PDMS surface. D) Percent removal from the same surfaces.

Navicula settlement and attachment strength assays were performed as describe elsewhere'®. The cells
were allowed to precipitate through the fouling test solution and land on the coating surfaces. After
allowing the Navicula 120 minutes to settle, these surfaces are then washed gently with water to remove
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unattached and weakly attached cells. The resulting attachment density measured in this assay reflects
differences in the ability of cells to attach firmly to the. For fouling release tests, the settled slides were
explosd to a shear stress of 33 Pa in the same water channel as used in the previous chapter for U. linza.
Navicula settlement densities of coatings are shown in Figure 6-18. We see that attachment of the
Navicula on the modified PS-b-P(DMS-stat-MVS)-b-PS coatings was higher than on the unmodified PS-
b-P(DMS-stat-MVS)-b-PS coating. While the oligopeptides are able to improve the PDMS-based
triblock copolymer performance against U. linza sporelings, they seem to hinder the antifouling properties
against Navicula diatoms.

However the modified PS-b-P(EO-stat-AGE)-b-PS coatings show less attachment than the unmodified
control. In fact, the PEO based coatings modified with the fluorinated oligopeptides are superior to all of
the coatings for antifouling against Navicula diatoms including the PDMS standard. This shows that for
the PS-b-P(EO-stat-AGE)-b-PS backbone, the oligopeptides are able to reduce the diatom settlement
density on the coatings. The perfluorinated peptide shows the largest enhancement in antifouling
behavior. It is interesting to note that the same peptides have opposite effects on the antifouling ability of
the surfaces depending on the polymer backbone. As we will see from the NEXAFS data, this is due to
differences in driving forces of surface presentation for the two polymer backbones.

The Navicula fouling release data in Figure 6-18B shows that only the two modified PS-b-P(EO-stat-
AGE)-b-PS coatings showed significant removal of the diatoms from the surface. The lack of any
removal of the diatoms from the unmodified PS-b-P(EO-stat-AGE)-b-PS coating shows that the
oligopeptides on the PS-b-P(EO-stat-AGE)-b-PS triblock copolymer have a significant effect on the
fouling release performance of the surfaces. None of the modified PS-b-P(DMS-stat-MVS)-b-PS based
coatings showed any significant fouling release of the diatoms.

6.4.4  Driving forces of surface presentation in PDMS vs PEO based triblock systems

The representative PEY mode NEXAFS spectra, where the top 2-5 nm of the film surface are probed,
shown in Figure 6-19 provide insight into the driving forces for surface presentation and the antifouling
performance of film surfaces prepared from polymers shown in Figure 6-16. The carbon edge spectrum in
Figure 6-19A shows the surface of the unmodified and peptoid containing PS-b-P(DMS-stat-MVS)-b-PS
surfaces. In both cases, the spectrum shows predominantly PDMS, as reflected by the characteristic
PDMS peak at 287.5 eV (slightly shifted from the polystyrene peak at 285 eV)'®. The nitrogen edge
NEXAFS spectrum of the film surface of polymer 159 in Figure 6-16, the peptoid modified PS-b-
P(DMS-stat-MVS)-b-PS (Figure 6-19C), shows a similar surface with almost no peptoid. This
observation indicates that the fluorine moieties in the peptoid do not have a sufficiently low surface
energy to segregate to the top of the film. Instead, the low surface energy PDMS surface segregates.
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Figure 6-18 Navicula diatom settlement and removal data for peptides on PEO and PDMS scaffolds.
Acronyms are provided in Figure 6-16 and Figure 6-17.

When the surface is immersed in water, the hydrophilic segments of the film will migrate to the
surface.® The peptoids used here are less hydrophilic than the peptide equivalent, because of the
hydrogen bond donors present along the backbone of the peptide. This means that when the peptoid
containing films are immersed in water, the peptoids do not migrate to the surface, while the peptides do,
explaining the antifouling performance of the peptide vs peptoid surfaces on the PDMS scaffold.

The NEXAFS spectra of PS-b-P(EO-stat-AGE)-b-PS surface presentation was similar to the diblock PS-
b-P(EO-AGE) discussed in the previous chapter. The unmodified PS-b-P(EO-stat-AGE)-b-PS surface
shows predominantly PS while the peptoid modified polymer (polymer 160 in Figure 6-16) shows mostly
peptoid and PEO (Figure 6-19B). The nitrogen edge NEXAFS spectrum (Figure 6-19D) of peptoid
modified PS-b-P(EO-stat-AGE)-b-PS surface shows a high peptoid content. These data indicate that the
surface composition in the PEO triblocks is driven by surface energy, and structure developed during
annealing in vacuum. This means that while the PEO triblock is an effective scaffold for the presentation
of any fluorinated sequence, the PDMS triblock is only effective for the presentation of very hydrophilic
materials.
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Figure 6-19 NEXAFS C1s and N1s spectra of PEO and PDMS based peptoid-modified triblock polymer
surfaces. A) The carbon edge NEXAFS of the unmodified and peptoid containing PS-b-P(DMS-stat-
MVS)-b-PS surfaces. In both cases, the spectrum shows predominantly PDMS. B) Carbon edge NEXAFS
spectrum of unmodified PS-b-P(EO-stat-AGE)-b-PS surface shows predominantly PS while the peptoid
modified polymer shows mostly peptoid and PEO (see Figure 6-9 for carbon edge peak assignments). C)
Nitrogen edge NEXAFS spectrum of peptoid modified PS-b-P(DMS-stat-MVS)-b-PS surface shows almost
no peptoid on the surface, while D) the nitrogen edge NEXAFS spectrum of peptoid modified PS-b-P(EO-
stat-AGE)-b-PS surface shows a high peptoid content.

6.5 Conclusions

Triblock copolymers can be used instead of diblocks to present peptoids at the surface of thin films. As
the length of the PS increases, so does the overall polymer hydrophobicity and resulting film stability. It
was also found that PFOT is an effective way to control the surface chemistry of PS-b-P(EO-stat-AGE)-
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b-PS thin films without introducing fluorine directly onto the peptoid. However, there are still challenges
with compatibilizing this system with the underlying elastomer layer, particularly when spray coating.
This likely has to do with the formation of a PS wetting layer between the two materials, instead of
intermixing, as was originally anticipated. Despite the challenges with making a stable PEO based
scaffold, the antifouling performance of these materials is better against the combination of U. linza and
Navicula than the corresponding (and more mechanically robust) PDMS based scaffold. These enhanced
antifouling properties are likely due to the more effective surface presentation of anti-fouling constituents
than the PDMS based system. Overall, we have gained insights into the film structure of antifouling thin
films, and explored methods to improve their stability, their presentation of functional materials, and their
antifouling performance.
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7  Completed and future work

In this work, we used a poly(allyl glycidyl ether) (PAGE) platform to explore the structure property
relationship for polymer battery electrolytes and marine antifouling coatings. The tunable system used in
this thesis allowed for the study of a wide variety of properties, and we achieved many of the materials
properties desired. However, improvement in materials performance can likely be achieved through the
following suggested future research directions.

7.1 Battery electrolytes
7.1.1 Completed work

First, we designed materials to have both high ionic conductivity and high cation transference number for
use as lithium battery electrolytes. We used a sulfonate functionalized PAGE as dry single ion conducting
polymer electrolyte. The material was synthesized using a combination of anionic ring opening
polymerization and thiol-ene click chemistry. Composition was confirmed using nuclear magnetic
resonance spectroscopy (NMR) and elemental analysis. Due to crystallization of the ionic groups, these
materials had very low ionic conductivity by AC impedance spectroscopy, even at 90°C, well above the
melting point of PEO. We studied the phase behavior of these materials in bulk, and conclude that to
achieve ion dissociation and ionic conductivity, these polymers must be dissolved in strong Lewis basic
solvents, such as DMSO.

We then showed that when these materials are dissolved in solvents, they have high Li* transference
numbers (0.80-0.99) and high ionic conductivity (of order 1 mS/cm) at room temperature. The self
diffusion coefficients used to calculate the transference number were measured using 'Li and *H pulsed
field gradient nuclear magnetic resonance (PFG-NMR). To validate these results and to gain insight into
ion dissociation, the calculated conductivities from ion diffusion coefficients measured using NMR were
compared against conductivity measured using an electrochemical conductivity probe. Viscosity
measurements were used to help decouple the effects of viscosity from molecule size and dielectric
friction on diffusion coefficients. These materials demonstrate among the highest combination of
transference number and conductivity in a liquid electrolyte reported in the literature.

Further studies of these promising electrolyte materials provided insight into their properties as a function
of temperature, polymer molecular weight, solvent, and small molecule additives. The cation transference
number was found to be temperature independent, in agreement with theory for solutions that are fully
dissociated. Polymer molecular weight was identified as an important parameter that influences Li*
transference number, the effect of which can only be partially described with existing scaling theories.
While all three solvents tested here had high Li* transference number and high conductivity, it was found
that optimization of transport properties solely through solvent choice is difficult, although having
sufficiently high Lewis basicity/acidity to dissociate the ions is critical. Other important solvent
parameters include viscosity, which affects overall ionic motion, solvent radius, which affects the size of
the Li* solvation shell, and a combination of dielectric constant and polymer-solvent interaction
parameter, both of which affects the conformation of the polymer chain. The addition of small molecule
salts, such as LiTFSI, as additives to the polyelectrolyte solution, was not identified as a promising
approach to control t, and conductivity.
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7.1.2  Suggested future work

First, it is critically important that new polymer chemistries are developed. In particular, novel
chemistries that allow anions with low effective basicity are necessary to allow higher ion dissociation in
lower donor number solvents that will be relevant for Li-based batteries. The sulfonate anion used in this
work was effective as a proof of concept, but was insoluble in many solvents of interest, such as
carbonates. Proposed anions have more delocalized electron density, either from nearby aromatic rings or
electron withdrawing groups, such as structures like bis(trifluoromethan)sulfonamide (TFSI). Several
examples of such polyanions exist®®*?**% though it is possible to imagine a variety of other possible
chemistries. Lithium neutralized polyanions with solubility in carbonates would enable studies in real
batteries. In addition to changing the anion, the electrochemical stability of the polymer should be taken
into account. Changing the backbone from PEO to other more stable backbones would be advisable,
although improving backbone stability will likely be accompanied by a decrease in polymer solubility,
resulting the need for studies to understand how to optimize both. Furthermore, changing the ion linker
chemistry to improve stability over the current thioether linkage is required, and it is suggested that
alternative to the thio-ene click are explored in further studies.

Second, it is important to more completely understand the dielectric and electrostatic effects which
control cation motion. This thesis reports initial studies that attempt to separate effects of viscous and
electrostatic drag, but the self diffusion coefficient of the lithium cation is still not completely understood
or predictable. It will be necessary to develop models which describe and predict the cation motion. NMR
experiments such as relaxometry, the study of relaxation times, may provide insight into the interactions
that influence the motion of the cation. Once these effects are better understood, the principles for
appropriate materials design can be used to enable high performance battery electrolytes with optimal
lithium conductivity and transference number.

7.2 Marine anitfouling thin films

Next we designed poly(styrene)-b-poly(ethylene oxide-co-allyl gylcidyl ether/peptoid) (PS-b-P(EO-co-
AGE/peptoid)) polymers to study the effect of peptoid sequence on antifouling thin films. We found that
peptoid sequence in our PS-b-P(EO-co-AGE/peptoid) thin films has a profound effect on both surface
structure and marine antifouling properties. Using only two peptoid units, a hydrophilic and a
hydrophobic unit, we are able to explore the effect of sequence on the properties of interest, namely
antifouling and fouling release properties of Ulva linza. The resulting surfaces were also analyzed using
near edge x-ray absorption fine structure (NEXAFS) spectroscopy and sum frequency generation (SFG)
spectroscopy to gain insight into film organization and how that structure is affected by peptoid sequence.
These insights into the relationship between architecture and sequence can be used to design the next
generation of amphiphilic antifouling/fouling-release coatings.

Finally, we explore the effect of polymer structure on resulting film stability, studying different triblock
PS-b-P(EO-co-AGE)-b-PS copolymers instead of diblocks. As the length of the PS increases, so does the
overall polymer hydrophobicity and resulting film stability. We also explore different ways to control
surface presentation of peptoids at the surface of the thin films, and found that it is also possible to use a
perfluorinated group directly on the polymer backbone to direct surface presentation. These triblocks
were compared to a similar poly(dimethyl siloxane) (PDMS) triblock, and we found that the antifouling
performance of the PEO system is better against the combination of U. linza and Navicula than the
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corresponding (and more mechanically robust) PDMS based scaffold. These enhanced antifouling
properties are likely due to the more effective surface presentation of anti-fouling constituents than the
PDMS based system. Overall, we have gained insights into the film structure of antifouling thin films,
and explored methods to improve their stability, their presentation of functional materials, and their
antifouling performance.

More work is needed in to understand the structure of the film while immersed in water. While SFG was
used to probe liquid-solid interfaces the utility of this method is limited. Newly developed techniques to
provide ambient pressure x-ray photoelectron spectroscopy™® would provide vital information about
hydrated film structure and the surface as it exists when explored for settlement by marine organisms.
Additionally, now that sequence has been identified as an important parameter for marine antifouling
applications, and we have established a platform to study this effect, it is important to explore more
sequences and more chemical functionalities, particularly charged groups, which can mimic and provide
insight into antifouling zwitterionic*?” surfaces.
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