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ABSTRACT

Design and Tribological Characterization of Stimuli-Responsive Hydrogels

by

Allison Leigh Chau

Aqueous, low friction interfaces are ubiquitous in biology — from articular
cartilage that coats synovial jointsto mucin layers that act as a lubricating barrier
for epithelial surfaces throughout the body — and have exceptional tribological
properties. Hydrogels, three-dimensional networks of crosslinked hydrophilic
polymer chains swollen in water, are often utilized as synthetic mimics for these
biological systems due to their high water content, lubricity, and tunable
mechanical properties. There is a great need to investigate the structure-
property relationship of hydrogels to elucidate the lubrication mechanisms
driving their behavior in order to design hydrogels with tunable friction
coefficients.

In this dissertation, | provide a framework to study stimuli-responsive
hydrogels and describe multiple methods to engineer hydrogel friction
coefficients. Herein, we explore the tribological behavior of four systems:

polyacrylamide  (PAAm), poly(2-hydroxyethyl = methacrylate) (pHEMA),

Xiv



poly(acrylamide-co-acrylic acid) (P(AAmM-co-AA)), and poly(N-
isopropylacrylamide-co-spiropyran)  (pNIPAAmM-co-SP). By  controlling
environmental oxygen during polymerization, we synthesized non-ionic PAAm
hydrogels with gradient surface structures. Using a reaction-kinetics model, we
predicted the thickness and concentration of this surface gradient layer and
investigated the impact of surface structure on the tribological behavior of these
hydrogels. The amphiphilic nature of pHEMA hydrogels was explored and their
solvophilic transition was exploited to control friction by regulating the ratio of
water and ethanol. Charged P(AAm-co-AA) hydrogel friction was controlled by
altering solution pH and AA concentration, and we demonstrated two orders of
magnitude tunability of the friction coefficient. The surprising pH-dependent
friction behavior of PAAm in response to extreme pH was also examined. Light
tunable pNIPAAmM gels were synthesized through the incorporation of
spiropyran-methacrylate, a photoswitchable molecule. By manipulating the
swelling and deswelling of the pNIPAAmM-co-SP-MA gels with light, friction was
tuned an order of magnitude. The investigations herein offer new insight into
designing hydrogels with tunable tribological behavior and contribute to a

deeper understanding of hydrogel lubricity.
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1.1 Dissertation Overview

This dissertation discusses the design and tribological characterization of
stimuli-responsive hydrogels. Chapter 1 establishes the biological motivation
and need for understanding the structure-property relationship of hydrogel
systems with tunable friction coefficients. Chapter 2 reviews the characteristics
properties and microstructure of hydrogels. Chapter 3 gives an overview of
tribology as a field, the deviation of hydrogel tribology from typical lubrication
systems, and the proposed hydrogel lubrication mechanisms. Chapter 4 briefly
describes the hydrogel systems analyzed in this dissertation along with the
methods used to characterize their mechanical and tribological behavior.
Chapters 5 - 8 discuss three different hydrogel systems: Chapter 5 focuses on
the design of superlubricious hydrogels through controlling environmental
oxygen, Chapter 6 discusses tuning friction by leveraging the amphiphilic and
solvophilic nature of polymers, and Chapters 7 — 8 demonstrate the tribological
tunability of pH-responsive hydrogels. The dissertation concludes with Chapters
9 - 10, which introduce the development of photoresponsive gels, which hold
great promise for friction control and tunability, and summarize the important

findings and future directions.



1.2 Biological Lubrication

Aqueous, heterogeneous hierarchical systems are ubiquitous in biology —
from articular cartilage that coats synovial joints' to mucin layers that act as a
lubricating barrier for epithelial surfaces throughout the body (e.g. eyes, ears,
reproductive tract, gastrointestinal tract, and respiratory tract).>* These systems
are of interest to the soft matter tribological community due to their exceptional
lubricating properties and low friction coefficients in a wide range of challenging
sliding conditions.

Articular cartilage is a 2 — 4 mm thick connective tissue that coats the
surfaces of joints and exhibits extremely low friction coefficients (u ~ 0.001)
despite high contact pressures (~ MPa) and high sliding speeds (~ cm/s).>¢ There
have been many studies investigating the mechanisms behind this low friction,
> and the biphasic gradient structure of cartilage is thought to play an
important role in its tribological behavior (e.g., friction, lubrication) (Figure 1.1).
Cartilage is 70 — 80 wt.% fluid with a dense extracellular matrix (ECM) secreted
by embedded chondrocytes. The ECM is primarily composed of collagen fibers
and proteins (e.g. aggrecan, lubricin, hyaluronic acid) that form a heterogeneous
brush-like entangled network capable of withstanding enormous amounts of
pressure and sliding speeds.’® These components work synergistically together

— collagen is thought to provide tensile strength to the network while proteins



maintain hydration, leading to osmotic swelling that provides compressive load

support.®

water  collagen proteoglycan
content conc. cenc.

Figure 1.1 Schematic of articular cartilage with inset demonstrating the hierarchical, gradient
structure of its extracellular matrix. Water content increases further from the bone. Adapted with
permission from Y. Wang et al., Adv. NanoBiomed. Res., 2, 2022 under the Creative Commons
license (http://creativecommons.org/licenses/by/4.0/)."

The distribution of these components within the ECM is heterogeneous,
with water content and collagen concentration increasing and proteoglycan
concentration decreasing closer to the cartilage surface. The low friction of
cartilage is attributed to this high water content surface layer, although its exact
composition is still debated.>

Similarly, mucus is a biological hydrogel composed primarily of water and
glycoproteins (i.e., mucins) that protects epithelial surfaces throughout the
body.2 In addition to acting as a barrier to foreign debris, mucus is a natural

lubricant, shielding these surfaces from shear forces.* The lubricating properties


http://creativecommons.org/licenses/by/4.0/

of mucus are particularly interesting due to the intricate structure of the mucin
molecules that allow them to form both covalent (disulfide) and physical
(aggregation and hydrophobic interactions) bonds.** This combination of
crosslinks leads to interesting rheological behavior, as the physical crosslinks can
break and reform under shear stress.’®'* The ocular tear film, which coats the
corneal epithelium, is one commonly studied mucus network (Figure 1.2a). This
2 — 5.5 pm thick film is composed of three layers (mucin, aqueous network, lipid)
and protects the cornea and eyelid interface.’ When this film is disrupted, as is
the case when a foreign object such as a contact lens is inserted, interfacial

friction can increase, leading to greater discomfort.'¢"

a) b)

Stomach (pH = 2) Lungs (pH = 7)

corneal epithelium

. |
mucin layer = T - -
agueous mucin acidic

network waxy lipid layer
ol

Figure 1.2 (a) Schematic of the ocular tear film. Adapted with permission from A. Kayal, “The
Physiology of Tear Film”, Dry Eye Syndrome, 2021 under the Creative Commons license
(http://creativecommons.org/licenses/by/3.0/)." (b) Schematic of epithelial surfaces throughout
the body and the pH of the surrounding environment. Adapted with permission from C. Wagner
et al., Annu. Rev. Cell Dev. Biol., 34, 2018 (Copyright © 2018 Annual Reviews)?and C. Werlang
et al., Nat. Rev. Mater., 4, 2019 (Copyright © 2019 Springer Nature).*

neutral basic
-

Additionally, depending on the pH of its surroundings, mucus adopts

different physical and mechanical properties. In acidic environments, such as in
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the stomach, the storage modulus of mucus increases due to increased
crosslinking of hydrophobic domains.™ In contrast, mucus in environments with
neutral pH, such as the lungs, are less dense with fewer crosslinks (Figure 1.2b).
Other studies have similarly demonstrated conformation changes in mucin with
changing pH due to electrostatics.™?

The structural and mechanical transformation of mucus in response to its
environment and the heterogeneous, hierarchical structure of articular cartilage
offer these biological systems remarkable tribological properties. However, it is
difficult to directly study these systems due to their complexity. For instance,
commercially available mucin does not have the same mechanical properties as
native mucus due to the purification process, -2 making it very difficult to
accurately study its behavior under various pH conditions. To circumvent this

problem, hydrogels are often utilized as proxy materials.

1.3 Hydrogels as Synthetic Mimics

Hydrogels are excellent substitutions for articular cartilage -3¢ and similar
aqueous, compliant biological systems??'=*3 due to their high water content
(> 80%), mechanical tunability, and lubricity.*27343 Hydrogels are three-
dimensional networks of crosslinked hydrophilic polymer chains swollen in water
that possess characteristics of both liquids and solids, with the ability to maintain

shape under stress while still allowing for fluid flow and diffusion.



Ever since the first published paper on hydrophilic gels by Wichterle and
Lim in 1960,* hydrogel research has exponentially increased, from less than
1,000 total publications by the 1980s to more than 10,000 publications per year
in 2020, accumulating to over 100,000 publications.?” The rising interest in this
intriguing material can be attributed to its versatility and application within the
biomedical and commercial sectors through its use in contact lenses,®?* drug
delivery systems,*** tissue scaffolds,?*4-% and commercial products such as
diapers and cosmetics.*®*? Interest in soft matter within the research space has
also gained popularity due to advancements in 3D printing,**-*? soft robotics,>**
and biomimetics.#>33¢

The importance of the interfacial and tribological properties of hydrogels
in these various applications cannot be understated. Understanding the
fundamental structure-property relationships of hydrogels and elucidating the
lubrication mechanisms behind their tribological behavior can help pave the way
towards designing synthetic systems that interface with the human body in a
more organic manner. In this dissertation, | provide a framework to study stimuli-
responsive hydrogels and describe multiple methods to engineer hydrogel
friction coefficient. Tunable friction coefficients are achieved via the regulation
of environmental variables such as oxygen, solvent, pH, and light. These
investigations offer insight into designing hydrogels with tunable tribological

behavior and contribute to a deeper understanding of hydrogel lubricity.



2  CHAPTER 2: HYDROGEL OVERVIEW
To design hydrogels with tunable friction coefficients, understanding their
structure-property relationship is essential. This chapter will briefly discuss
polymers frequently used for hydrogel synthesis, the theoretical framework for
hydrogel swelling, ways to tune the hydrogel microstructure, and the

relationship between mesh size and hydrogel properties.
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2.1 Hydrogel Polymerization

Hydrogels are three-dimensional networks of crosslinked hydrophilic
polymers swollen in water (Figure 2.1). They are comprised of synthetic
polymers, natural polymers, or a combination of both. Some common synthetic
polymers used to form hydrogels include polyacrylamide (PAAm),>7-42
poly(ethylene glycol) (PEG),%**¢ poly(2-hydroxyethyl methacrylate) (o HEMA),*"=¢?
poly(acrylic acid) (PAA),”>”> poly(N-isopropylacrylamide) (pNIPAAm),’*52 and
poly(vinyl alcohol) (PVA)?83-85 (Figure 2.1). Natural polymers such as collagen,®-

8 gelatin,??° agarose,”?? and alginate®?*% are also frequently used.

hydrogel polymers chemical crosslinks
aVa ~
o e
e =
N S s e
polyacrylamide poly(; acryllc acid) N,N-methylenebisacrylamide ethylene glycol diacrylate
{PAAM) (MBAm) (EGDA)
o o o
OH
HO. H )YO\/\ = )J\/\/U\
L ok Ao . )
n
polylvinyl alcchol) polylethylene glycol) ethylene glycol dimethylacrylate glutaraldehyde
(PVA) (PEG) (EGDMA)
. S/
Q 0\/\OH
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5 - poly(2-hydroxyethyl methacrylate)  poly(N- |sopropy\acry|am\de !
& mesh size 0 nm \_ (pHEMA) (NIFAAMm)

Figure 2.1 Idealized hydrogel schematic with chemical structures of the common polymers and
chemical crosslinks used in hydrogel synthesis. Hydrogel mesh size, ¢, is indicated in red.

Crosslinks can either be chemical or physical in nature. Chemical crosslinks
are covalent bonds that permanently link polymer chains together”™ while
physical crosslinks are non-covalent in nature and include chain entanglements,

hydrophobic bonding regimes, ionic complexes, hydrogen bonds, localized



crystallization, helix aggregation, and electrostatic interactions (Figure 2.2).9%%
These bonds are often reversible in response to external stimuli, giving the
hydrogel interesting mechanical and tribological properties. Some commonly
utilized chemical crosslinks are N,N’-methylenebisacrylamide (MBAm),3578
glutaraldehyde,” ethylene glycol dimethacrylate (EGDMA),'® and ethylene

glycol diacrylate (EGDA) (Figure 2.1).""

8 s
hydrophobic interactions

s '

hydrogen bonding crystalline crosslinks

Figure 2.2 Schematic demonstrating different physical crosslinks in hydrogel systems, including
electrostatic crosslinks, hydrophobic interactions, hydrogen bonding, and crystalline crosslinks.

One of the most common synthetic routes used to make hydrogels is free-
radical polymerization, where water-soluble monomers are dissolved in solution
with crosslinker molecules and an initiating system, which is typically redox or

UV-initiated.®> For redox-initiated systems, ammonium persulfate (APS) or

10



potassium persulfate (KPS) are often used as the initiator with N,N,N’,N*-
tetramethylethylenediamine (TEMED) or heat as the catalyst to speed up the
reaction.®>'9219  For UV-initiated systems, 2-hydroxy-1-[4-(2-hydroxyethoxy)
phenyl]-2-methyl-1-propanone] (Irgacure 2959) and lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) are two of the most common water soluble
photoinitiators.”® While there have been several studies demonstrating that
initiator concentration and selection can impact polymerization kinetics and
hydrogel structure, this factor is often ignored.t>192195.1% For more information
about the polymerization process and kinetics, see Section 5.7.

To quantify total polymer (%T) and crosslinker (%C) concentration within

hydrogel networks, the following convention is often utilized:3731%7

monomer (g) + crosslinker (g)
0 = Egn. 2.1
wT (w/v) total volume (mlL) *100 L

crosslinker
%C (w/w) = )

100 Egn. 2.2
monomer (g) + crosslinker (g) x 9

where %T encompasses both monomer and crosslinker mass and %C quantifies
the percentage of polymer that is crosslinker. Sometimes, the amount of
crosslinker is considered negligible in the total polymer (%T) calculation due to
its small quantity in comparison to the amount of monomer. With this
convention, the total polymer concentration (%T) is calculated based solely on

monomer mass, and the crosslinker concentration (%C) is just the ratio of

11



crosslinker to monomer mass.'” Another common polymer and crosslinker
quantification method is based on weight percent of the entire pre-polymerized

mass, including water:?8.108.109

monomer (g)

100 Eqgn. 2.3

mononer wt% = X
total mass (g)

crosslinker (g)

crosslinker wt% = 100 Eqgn. 2.4

total mass (g) x
Occasionally, monomer and crosslinker mole percent (mol%)''® or monomer-to-
crosslinker molar ratio is used instead.””""'? In this dissertation, polymer and
crosslinker concentration will be discussed in wt.% and calculated with Egn. 2.3
and Egn. 2.4. Monomer-to-crosslinker molar ratio will also be utilized
occasionally. Monomer concentration, crosslinker concentration, and their ratio
impact gel swelling, structure, and mechanics, as will be discussed further in

Section 2.6.

2.2 Theoretical Framework for Hydrogel Swelling

Hydrogel swelling can be theoretically predicted by the Flory-Rehner
model, which combines Gaussian chain elasticity and the Flory-Huggins solution
theory to describe network elasticity and polymer-solvent mixing,
respectively.”"* Within this model, there are two assumptions.’'"¢ The first is
molecular incompressibility — the volume of the swollen gel is the sum of the

volume of the dry network and the absorbed solvent. The second assumption is
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known as the Frenkel-Flory-Rehner (FFR) hypothesis which states that there is a
thermodynamic balance between the entropy of mixing of the polymer and
solvent and the rubber elasticity associated with stretching the network."® Based
on this assumption, the free energy of the gel (AGot) can be written as the sum
of the entropy of mixing of the polymers and solvent molecules (AGy,x) and the

elastic energy of the stretched polymer chains (AG)):

AGyor = MGy + AGe) Egn. 2.5

The driving force behind hydrogel swelling is mainly entropic — without the
elastic retractive force, gels would swell infinitely to increase configurational
entropy. However, as gel volume increases with swelling, the polymer chains
stretch and an elastic retractive force develops as the configurational entropy of
the chains decreases. Equilibrium swelling is achieved once these opposing
forces balance, and the hydrogel will no longer change volume. For
polyelectrolyte hydrogels (i.e., charged hydrogel networks composed of
polymers with ionizable functional groups), ionic contributions to the free energy
(AGjon) due to the presence of ions within and outside the network also need to
be considered in the total free energy of the gel.""”

Based on this thermodynamic balance, the Flory-Rehner equation for non-

ionic polymer networks was developed:'*
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V. 2M
—[In(1 — vy5) + vos + xV2] = (v L ) <1 —— C) (vzl,/:’ - E) Egn. 2.6

which can be rewritten as:

V(1 - 2
1_2 gty v Ean. 27
2,
Me Mo (”z.é - 25)

where v, ¢ is the polymer volume fraction of a hydrogel at equilibrium swelling,
x is the Flory polymer-solvent interaction parameter (which is dependent on
temperature and polymer volume fraction), ¥ is the specific volume of the dry
polymer, V; is the molar volume of the solvent (e.g., water), M is the average
molecular weight between crosslinks, and M,, is the number average molecular
weight of the uncrosslinked polymer. From Eqn. 2.7, the volumetric swelling

ratio, Q,, can be determined:"*

5/3 _ ZMC%(%_X)

. —
2/3 3M
v (1-50)

Eqgn. 2.8

where v, is the polymer volume fraction of a hydrogel immediately after

polymerization (i.e., before swelling). This equation can be simplified to:'"

5/3=17_Mc<1_> Eqn. 2.9
Qv = Vl 2 X qn. .

While the Flory-Rehner model sometimes follow experimental results, it arguably

doesn't fit the data well and requires many fitting parameters."'*""? Because of
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this, other theoretical models have been developed to describe the equilibrium

swelling behavior of hydrogels.'1>120-122

2.3 Quantifying Hydrogel Swelling

There are several equations used in literature to quantify swelling, as
demonstrated in Table 2.1. For the most part, the swollen hydrogel mass (ms)
and volume (If), dried hydrogel mass (mq4) and volume (Vy), and as polymerized
mass (mp) and volume (V) are the only variables needed. However, the
terminology used to describe each method is ambiguous and inconsistent. For
instance, the term “swelling ratio” has at least 10 different calculation methods
across published literature (Table 2.1). Therefore, when comparing swelling data
across different sources, it is important to examine the method used rather than

just rely on terminology.

Table 2.1 Comparing equations in literature used to quantify swelling. The nomenclature used
for variables are as follows: m — mass, V — volume, D — diameter. The nomenclature used for the
subscripts are as follows: s — swollen, d - dry, p — as polymerized.

Terminology Equation Ref.
Equilibrium swelling ratio mg
Degree of swelling o 123125
Weight swelling ratio d
. , mq
Polymer weight fraction — 126
mS
Weight swelling ratio after mp 125
preparation mq
. . . ms —mq
Fluid absorption capacity — &
S
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Water weight percent me — my
Water content ( > )xlOO 44111124
Degree of swelling s
Equilibrium swelling ratio m, —my
. S
Degree of swelling — 122,127,128
Weight swelling ratio d
i ' i Ms ~ Md 128,129
Weight swelling ratio — x100 '
d
Mass swellin bl 130
g percent x100
mp
|74
Volume degree of swelling V—S 107124131
d
Swelling ratio Y 132
|74
p
|74
Swelling ratio Vp 133
S
Vs =11
Volume change ( = p> x100 69
Yo
D 3
Swelling ratio <_S> 132
Dy
D 3
Swelling ratio (D_p 133
S
(1 n (Zhydrogel >
Linear swelling ratio polymer 13 134
ppolymer)
pwater
m
Equilibri . . (m_s - 1) ppolymer 135
quilibrium swelling ratio 0, = 1+ 4
\'’4
pwater

The volume change for polyacrylamide hydrogels with varying acrylamide

concentration but constant monomer-to-crosslinker molar ratio (54:1) was
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examined (Figure 2.3). Surprisingly, the swelling behavior was not monotonic —
the volume initially decreased with acrylamide concentration, reached a
minimum, and then increased. This behavior does not follow the Flory-Rehner
model, which predicts a monotonic decrease with increasing monomer

concentration.

volume  _ VS-VP x 100%
change (%) VP °
70
= 60
=
& 50-
c °
©
S 404 .
(]
£
—O 30' [ )
> [ .
204 .

0 5 10 15 20 25
AAmM concentration (wt.%)

Figure 2.3 Volume change as a function of acrylamide (AAm) concentration (wt.%) for
polyacrylamide hydrogels with the same monomer-to-crosslinker molar ratio (54:1). Surprisingly,
the swelling behavior was not monotonic.

One potential reason for this deviation is the swelling metric chosen. Since the
volume change equation utilizes the volume of the hydrogel as polymerized (V)
and fully swollen (V4), it only accounts for the excess water absorbed by the
hydrogel after polymerization and overlooks the existing water from the pre-
polymerized solution. Conversely, the Flory-Rehner model accounts for the total

amount of water in the gel by considering the polymer volume fraction at
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equilibrium swelling, v, 5 (see Eqn. 2.18). If another swelling metric such as the
equilibrium swelling ratio (mgs/mg) or volume degree of swelling (V;/Vy) was used,
the swelling behavior would most likely decrease as predicted by the Flory-
Rehner model since these metrics account for the total amount of water in the
hydrogel. However, it is still interesting to note that the minimum swelling
occurred at an intermediate acrylamide concentration (7.5 wt.%). While this
phenomenon has not been fully explored, it demonstrates the impact that
different swelling metrics can have in the interpretation of the data (see Section
8.3.1 and Figure 8.3) and further validates the importance of being cognizant

about the selected swelling metric.

2.4 Hydrogel Mesh Size

Mesh size is a structural parameter that is often used to characterize the
hydrogel network structure. It controls hydrogel mechanics and many other
macroscopic properties and can be thought of as a measure of polymer chain
mobility.?>13¢-1% The following section will describe two common methods used

to estimate mesh size based on the characteristics of the polymer chain.

2.4.1 Correlation Length

In his seminal work, de Gennes viewed hydrogels as polymer solutions that

existed at the critical overlap concentration, c*, where polymer chains in solution

18



just begin to overlap and transition from the dilute regime (c < ¢*) to the semi-

dilute regime (c > c*) (Figure 2.4).

|
3
|
l

c<c¢’ Cec* c>c*

Figure 2.4 Schematic of polymer chains in solution in the dilute (c < c*) and semi-dilute regimes
(c* > ¢). According to de Gennes, hydrogels exist at the critical overlap concentration (c = c*),
where the polymer chains just begin to overlap. From Scaling Concepts in Polymer Physics, by
P-G de Gennes. Copyright © 1979 by Cornell University Press. Used by permission of the
publisher, Cornell University Press.’’

In this framework, mesh size, &, is defined as the correlation length between
monomers in the hydrogel network.' This occurs within polymer segments
known as “blobs”, where the correlation length is the distance between two
points of entanglement in which the polymer chain does not interact with any

other polymers (Figure 2.5).™%°
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Figure 2.5 Schematic of hydrogel network existing at the critical overlap concentration, c*. The
chain is segmented into “blobs” composed of N monomers. Within each blob, the chain does
not interact with any other polymer chains. The blob diameter is also known as the mesh size, ¢.
From Scaling Concepts in Polymer Physics, by P-G de Gennes. Copyright © 1979 by Cormnell
University Press. Used by permission of the publisher, Cornell University Press.'®’

Therefore, the mesh size scales with blob diameter and can be estimated with

the following equation:'¥'%

£=R, <_) Eqgn. 2.10

where R, is the radius of gyration of a polymer chain and scales with the number
of repeat units within the blob (e.g., Ry ~ N**in a good solvent), ¢ is the polymer
concentration, c¢* is the critical overlap concentration, and m is a scaling
coefficient dependent on water-polymer interactions. For non-ionic polymers in
a good solvent, m = 0.76.° The critical overlap concentration can be calculated
from Egn. 2.11, where N is the number of repeat units, M,, is the weight-average

molecular weight of the polymer and N, is Avogadro’s number.™?

*

3M,,
==

=—Y Eqn. 2.11
R~ 4nNAR: 9

Within this framework, the mesh size can be thought of as the conformational
space (i.e., blob) in which polymer chains can thermally fluctuate without
interacting with any other polymer chains. This correlation mesh size often scales
with the average distance between chemical crosslinks in network and is

frequently defined as such.'41142
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2.4.2 End-to-End Distance

Peppas et al. defined mesh size as the end-to-end distance of a polymer

chain between chemical crosslinks:'3’

= v, (Y2 Eqn. 2.12

2,5
where v, 5 is the polymer volume fraction of a hydrogel at equilibrium swelling
and (72)'/? is the end-to-end distance of a freely rotating polymer chain, which
can be calculated as:

— 1/2
FOY2 = 1c)? (ﬂ> Eqn. 2.13
M,

where M, is the molecular weight of the repeat unit, C, is the Flory characteristic
ratio, M, is the effective molecular weight between crosslinks, and [ is the length
of a C-C bond along the monomer backbone. Based on the equilibrium swelling
theory developed by Flory and Rehner (see Egn. 2.7),"3'% Peppas et al.
developed three equations for M. depending on the crosslink density of the
network.’ For loosely crosslinked networks where the molecular weight
between crosslinks is large enough that the chains can be represented by a
Gaussian distribution, Eqn. 2.14 should be used. Eqn. 2.15 and Egn. 2.16 were
developed for highly crosslinked networks (i.e., in which the chains are too short

for Gaussian statistics) polymerized without and with solution, respectively.
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1 2 Vl1 [ln(l - Vz,s) t+ Vs + szz,s]

1

M, M, Va\T 1 (Vas Eqgn. 2.14
Var (E) _7<E)

It =v2.) + v+ bl [1 - 3022
i_ 2 7 n V2,s) TV2s T XV2s N V2s Eqn. 2.15
M. M, 1 113\ o

©o (v = gvas) (1 + g wal)

D in(1 —va) +vas + o] [1 - o]
i_i_ V1 n V2,5 Va,s XV2s st,r
M, M,

v \Y3 1 (v, 1 (v, \3) Egn. 2.16

e (23629 (1+4(2))

For these equations, M, is the number average molecular weight of the
uncrosslinked polymer, v, is the polymer volume fraction of the hydrogel right
after polymerization and before swelling, x is the Flory polymer-solvent
interaction parameter (which is dependent on temperature and polymer volume
fraction), U is the specific volume of the repeat unit, V; is the molar volume of the
2M,

solvent (e.g., water), and N = " ,the number of repeat units between crosslinks.

r

The 2 prefactor in N is assuming vinyl repeat units. For pHEMA hydrogels,
Peppas et al. found that increasing the crosslinking ratio decreased the

molecular weight between crosslinks, thereby decreasing mesh size.™'

2.5 Mesh Size Measurements
Determining hydrogel mesh size is a difficult task. Despite the idealized

schematics that are often drawn, most gels are not homogeneous and often have
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a heterogeneous distribution of mesh sizes.'” Therefore, reported mesh sizes
are typically averages, and swelling is often utilized as an indirect way to predict
mesh size by calculating the polymer volume fraction of the hydrogel after

polymerization (v, ,) and after swelling (v, ¢): ™*'

Va

Uor = Vp Eqn 2.17
Va

'UZ'S = 75 Eqn 218

where V4 is the volume of the dry polymer, I, is the volume of the hydrogel after
polymerization, and V; is the hydrogel volume at equilibrium swelling. Once
v, and v, are known, Egn. 2.12 — Eqn. 2.16 can be utilized to estimate mesh
size by calculating M.. Oftentimes, M, is unknown and needs to be
approximated.

Mechanical characterization is also used to indirectly estimate mesh size

using the rubber elasticity theory and the linear elastic storage modulus, G"

114,137,144,145

N
G' = AkgTpy = AkBTpMA Eqn. 2.19
(o}

where pe is the number density of elastically active polymer chains in the
network, p is density of the dry polymer network, N, is Avogadro’s number, and

A is a pre-factor whose value changes depending on the network model. For
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affine networks, A =1 while A =1 —% for phantom networks, where f is the

functionality of the monomer. To account for swelling, the polymer volume

fraction of the swollen gel, v, 5, can be included:

N
G' = AkpTpavil® = AkBTpMA P23 Eqn. 2.20

2,s
C
However, both Egn. 2.19 and Eqn. 2.20 are assuming defect-free networks,
which is not the case in real systems. Since defects can negatively impact
network elasticity, as shown in Figure 2.6, Flory developed Egn. 2.21 to account

for dangling chain defects that do not contribute to network elasticity.

Y
X

Figure 2.6 Possible hydrogel network defects. Filled circles represent crosslinks while open
circles represent points of chain termination. (a) Physical entanglements between chains still
contribute to network elasticity despite being considered a defect. (b) Closed loop, where both
ends of the chain are connected to the same crosslink point, do not contribute to the elasticity
of the network. (c) Dangling/loose chains that are only connected to the network at one end also
do not contribute to network elasticity. Reproduced with permission from L. Treloar, The Physics
of Rubber Elasticity, 1975." Copyright © 1975 Oxford University Press.

(a) (b) (c)

ZMC PNA ZMC
G' = AkpT 1-— = Ak T—|1— Egn. 2.21
B pel( Mr) B , ( M, q
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Mesh size can be estimated by measuring the storage modulus and using the
relationship pe = €73 to solve for €. With this relationship, mesh size scales
inversely with storage modulus as £ ~ G'/3. Alternatively, Eqn. 2.19 - Eqn. 2.21
can be rearranged to solve for M, and then plugged into Egn. 2.13 to solve for
mesh size."”” With this method, mesh size scales with storage modulus as
E~G'1/2,

Mesh size can also be measured through various measurement techniques,
such as particle diffusion,’'%® differential dynamic microscopy (DDM),"*? small
angle x-ray scattering (SAXS), 99150151 small angle neutron scattering (SANS),21%3
dynamic light scattering (DLS),"*'>4+'%¢ and scanning electron microscopy
(SEM).3148154 Mesh sizes for various hydrogels are listed in Table 2.2 to
demonstrate the order of magnitude difference for synthetic hydrogels in
comparison to natural hydrogels— synthetic hydrogels typically have much
smaller mesh sizes than natural hydrogels. It is important to note that these
values are highly variable and dependent on acquisition method as well as
polymer concentration, crosslinking density, and swelling conditions as will be

discussed in the following section.
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Table 2.2 Mesh size compilation for common hydrogels. Ranges are given to account for varying

polymer and crosslinking concentrations.

Mesh Size

Acquisition

Hydrogel Range (nm) Method Ref.
Poly(acrylamide) 150
(PAAM) 1-10 SAXS
Poly(ethylene glycol) 2-8 DLS 144
(PEG) 6-16 SAXS 151
Synthetic | Poly(2-hydroxyethyl
hydrogels methacrylate) 3-9 Storage modulus 47
(PHEMA)
Poly(N-
isopropylacrylamide) 10-46 Storasge ﬂjr?dulus 157
(PNIPAAM) weling
. 7-60 Swelling e
hN(;’:\r’c(;JraelIs Hyaluronic acid (HA) 200 Shear modulus 149
yarog Collagen (COL) 2000-3000 Shear modulus 149

2.6 Tuning Mesh Size & Hydrogel Properties

The hydrogel network is a function of the molecular weight of polymer
chains, crosslinking density, and external factors such as polymerization
conditions, solvent, pH, and temperature.” By varying the total polymer and
crosslinker concentrations, network structure and mechanical properties can be
tuned. For polyacrylamide hydrogels, Denisin and Pruitt concluded that total
polymer concentration had the greatest impact on the mechanical properties.®
Using the convention of Egn. 2.1 and Eqn. 2.2, when the crosslinker
concentration (%C) was fixed and total polymer concentration (%T) was varied,
mesh size decreased with increasing %T, leading to an increase in elastic

modulus.®*'” However, for a given polymer concentration (%T) when the
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crosslinker concentration (%C) was varied, mesh size decreased with increasing
%C up to a certain point, where it then plateaued, and then increased again.*>'%’
This phenomenon was explained by crosslink clustering when bisacrylamide
(MBAmM) was used as the crosslinker. Due to its higher reactivity ratio, MBAm
(rvsam > 1) is more likely to react with itself than with acrylamide (raam < 1), leading
to the formation of MBAm-rich clusters within the hydrogel network.%5%41 This
structural inhomogeneity has been confirmed by scanning electron
microscopy.®1% Network structure can also be modified by varying both the
monomer to crosslinker ratio and total polymer concentration. With this method,
gels with similar elastic moduli but different mesh sizes can be formed.'®External
factors such as temperature, solvent conditions, and pH can also impact mesh
size by influencing swelling. This will be discussed further in Chapters 5 — 8.
The rubber elasticity model (Eqn. 2.19 - Egn. 2.21) can also be used to
estimate the theoretical elastic modulus. However, employing a slightly
modified version of the rubber elasticity equation (Eqn. 2.22), Kizilay and Okay
demonstrated that this model overpredicted the modulus for polyacrylamide

hydrogels due to crosslinker inefficiency and clustering:'®

20N, X
G' = AlkyT 222

Var Eqgn. 2.22

r
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where v, . is the polymer volume fraction after polymerization, p is the polymer
density, X is the crosslinker molar ratio (molar ratio of bisacrylamide to

acrylamide), and M; is the molecular weight of the repeat unit.™?

2.7 Mesh Size Scaling Relationships

Using de Genne's scaling arguments, the relationship between mesh size
and various macroscopic properties such as elastic modulus, shear stress, and
friction coefficient have been determined for hydrogels composed of flexible,

semi-dilute polymer chains (Table 2.3).1%7.150.159

Table 2.3 Compilation of scaling principles relating hydrogel mesh size to a variety of different
macroscopic properties, assuming flexible, semi-dilute polymer chains.

Property Relationship Ref.

Intrinsic permeability k ~ &2 107,159
Draining time ty ~ &2 159
Polymer relaxation time t.~ &3 150
Elastic modulus E~¢&3 137
Friction coefficient pu~ &1 150
Shear stress T~§3 159
Osmotic pressure M~E~¢&3 160

Based on these scaling relationships, with increasing mesh size, hydrogel
permeability increases, draining time increases, polymer relaxation time
increases, elastic modulus decreases, friction coefficient decreases, and shear
stress decreases. Unsurprisingly, water content also increases with increasing

mesh size.?161
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2.8 Time-Dependent Hydrogel Properties

Because hydrogels are a combination of polymer and solvent, they can
exhibit viscoelasticity and poroelasticity, both of which are time-dependent
behaviors that can be difficult to decouple.’?'¢? Viscoelasticity describes the
time-dependent relaxation that polymers experience under deformation while
poroelasticity describes the time-dependent flow of solvent under deformation.
Poroelasticity was first introduced by Biot in 1941 and is used to describe the
interaction between fluid and a porous medium under deformation.'®* The
timescale of poroelasticity is related to the diffusion of the solvent in the network
and is dependent on the lengthscale of observation.’s*'¢* Viscoelasticity, on the
other hand, is a material property, and its value is not dependent on the
lengthscale over which it is being observed.’® For hydrogels, its viscoelastic
properties comes from the polymer network. Polyacrylamide is often considered
a linear elastic material (i.e., viscoelasticity can be disregarded) within a certain
range of strains due to its constant storage modulus.*

Because viscoelastic relaxation does not depend on the deformation
lengthscale, the poroelastic and viscoelastic behavior of polyacrylamide
hydrogels can be decoupled.’ However, poroelasticity or viscoelasticity (or
both) are often ignored when characterizing the mechanical properties of
hydrogels.’ Schulze et al. argued that hydrogel poroelasticity can be neglected

if the applied pressure is less than the osmotic pressure of the hydrogel network,
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which scales with elastic modulus (Table 2.3).7%® For non-ionic hydrogels,
osmotic pressure can be viewed as the pressure of the solvent within the
hydrogel,’ whereas for ionic hydrogels, osmotic pressure is due to a
concentration gradient of counterions inside and outside the hydrogel network.
In this dissertation, we consider poroelasticity and viscoelasticity as negligible
effects since the contact pressures that we are applying are typically less than
the elastic moduli of the hydrogels and our timescales of deformation are shorter

than viscoelastic timescales.
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3 CHAPTER 3: HYDROGEL TRIBOLOGY

Tribology is the study of the lubrication, adhesion, friction, and wear of
materials in relative motion.'® For hydrogels, most of the tribological literature
is focused on kinetic friction (the force that opposes motion) and investigating
the friction dissipation mechanisms within these systems rather than static
friction (the force required to instigate motion between objects at rest). This
chapter will briefly discuss the friction mechanisms for hard materials,
demonstrate how hydrogel friction deviates from these models, and touch upon
several proposed lubrication mechanisms for hydrogel. We will end the chapter

with design principles for low friction hydrogel interfaces.
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3.1 Friction in Engineering Systems
The first recorded friction experiments were conducted by Leonardo da

Vinci against wooden surfaces and form the basis for what is now known as
Amontons’ three laws of friction, with the third law being credited to
Coulomb:e8-170

1) Friction force is linearly proportional to the applied normal force

2) Friction force is independent of apparent contact area

3) Kinetic friction force is independent of sliding velocity

The first law can be summarized by the familiar equation:
pu= % Egn. 3.1
where F is the resultant friction force, F, is the applied normal force, and pi is the
proportionality constant better known as the friction coefficient. In dry
conditions, many hard materials follow Amonton’s laws despite their empirical
basis.
For solid materials with fluid lubricants, the Stribeck curve was developed

to encompass the various factors that affect friction. It utilizes a dimensionless

parameter known as the Sommerfeld number (S), which is proportional to the

viscosity (1), sliding speed (v), and applied normal force (F,) as SaZ—V

n

(Figure 3.1).7817
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Figure 3.1 (a) Schematics demonstrating the contact modes for the four regimes of the Stribeck
curve — boundary, mixed, elastohydrodynamic (EHL), and hydrodynamic (full fluid film) lubrication
- and the typical friction coefficient range. (b) Representative Stribeck curve for two lubricated
surfaces. Aqueous gel lubrication in self-mated contact does not follow this curve but rather stays
between p=0.001 - 0.01 across a wide range of sliding speeds. Adapted with permission from
A. Pitenis et al., Soft Matter, 10, 2014.7® Copyright © 2014 Royal Society of Chemistry.

The Stribeck curve plots the friction coefficient between two sliding
interfaces as a function of the Sommerfeld number and partitions it into four
lubrication regimes — boundary, mixed, elastohydrodynamic lubrication (EHL),
and hydrodynamic lubrication — which are highly dependent on applied force
and sliding speed. During boundary or mixed lubrication, the two sliding
interfaces are in direct contact. These lubrication modes typically occur at low
sliding speeds or high applied loads and exhibit either speed independent
(boundary lubrication) or speed-dependent (mixed lubrication) behavior. At high
sliding speeds or low loads, a fluid film forms and separates the interfaces from
direct contact, leading to EHL and hydrodynamic lubrication. Within these fluid
film lubrication regimes, friction coefficients are minimized and a weak speed-

dependence emerges due to increasing fluid film thickness with increasing
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Sommerfeld number (i.e., increasing sliding velocity and decreasing force)."”2
Within fluid film lubrication, energy dissipation is due to heat loss as the fluid
film is sheared.

For low elastic modulus materials, Hamrock and Dowson developed an
equation to predict the minimum fluid film thickness, hmin, needed to obtain soft-

EHL:"73

hmin — 2-8R0'77(HOU)O'GSE’_O'44Fn_O'21 Eqn 32

where R is the probe radius of curvature, n,is the viscosity of the fluid, v is the
sliding velocity, F, is the applied normal load, and E’ = 2E* where E* is the
reduced elastic modulus of the sample. For fluid film lubrication to occur, hmi

needs to be larger than the surface roughness of the substrate.72174.175

3.2 Hydrogel Lubricity

Amonton’s laws and the Stribeck curve were developed with hard,
engineering materials, such as metals and ceramics, in mind. Unsurprisingly,
hydrogels exhibit more complex tribological behavior and often deviate from
these lubrication mechanisms. Table 3.1 details several experimental factors
that affect hydrogel friction, including but not limited to applied normal load,

sliding speed, temperature, and contact area between the probe and substrate.
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Table 3.1 Compilation of previous hydrogel studies examining testing parameters and their
effect on the measured friction coefficient. The responses vary depending on the chemical
composition of the hydrogel, making it difficult to predict their tribological behavior.

Effect on
Parameter Hydrogel Friction
Coefficient (1)

Polyacrylamide (PAAm)'¢
Poly(vinyl alcohol)®177 plasF,T
Poly(N-isopropylacrylamide) (oNIPAAm)'’®
Applied Poly(2-acrylamido-2-
normal load, | methylpropanesulfonic acid) sodium salt peas BT
Fa (pPNaAMPS)""”
Nano-hydroxyapatite reinforced poly(vinyl
alcohol) uTasF,1T
(Nano-HA/PVA)%
Poly(vinyl alcohol) (PVA)?%
Polyacrylamide (PAAm)'?

plasv?

Below a critical
Sliding Poly(acrylamide) (PAAmM)”® transition speed:
speed, v peasv?
Above a critical
transition speed:

Poly(N-isopropylacrylamide) (oNIPAAm)'”?
Poly(acrylamide) (PAAmM)”®

pTasv?®
Tempgrrature, Poly(acrylamide) (PAAmM)'* plasTT
Conta/cAt area, Poly(vinyl alcohol) (PVA) 7 plasAT

In addition to these testing parameters, the sliding configuration needs to
be considered. Dunn et al. investigated the differences between migrating,
stationary, and Gemini contact.”® Migrating contact occurs when an
impermeable probe (such as glass) slides against a hydrogel substrate, allowing
contact between the probe and substrate to migrate across the hydrogel surface
during sliding (Figure 3.2a). During stationary contact (Figure 3.2b), a hydrogel

probe slides against an impermeable substrate. The hydrogel is under persistent
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load for the duration of the sliding experiment and contact moves with the

hydrogel as it slides. Gemini or “self-mated” contact (Figure 3.2c) transpires

when a hydrogel probe slides against a hydrogel substrate.
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Figure 3.2 Friction coefficient as a function of sliding cycle with different sliding configurations:
(a) glass probe on hydrogel substrate (migrating contact), (b) hydrogel probe on glass substrate
(stationary contact), and (c) hydrogel probe on hydrogel substrate (Gemini contact). Friction is
speed-dependent for both migrating and stationary contact but speed independent for Gemini
contact. Reproduced with permission from A. Dunn et al., Tribology Letters, 54, 2014."%
Copyright © 2014 Springer Nature.

Dunn et al. found that migrating and stationary contact were speed-dependent,
but Gemini contact was speed independent. This difference was attributed to
the impermeability of the countersurface, limiting fluid flow and pressure to one
side of the interface.

Similarly, Simic¢ et al. examined the effects of hydrogel surface structure and
the impact of contact configuration on friction (Figure 3.3) Hydrogels with a
“brushy” loosely crosslinked surface structure have different friction behavior
than those with a homogeneously crosslinked network despite being composed

of the same material (as will be discussed further in Chapter 5), and the contact

36



mode (e.g., stationary vs. migrating) impacted the speed-dependence of the
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Figure 3.3 Schematic demonstrating different tribological behavior depending on probe
configuration. (@ — c) For brushy hydrogel probes in stationary contact with a crosslinked
hydrogel surface, water exudation dominates, leading to increasing friction with sliding speed
due to dehydration. (d — f) For crosslinked hydrogel probes in migrating contact with a brushy
surface, water exudation was balanced by rehydration, maintaining a thin fluid film layer between
interfaces. Reproduced with permission from R. Simi¢ et al., Tribology Letters, 68, 2020 under
the Creative Commons license (http://creativecommons.org/licenses/by/4.0/)."’

When a brushy hydrogel probe was in stationary contact with a crosslinked
hydrogel substrate (Figure 3.3a-c), dehydration at the contact point occurred,
leading to speed-dependent friction behavior. However, when the brushy
hydrogel was in migrating contact with a crosslinked hydrogel probe, a thin fluid
film layer was maintained, and the friction coefficient was speed independent.
These results demonstrate that friction coefficient is a systems property and
is highly influenced by testing parameters and hydrogel structure.'’¢ Therefore,
hydrogel material properties need to be considered, such as the chemical
makeup of the polymer chains (e.g., their hydrophilicity), crosslinking density,

water content, elasticity, and surface structure. All these factors impact the
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interactions between the hydrogel and sliding countersurface but are often
difficult to decouple due to their interdependence. Despite these complexities,
researchers have attempted to provide a unifying theory and develop scaling
laws that can predict the tribological behavior of hydrogels based on
microstructure and mechanics. To date, no such theory exists. Nonetheless,
several hydrogel lubricity mechanisms have been proposed and will be explored

in the following section.

3.3 Proposed Mechanisms of Hydrogel Lubricity

There have been many proposed mechanisms for friction dissipation within
hydrogel systems. This section will summarize several of them conceptually and
is not meant to be an exhaustive list. For a more in-depth analysis and overview
of the mathematical derivations for the lubrication models, see the review
articles by Shoiab et al.’”® and Bonyadi et al."® The lubrication mechanisms
discussed in this section were mainly developed for non-ionic hydrogels and not
necessarily applicable for charged hydrogels, which have the added complexity
of electrostatic interactions. Discussions of charged hydrogel lubricity can be
found in Chapters 7 and 8. Additionally, most of these models focus on kinetic
friction — there are very few that emphasize static friction, although it is an
important factor in biological wear. Sections 3.3.1 — 3.3.3 focus on models

developed for gel-on-substrate or probe-on-gel tribological pairings (i.e.,
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stationary or migrating contact, respectively), where the substrate or probe are
impermeable hard materials such as glass. Section 3.3.4 and Section 3.3.5
emphasize models developed for self-mated (“Gemini”) gel-on-gel sliding
configurations. As discussed in the following sections and summarized in Table
3.2, many of the lubrication models have a critical velocity, where the mechanism

for friction dissipation transitions with increasing sliding speed.

Table 3.2 Comparison of various hydrogel lubrication models and the proposed frictional
dissipation mechanisms at different sliding velocities. Blue highlighted boxes represent
microtribological measurements while green highlighted boxes represent nanotribological
measurements. Hydrogel abbreviations: PAAmM- polyacrylamide, PDMA-
poly(dimethylacrylamide), PNaAMPS - poly(2-acrylamido-2-methylpropanesulfonic acid) sodium

salt, pPNIPAAm- poly(N-isopropylacrylamide).

Lubrication Hydrogel Counter 5 . . 5 .
Model System surface Low velocity Transition velocity High velocity
Bulk PAAM' Glass Poroelastic lubrication: pressure driven fluid flow
Poroelastic . o ) o . o
ol sreeeiitem PDMA films!® Glass Poroelastic lubrication: o poroelastic rela-xatmn time 1 Poroe!astlc lubrication:
constant contact area dwell time changing contact area
Hydrodynamic | Bulk PAAm, PAA, | PMMA fl—llxdrcdyngmlc flow: Interfacial shear thinning of polymer Hydr°dy’.'af“'° ]ubn;at}on: .
e 138 uid shearing through . viscous dissipation within fluid
Lubrication and agarose Glass chains .
hydrogel network film layer
Adsorption regime Repulsive regime
Repulsi Elastic deformation: Hydrodynamic lubrication:
A;E:rmt(i)zr; Bulk PNaAMPS Glass stretching of polymer mesh size viscous dissipation within a
MocF;eI and PVAT 74187 | PNaAMPS | chains adsorbed onto vr adsorption time fluid film layer
surface
Elastic deformation: Non-hydrodynamic
Baumberger's stick-slip model of - dissipation mechanism: shear
: - 189 } Dependent on hydrogel composition, - : ’
Adhesive Bulk gelatin Glass adhesive polymer . - . thinning of hydrogel film with
. concentration, and viscosity .
Model chains the thickness on the order of a
mesh size
Adhesive regime Viscous regime
Viscous- Elastic deformation: Dependent on the viscoelasticity of Non-hydrodynamic
Adhesive Thin PAAM™ 7% | Glass stick-slip model of the hydrogel, viscosity, and polymer | dissipation mechanism: shear
Model adhesive polymer relaxation thinning of the hydrogel
chains surface
Hydration Charged Charged Hydration lubrication: fluid film due to repulsive interactions between sliding interfaces
Lubrication hydrogels'?'1%2 surface (not due to hydrodynamic lubrication)
Thermal fluctuation Polymer relaxation
Il lubrication lubrication
Fluctuation Bulk pNIPAAM pNIPAAm | = "~ . a2 Mo N
. P Thermal fluctuations: vp~(mesh size) Non-Newtonian shear:
and Relaxation | and PAAm PAAmM . ; )
L polymer chain relaxation of strained polymer
Lubrication - )
fluctuations chains
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3.3.1 Poroelastic Lubrication

Several models have been developed for poroelastic lubrication, which
occurs when there is pressure-driven fluid flow.™8'8 The Péclet number (Pe) is a
dimensionless parameter comparing advective components (sliding) to diffusive
components (fluid flow). In other words, it is the ratio of the poroelastic relaxation
time to dwell time. A hallmark of poroelastic lubrication is decreasing friction
with increasing sliding speed (Figure 3.4 and Figure 3.5).

Delavoipiere et al. investigated poroelastic lubrication for micron-thin
poly(dimethylacrylamide) (PDMA) films and attributed friction dissipation to
fracture mechanics and poroelastic fluid flow (Figure 3.4)."® Below a critical
velocity, the friction force increased with sliding speed with a constant contact
area. Above the critical velocity, the contact area decreased and became
asymmetrical. This asymmetry was due to a poroelastic driven fluid flow pressure
imbalance between the leading and trailing edge of contact that created a net
lift force, decreasing the contact area and friction force. The leading and trailing
edges were viewed as cracks opening and closing with friction dissipating due

to poroelastic fluid flow.
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Figure 3.4 (a) Friction force as a function of sliding velocity at three applied loads: F, = 50 mN
(red), F, = 200 mN (blue), and F, = 600 mN (black). The critical velocity shifts to lower sliding
speeds with increasing applied load. (b) Friction coefficient as a function of Péclet number at
three applied loads. Reprinted with permission from J. Delavoipiére et al., Langmuir, 34, 2018."%
Copyright © 2018 American Chemical Society.

Unlike Delavoipiere et al. (Figure 3.4b), Reale and Dunn saw a monotonic
decrease in friction coefficient with increasing Pe (i.e., velocity) for
polyacrylamide bulk hydrogels (Figure 3.5)."® At low Pe values, there was more
time for poroelastic fluid flow, which increased adhesion between the hydrogel
and countersurface due to dehydration of the contact area, leading to greater

friction.
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Figure 3.5 Friction coefficient as a function of Péclet number. Reproduced with permission from
E. Reale and A. Dunn, Soft Matter, 13, 2017."% Copyright © 2017 Royal Society of Chemistry.
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This lubrication mechanism is only valid in the instances where applied pressure
exceeds the osmotic pressure of the hydrogel, which scales with elastic modulus
(Table 2.3).'¢° If the applied pressure is not greater than the osmotic pressure,

fluid flow is not possible.

3.3.2 Hydrodynamic Lubrication

Cuccia et al. proposed that hydrodynamic lubrication was the main friction
dissipation mechanism for hydrogels.”® At low and high sliding speeds, they
observed increasing friction coefficients with increasing velocity (Figure 3.6).
They postulated that this increase was due to hydrodynamic flow as fluid sheared
through the polymer network at low velocities and hydrodynamic lubrication as
a result of fluid film formation at high velocities. At intermediate velocities, there
was a time-dependent transition where friction decreased due to interfacial

shear thinning of polymer chains aligning in the shear direction.
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Figure 3.6 Friction coefficient as a function of sliding velocity for agarose (blue circles) and
poly(acrylic acid) (PAA) (red squares) hydrogels. Three lubrication regimes can be identified. At
low velocities, hydrodynamic flow through the hydrogel network is the dominating friction
dissipation mechanism. At high velocities, viscous dissipation due to the formation of a fluid film
layer (i.e., hydrodynamic lubrication) is the dominant mechanism. The transition velocities are
dependent on the interfacial shear thinning of the hydrogel network. Reproduced with
permission from N. Cuccia et al., Proc. Natl. Acad. Sci., 117, 2020." Copyright © 2020 National
Academy of Sciences.

3.3.3 Adhesive Models

The repulsion-adsorption model, developed by Gong in 1998, divides
hydrogel lubrication into two regimes — adsorption and repulsion.'%1741¢7 Below
the critical velocity, polymer chains adsorb onto the countersurface due to
attractive interactions. As shear stress is applied, these connection points break
and reform as the two interfaces slide past one another. The elastic deformation
of these adsorbed polymer chains and the viscous friction between the solvent
and substrate are the contributing factors to friction forces within this regime

(Figure 3.7).
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Figure 3.7 (a) Schematic of the adsorption-repulsive model for hydrogels interacting with a solid
substrate. (b) Frictional stress as a function of sliding velocity, with the transition velocity, vy,
labeled demonstrating the speed at which the friction mechanism transitions from elastic
deformation of polymer chains to viscous dissipation within the fluid film. In this figure, Rr
represents the hydrogel mesh size (§). Adapted with permission from J.P. Gong, Soft Matter, 2,
2006."° Copyright © 2006 Royal Society of Chemistry.

The critical sliding velocity (vf) is dependent on the hydrogel mesh size (£)

and the relaxation time of polymer attachment and detachment from the
countersurface (t¢) as vf = TE Once sliding speed exceeds vy, the polymer chains
f

cannot relax fast enough to adsorb onto the substrate and a fluid layer forms at
the hydrogel surface. Friction dissipation is now dominated by hydrodynamic
lubrication, with friction increasing with sliding speed as the fluid layer thickness
increases.'®®

Like the repulsion-adsorption model, Baumberger suggested an adhesive
model based on Schallamach’s rubber theory' that attributed friction to stick-
slip and adhesive interactions between the polymer network and countersurface
at low velocities.?”'? In this model, stick-slip occurs as shear is applied and the

polymer chains abruptly attach and detach from the substrate. However, at high
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velocities Baumberger proposed that the dominating friction dissipation
mechanism was the shear thinning of a hydrogel film with the thickness on the
order of a mesh size rather than hydrodynamic lubrication as the repulsion-
adsorption model postulated.

The viscous-adhesive model*'? proposed by Espinosa-Marzal et al. is
similar to the adhesive model developed by Baumberger. In the low velocity
regime, energy dissipation was attributed due to stick-slip and the formation and
breakage of temporary adhesive bonds. At high velocities, the dominating
mechanism was credited to viscous dissipation within the hydrogel network due
to shear thinning of the hydrogel surface. However, the viscous-adhesive model
expanded upon the previous models by considering polymer network
confinement, poroelastic relaxation, the effects of load on polymer relaxation,
and non-Newtonian shear when determining the critical transition velocity."? As
demonstrated in Figure 3.8, the critical transition velocity is very composition-

dependent.
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Figure 3.8 Friction force as a function of sliding velocity for (a) 4 wt.%, (b) 6 wt.%, and (c) 12 wt.%
polyacrylamide hydrogels. Depending on the composition and mechanics of the hydrogel, the
frictional behavior with respect to sliding velocity changed. Adapted with permission from T.
Shoiab and R.M. Espinosa-Marzal, Tribol. Lett., 66, 2018.""? Copyright © 2018 Springer Nature.

3.3.4 Hydration Lubrication

The hydration lubrication model was developed to describe the lubrication
of two brushy and/or charged hydrogel surfaces, although this mechanism can
be applicable for charged hard surfaces as well.’"'% In this model, lubrication is
due to the formation of a fluid film layer produced by elastic and osmotic
pressure (for hydrogel brushes) or repulsive electrostatic interactions and
hydration repulsion between hydration shells (for charged hydrogels) that
separate the two surfaces from contact. Viscous dissipation occurs within this
fluid film layer, leading to extremely low, superlubricious (u < 0.005) friction
coefficients.’" This lubrication mechanism will be further discussed in Chapter 7
and is thought to be one of the mechanisms behind the low friction exhibited by

articular cartilage.'1%3
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3.3.5 Mesh Size Control Models

For hydrogels in self-mated (“Gemini”) contact, Pitenis et al. proposed that
the dissipation mechanism was dependent on polymer chain fluctuations.”® At
low sliding speeds below a critical sliding velocity, the friction coefficient was
found to be speed independent due to random thermal chain fluctuations that

created a blurred interface and relaxed shear stress generated during sliding

(Figure 3.9).
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Figure 3.9 Proposed lubrication mechanism for self-mated (“Gemini”) hydrogel sliding
interfaces. At low sliding speeds, the friction coefficient is speed independent due to thermal
fluctuations of the polymer chains that create a blurred interface. Past a critical velocity, friction
coefficient increases with sliding speed due to the inability of the polymer chains to relax and
dissipate shear stress. Reproduced with permission from A. Pitenis et al., Soft Matter, 10, 2014.%®
Copyright © 2014 Royal Society of Chemistry.

Above the critical sliding velocity, there is a speed-dependent regime (i.e.,
polymer relaxation lubrication) where non-Newtonian shear occurs at the sliding
interface. The polymer chains do not have time to relax and fully dissipate shear

stress at higher sliding speeds, leading to a build-up of stress. This polymer
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fluctuation lubrication model has recently been supported by molecular dynamic
simulations that demonstrated that polymer chains reorient and stretch in the
direction of shear, leading to entropic stress.'

Uruefia et al. investigated the lubrication of Gemini polyacrylamide
hydrogels and found that the critical sliding velocity was achieved when polymer
relaxation time corresponded to the time it took to move one mesh and scaled
with hydrogel mesh size as vy~ &72.7°0 With this scaling, the critical velocity
increased with polymer concentration. The mesh sizes for polyacrylamide
hydrogels of varying polymer concentration were experimentally determined
with small angle x-ray scattering (SAXS), and it was postulated that the friction
coefficient in the speed independent regime scaled with mesh size as p ~ &1
(Table 2.3). This one structural parameter was hypothesized to control the
lubrication behavior for hydrogels in Gemini configuration. Further studies by
Pitenis and Sawyer defined the critical transition velocity by the Weissenberg
number (Wi) — the characteristic time in the experiment (polymer relaxation time)
multiplied by the characteristic deformation rate (shear rate over a single
mesh).”™ They argued that the critical transition occurred earlier around Wi ~ 0.1
rather than Wi ~ 1 as Uruefia had proposed.’™

Work by McGhee et al. postulated that energy dissipation in Gemini
hydrogel systems occurs by solvent shearing through the hydrogel network at a

hydrodynamic penetration depth that is on the order of a mesh size.’*® This
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dissipation mechanism is similar to the hydrodynamic dissipation mechanism

proposed by Cuccia et al. at low sliding speeds.'*

3.4 Designing Hydrogel Friction

While friction is a systems property that is highly dependent on testing
parameters (e.g., sliding speed and applied contact force) and probe
configuration (e.g., stationary, migrating, Gemini), the interfacial properties of
the hydrogel network must also be considered as demonstrated by Simi¢ et al.
(Figure 3.3). In this dissertation, | aim to tune hydrogel friction through
intentional design of the surface and bulk structure for four different systems:
polyacrylamide  (PAAm), poly(2-hydroxyethyl = methacrylate) (pHEMA),
poly(acrylamide-co-acrylic acid) (P(AAmM-co-AA)), and poly(N-
isopropylacrylamide-co-spiropyran) (pNIPAAm-co-SP). For PAAm, the surface
structure was controlled with environmental oxygen during polymerization. The
amphiphilicity and solvophilic nature of pHEMA was exploited to tune friction
with solvent conditions. The stimuli-responsive behavior of charged P(AAm-co-
AA) hydrogels was investigated by controlling solution pH and acrylic acid
content, and pNIPAAm hydrogels were engineered to respond to light through
the incorporation of photoswitchable moieties that changed hydrophilicity when

irradiated with light.
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There is much to explore in the field of hydrogel lubricity, and this
dissertation work focuses on the structure-property relationships of hydrogel
friction rather than exploring the effects of sliding speed and applied force. To
that end, typically only one sliding speed and normal force were utilized during
tribological sliding experiments and were carefully chosen to avoid soft-EHL, as

will be discussed further in the following chapter.
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4 CHAPTER 4: MATERIALS & METHODS
In this dissertation, four hydrogel systems were investigated:
polyacrylamide  (PAAm), poly(2-hydroxyethyl = methacrylate) (pHEMA),
poly(acrylamide-co-acrylic acid) (P(AAmM-co-AA)), and poly(N-
isopropylacrylamide-co-spiropyran) (oNIPAAm-co-SP). In this chapter, hydrogel
synthesis conditions are briefly discussed as well as the assembly of the custom-
built tribometer. The parameters used for mechanical and tribological testing

are also explored.
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4.1 Hydrogel Synthesis

Free-radical polymerization was utilized to synthesize four different
hydrogel networks (polyacrylamide (PAAm), poly(2-hydroxyethyl methacrylate)
(PHEMA), poly(acrylamide-co-acrylic acid) (P(AAm-co-AA)), and poly(N-
isopropylacrylamide) (pNIPAAmM)) with varying monomer and crosslinker
concentrations. Further synthesis details for each network can be found at the

beginning of each of the subsequent chapters.

4.2 Tribometer Assembly

Friction coefficients are typically measured with tribometers, although
rheometers can also be used.' For our experiments, a linear reciprocating
tribometer was utilized and built as described by Uruefa et al.'® A titanium
double-leaf cantilever was mounted to a piezoelectric stage (P-629.1CD) with a
1.5 mm range that controlled displacements in the z direction. Capacitance
probes (Lion Precision Elite Series, C5R-0.8-2.0 with CPL190 driver, 5 pm/V
sensitivity, 20 V range) mounted in the normal and tangential directions were
used to measure cantilever displacements in the normal and tangential
directions. These displacements were converted into forces using the cantilever
spring constants. Samples were placed on a motorized stage (Physik

Instrumente, L-509.20DG10, 52 mm travel range) that provided linear
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reciprocation (Figure 4.1). The noise floor, or minimum detectable friction

coefficient, for the tribometer was estimated with the following equation:

Ff_Kf-x

“"RTR

Eqn. 4.1

where K; is the tangential spring constant of the double-leaf cantilever, x is the
minimum detectable displacement by the capacitance probes, and F, is the
applied normal force. The capacitance probes used herein have a 5 nm

resolution (x =5 nm).
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Figure 4.1 (a) Schematic and (b) image of the linear reciprocating tribometer. A probe is
attached to the double-leaf cantilever that deflects in the normal and tangential directions.
Capacitance probes are used to measure these displacements, which are converted to forces
using the cantilever spring constants.

4.3 Tribological Characterization
Tribological experiments were performed with the linear reciprocating
tribometer. Hydrogels were either secured in a polystyrene petri dish or custom

polyetheretherketone (PEEK) dish and submerged in solution for the entirety of
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the experiment. Hemispherical borosilicate glass or polytetrafluoroethylene

(PTFE) probes were used as sliding countersurfaces (see Table 4.1 for specific

probe radii).

Table 4.1 Testing parameters used for each hydrogel system.

Probe Spring constants | Friction Parameters | Indentation
Parameters
Chapter 5 Glass Ko =221 pN/um | Fo=1mN F.=1.5mN
PAAmM R=3.1mm Ke= 100 uN/pm v =500 pm/s v=10pum/s
x=3mm
Hmin = 0.0005
P~9-11kPa
Chapter 6 pHEMA Fo=1mN Fn=15mN
pHEMA R=2mm v =100 pm/s v="1um/s
x=2,5mm
Chapter 7 Glass Ko =150 uN/um | F, =4 mN F.=1.5mN
P(AAm-co-AA) | R=2mm K¢= 100 pN/pm v =100 pm/s v="10pm/s
R=3.1Tmm x=4mm P =~ 10 kPa
Hmin = 0.000125
Chapter 8 Glass Ko =220 pN/um | F, =4 mN F.=1.5mN
PAAmM R=2.6 mm Ke= 100 uN/pm v =100 pm/s v=10pm/s
x=4mm P =~ 10 kPa
PTFE Hmin = 0.0002
R=3.2mm P=~13-15kPa
Chapter 9 Glass Ko =220 pN/um | Fy=2mN F.=1.5mN
P(NIPAAmM-co- | R=2.6 mm Ke= 92 pN/pm v =500 pm/s v =10pm/s
SP-MA) x=4mm

Samples were mounted to the motorized stage, which traveled at a sliding
velocity ranging from v = 100 pm/s to 500 pm/s across a sliding path ranging
between 2 to 5 mm (1/2) cycle. An applied normal load ranging from F, = 1 to
4 mN was maintained for at least 30 cycles. Egn. 4.2 was used to calculate the

friction coefficient for each individual cycle, peyce.

_ (Ff,forward> - (Ff,reverse)
Heycle = Z(Fn>

Eqgn. 4.2
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The friction forces in the forward (Fifoward) and the reverse (Fireverse) directions were
averaged across the free sliding regime in the middle 25% of the sliding path
along with the normal force (F.). The average friction coefficient for a hydrogel
sample, psample, Was determined by averaging pece over the last 25 — 30 cycles in
the steady state friction regime. The reported friction coefficients are the

averages and standard deviations of pisample from three separate hydrogels.

Figure 4.2 illustrates a representative friction force loop. Testing parameters for
each hydrogel system can be found in Table 4.1. Sliding path distance was at
least four times the contact diameter (see Eqn. 4.6) to ensure that the probe
moved out if its initial contact footprint when sliding. Applied normal force and
sliding speed were chosen to ensure that the minimum fluid film thickness (Eqn.

3.2) was less than the hydrogel surface roughness to avoid soft-EHL.
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Figure 4.2 Representative friction force loop with the middle 25% of the loop highlighted in
gray. Data was taken from P(AAm-co-AA) hydrogel with 12 wt.% AA (see Chapter 7). The
following sliding parameters were used: F, = 4 mN, v = 100 um/s, x = 4 mm.
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4.4 Mechanical Characterization

Microindentations were conducted with the tribometer to determine the
reduced elastic modulus, E* of the hydrogels. Indentation depth, d, was
calculated by accounting for the compliance of the cantilever as d =z — x,
where z is the vertical piezo displacement and x is the cantilever displacement.
A hemispherical borosilicate glass probe was used to apply a maximum normal
force of F, = 1.5 mN at an indentation velocity ranging between 1 to 10 pm/s to
three separate positions along the gel. Five to six indentation measurements
were performed at each location, and the approach curves were fit up to
Fn =1 mN using Hertzian contact mechanics theory (Eqn. 4.3) by minimizing the
sum of squared errors (Eqn. 4.4) to solve for E*:

E, = %E*Rl/zcﬁ/z Eqgn. 4.3

where R is the probe radius of curvature, d is the indentation depth, and
E* = E/(1 - v?), where E is the compressive elastic modulus and v is the Poisson’s
ratio of the hydrogel. To minimize the sum of squared errors, the Isqcurvefit
Matlab function was used. This function employs the squared 2-norm of the

residual (Eqn. 4.4), and minimizes this value to find the desired variable, x.

Z(f(x; xdata) - ydata)2 Eqn. 4.4
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In this case, the desired variable x is the reduced elastic modulus, E*, X4aa are
the indentation depths d, yd. are the normal forces F,, and the function fis
F, = gE*R1/2d3/2 (Eqn. 4.3).

Representative indentation curves are displayed in Figure 4.3a. The
reported elastic moduli are the averages and standard deviations of 45 — 54 total
indentations spanning three separate gels. Representative Hertzian fits of the

approach curve can be found Figure 4.3 (a) Representative indentation curve with the point

of contact labeled along with the approach and retraction curves. (b) Representative Hertzian fit
of the approach curve with the Hertz fit labeled in red. Data was taken from 17.5 wt.% PAAm

hydrogel polymerized in 0.01 mol.% O2 (see Chapter 5). The following indentation parameters

were used: Fn= 1 mN and v = 10 um/s.Figure 4.3b. Testing parameters for each

hydrogel system can be found in Table 4.1.

a) b)
1600 1600
| —— Hertz fit
| h
> 1200- | approach/ /et = 12004
= | =
- 800 | % 900
: | 3
:z 400- E <€ 4004
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g O pOIn _\‘I 777777777777777 8 O
4004 4004
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indentation depth, d (um) indentation depth, d (um)

Figure 4.3 (a) Representative indentation curve with the point of contact labeled along with the
approach and retraction curves. (b) Representative Hertzian fit of the approach curve with the
Hertz fit labeled in red. Data was taken from 17.5 wt.% PAAm hydrogel polymerized in
0.01 mol.% Oz (see Chapter 5) The following indentation parameters were used: F,=1 mN and
v="10pm/s.
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Hertzian contact mechanics can also be used to estimate the contact radius,
contact diameter, and maximum applied contact pressure. Contact radius, a, can

be estimated with the following equation:

a= VRd Eqgn. 4.5

where R is the probe radius and d is the indentation depth. With this equation,
the maximum contact radius is determined based on the maximum indentation
depth reached at the applied normal force. Contact diameter, D = 2a, can also

be calculated with Egn. 4.6:

1/3
D=2 (341:212) Eqn. 4.6

where the maximum indentation depth is not needed. Maximum contact

pressure can be estimated using Eqn. 4.7:

_ 3F,
T 2ma?

Eqgn. 4.7
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5 CHAPTER 5: DESIGNING SUPERLUBRICIOUS INTERFACES

The surface structure of hydrogels polymerized through free-radical
polymerization can be modified by controlling environmental oxygen
concentrations, leading to the formation of a polymer concentration gradient. In
this chapter, 17.5 wt.% polyacrylamide hydrogels are polymerized in low
(0.01 mol% O2) and high (20 mol% O;) oxygen environments, and their
mechanical and tribological properties are characterized through
microindentation, nanoindentation, and tribological sliding experiments.
Without significantly reducing the elastic modulus of the hydrogel
(E* = 200 kPa), we demonstrate an order of magnitude reduction in friction
coefficient (from p=0.021+0.006 to p=0.002+0.001) by adjusting
polymerization conditions (e.g., oxygen concentration). A quantitative analytical
model based on polyacrylamide chemistry and kinetics is developed to estimate
the thickness and structure of the monomer conversion gradient, termed the
‘surface gel layer'. We find that polymerizing hydrogels at high oxygen
concentrations leads to the formation of a pre-swollen surface gel layer that is
approximately five times thicker (t = 50 pm) and four times less concentrated
(= 6% monomer conversion) at the surface prior to swelling compared to low
oxygen environments (t = 10 ym, = 20% monomer conversion). Our model can
be readily modified to predict the pre-swollen concentration profile of the

polyacrylamide gel surface layer for any reaction conditions — monomer and
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initiator concentration, oxygen concentration, reaction time, and reaction media
depth — or used to select conditions that correspond to a certain desired surface

gel layer profile.

This chapter was reproduced in part with permission from:'%
Chau, A.L.*, Edwards, C.E.R.*, Helgeson, M.E., and Pitenis, A.A., Designing
Superlubricious Hydrogels from Spontaneous Peroxidation Gradients. ACS

Applied Materials & Interfaces, 15 (36), 43075 - 43086, 2023. (*equal

contributions)
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5.1 Introduction

As described in Chapter 2, the mechanical and transport properties of
crosslinked hydrogel structures are controlled by the average spacing or
correlation length between polymer chains, known as the mesh size, . Polymer
concentration and crosslink density control mesh size, which can also be tuned
after polymerization by solvent quality, pH, and temperature.” Conventionally
“homogeneous” hydrogels are assumed to have a characteristic microstructure
and mesh size that does not dramatically differ between the surface and the bulk.
However, previous studies have demonstrated microscale heterogeneities in
homogeneous hydrogels despite exhibiting generally isotropic bulk
properties.'912

Investigations of the interplay between chemically-crosslinked,
homogeneous hydrogel structure and mechanics have led to scaling
relationships between mesh size and elastic modulus,’™” E ~ &3, and friction
coefficient,” p~ &1, in the semi-dilute regime for good solvents (Table 2.3).
These scaling relationships indicate that increasing ¢ reduces E and p
concurrently, resulting in a tradeoff between strength and lubricity. By contrast,
biological hydrogels, such as the extracellular matrix surrounding cartilage
(Figure 1.1), often possess both exceptional load-bearing capabilities and

ultralow friction coefficients. For cartilage, these excellent mechanical properties
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can be attributed to the hierarchical structure and compositional gradient of its
extracellular matrix, an entangled network of collagen fibers and proteins.”'”’
To achieve this difficult balance of stiffness and lubricity in synthetic
systems, recent investigations have focused on synthesizing and characterizing
hydrogels with spatial gradients, where there is a gradual transition in mesh size
or crosslinking density with increasing depth (z) (Figure 5.1a-c) as opposed to
discrete layers with abrupt, stepwise changes in structure (Figure 5.1d)."%8-2"
There are many established methods used to synthesize hydrogels with spatial
gradients, including dip coating,?® microfluidics,’??% fluid mixing,?%42%
controlling substrate thickness,® UV polymerization with photomasks,'?8207-207
and electrochemical gradients, although these are often time-consuming and

low throughput due to their experimental complexity.?'%2""

a)H ‘Bb) IXC)

surface glgradients through-thickness graded
gradient layers

d)

Figure 5.1 lllustration of hydrogels exhibiting relatively (a) shallow and (b) deep depth-wise
surface gradients. (c) Depth-wise gradient through the entire hydrogel sample thickness. (d)
Graded hydrogels with discrete layers of increasing polymer concentration.

The simplest method to create hydrogels with polymer concentration
gradients at the surface (top 100s pm) does not require complex synthetic

techniques. In 2001, Gong et al. discovered that hydrogels cast on hydrophobic
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substrates polymerized heterogeneously, forming gels with gradients at the gel-
substrate interface.?'?2"3 This “substrate effect” was attributed to high interfacial
tension between the polymerizing solution and hydrophobic substrate, leading
to a polymer concentration gradient that increased from the gel interface to the
gel bulk.?" Spencer et al. synthesized polyacrylamide hydrogels on substrates
with varying surface energies and demonstrated that p decreased with
increasing substrate hydrophobicity; hydrogels cast on glass exhibited higher p
and E compared to those cast on polystyrene.?’> Recently, Simi¢ and Spencer
convincingly argued that oxygen permeability of the molding surface is
responsible for this “mold effect” rather than surface energy.?'¢ This reasoning
followed observations that oxygen inhibits free-radical polymerization and
affects the interface exposed to air.2'¢2"

Oxygen inhibition of free-radical polymerization reactions is a well-known
phenomenon in polymer synthesis, particularly in thin films. Dissolved oxygen
acts as a radical scavenger, terminating propagation of the polymerizing chain
by reacting with polymerizing alky radicals to form stable, chain-terminal peroxyl
radicals.?'®22¢ This inhibition significantly impedes polymerization where oxygen
is abundant and leads to the formation of a liquid surface layer that never gels.
There have been several studies examining the kinetics of this phenomenon in
photoinitiated acrylate polymer thin film systems 218:220-222.224226-231 {5 estimate the

thickness of the unpolymerized layer, with estimates ranging between 1 pm and
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50 pm, depending on the photoinitiator concentration, initiation rate, oxygen

concentration, and initial film thickness (Table 5.1).6¢:221.223.225.228,229

Table 5.1 Comparison of the thickness of the unpolymerized oxygen inhibited layer for a variety
of polymer thin film and hydrogel systems. (*dependent on photoinitiator concentration,
initiation rate, film thickness, and oxygen concentration)

Oxygen
Acrylate System Inhibited Layer Characterization Technique Ref.
Thickness (um)*

Positron annihilation spectroscopy, x-ray
Urethane-acrylate 1 photoelectron spectroscopy, microthermal
analysis, nanoindentation

223

Urethane acrylate

— 228
difunctional resin 4-34 Confocal Raman spectroscopy
Poly(ethylene . S 221
glycol) diacrylate 435 Modeling (kinetics)
1,6-hexanediol 5_ 50 Modeling (kinetics, heat transfer, mass 229
diacrylate transfer)
Dimethacrylate 10-20 Confocal Raman spectroscopy 2
Polyethylene . e
glycol diacrylate 20 Reaction-diffusion finite element model o6

hydrogel (40 wt.%) and experiments

In general, decreasing ambient oxygen concentration diminishes peroxyl
formation and increases double bond conversion, reducing the thickness of the
unpolymerized liquid layer.?18221228.229 Additionally, shortening the curing time by
increasing the rate of radical initiation and propagation reduces the effects of
oxygen inhibition by minimizing the diffusion time of oxygen.2'8221.228229
However, these models did not investigate the structure or thickness of the gel
surface that formed below this liquid layer due to oxygen diffusion within the
film, despite clear demonstrations of a concentration gradient.??

For hydrogels synthesized via free-radical polymerization, the oxygen

inhibition effect can result in a loosely crosslinked surface layer with a
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crosslinking and polymer concentration gradient.??>** The thickness of this
layer, denoted herein as the surface gel layer, is highly dependent on
polymerization kinetics, crosslinker concentration, and oxygen diffusion and
concentration (Figure 5.2).2%2 Pitenis et al. demonstrated the superlubricity
(u < 0.005) of 7.5 wt.% polyacrylamide hydrogels polymerized in ambient air
(20 mol% O) in self-mated gel-on-gel contact, although the surface layer was
not characterized.”®® Spencer and Simi¢ controlled environmental oxygen
(0 - 22% O;) during the polymerization of 9.6 wt.% polyacrylamide hydrogels
and demonstrated that with increasing oxygen, both the friction coefficient
(u=0.1 to p=0.002) and elastic modulus (E=21kPa to E<1kPa)
decreased.? They postulated that these decreases could be explained by an
increase in thickness of the surface gel layer with increasing O content, although
the thickness was not directly measured.

While these studies and many others have demonstrated that high water
content surface layers are critical for achieving a lubricious sliding
interface, 18124237 it remains unclear what specific aspects of the surface gel
layer structure (e.g., polymer concentration, thickness) tune the lubricity of
hydrogels. The relationship between surface structure and properties is complex
for heterogeneous hydrogels, and current experimental methods for estimating
the surface gel layer thickness involve indirect techniques such as

microindentation,?#?*? nanoindentation,'%8181.21623423%  development of new
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contact mechanics models,?%24 neutron reflectivity,?*? and confocal fluorescence
microscopy.?'?*? Further, experiments cannot reliably distinguish the interplay
between a surface gel layer’s thickness, mesh size, polymer concentration, and
concentration gradient (or lack thereof), particularly as they impact mechanical
properties such as lubricity and elastic modulus. While reaction-diffusion models
for polymerization kinetics can predict these intricacies of the surface gel layer
structure, no such models have been developed to estimate the surface gel layer
thickness for polyacrylamide chemistry, including the effects of oxygen
inhibition, despite the many kinetics investigations of photopolymerized thin film
systems. In this work, a combined experimental and modeling approach
provides a complete picture of the surface gel layer structure, mechanics, and
tribology in 17.5 wt.% polyacrylamide hydrogels synthesized in a controlled

environment whose surface structure is tuned using oxygen concentration.

5.2 Materials & Methods
5.2.1 Hydrogel Synthesis

Acrylamide (AAm), N,N"-methylenebisacrylamide (MBAm), N,N,N’,N"-
tetramethylethylenediamine (TEMED), and ammonium persulfate (APS) were
purchased from Sigma Aldrich. All reagents were used as received. Stock
solutions of AAm (30 wt.%), MBAm (2 wt.%), TEMED (10 vol.%, corresponding

to 7.9 wt.%), and APS (10 wt.%) were prepared in ultrapure deionized (DI) water
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(18.2 MQ-cm). Aliquots of each constituent were used to form a precursor
solution of 17.5wt.% AAm and 0.7 wt.% MBAm, following the methods by
Uruefia et al.”™ The final TEMED and APS concentrations were 0.12 wt.% and
0.15 wt.%, respectively. With a 54:1 molar ratio of monomer to crosslinker, most
chain segments will incorporate at least one crosslinking group before reaching
the entanglement molecular weight, which is 200 repeat units for 100 wt.%
polyacrylamide. Thus, polymerizing chains of sufficient length to entangle in our
17.5 wt.% hydrogels are expected to have formed a crosslink instead; we
anticipate potential entanglement effects to play a negligible role in our
measurements.

The precursor solution (5 mL volume) was polymerized in a 35 mm diameter
polystyrene mold with the top surface exposed to the atmosphere as a “free
surface”, creating an air-liquid interface. The pre-polymerized solution height
was 5.2 mm. Polymerization was completed in a glove box, and an oxygen
sensor (Alpha Omega Instruments, Trace Oxygen Analyzer, Series 3520 G) with
arange of 0- 10,000 ppm O was used to monitor the oxygen content. Humidity
was controlled with a commercial portable humidifier, and the relative humidity
and temperature were monitored with a thermo-hygrometer (Omega Digital
Thermo-Hygrometer, Model #RH411). Gels were polymerized in two oxygen
concentrations targeting 100 ppm O, (glove box) and 200,000 ppm O:

(atmospheric conditions), corresponding to 0.01 mol% O: and 20 mol% O:
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respectively, to alter the surface gel layer thickness (Figure 5.2). The reactions
were quenched 15 min after the start of polymerization when the gels were
submerged into a water bath at least 8x the gel volume. Hydrogel sections
(24 mm diameter) were equilibrated in DI water at room temperature in a sterile
environment at least 5 days before testing to ensure that equilibrium swelling
was reached. We assume that oligomers that did not incorporate a crosslink prior
to termination (i.e. free polymer) have been washed away by these steps and do
not affect tribological results. For additional details on synthesis conditions, see

Section 5.6.1.

- A

p
0~ "NH,

monomer: AAm @

polymerizing
medium

crosslinker: MBAmM &

i
+ (o]
NH —S—0
. o—s—o
0—s—o0 NH, 2
I 0 ks Sl
Jcﬁ_ ..-' & : :
initiator: APS E & A %ui?\%&f‘ ‘1
o e Gt
_NﬂN_ 3 %ﬁ‘ﬁfﬁm
catalyst: TEMED 0.01 mol% O, 20 mol% O,
. (100 ppm) (200,000 ppm)
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AL %

Figure 5.2 Chemical structures of the acrylamide (AAm) monomer (dark blue circle), N,N'-
methylenebisacrylamide (MBAm) crosslinker (light blue cross), ammonium persulfate (APS)
initiator, and N,N,N’,N'-tetramethylethylenediamine (TEMED) catalyst with schematics of the
hydrogel structures after 15 min polymerization in 0.01 mol% O, and 20 mol% O.. The surface
gel layer thickness, t, is denoted.
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5.2.2 Nanoindentations

To characterize the stiffness of the surface gel layer, nanoindentations were
performed using an atomic force microscope (AFM, Asylum MFP-3D Bio). A
spherical borosilicate colloidal probe (Novascan) with a radius of R = 2.5 pm and
normal spring constant of k= 0.25nN/nm was calibrated via indentations
against a glass slide. Force curves were generated at varying normal forces
(Fn = 2 nN to 400 nN) with an indentation velocity of 2 pm/s. Measurements were
completed at 25°C with the gels submerged in DI water. Hertzian contact
mechanics (Eqn. 4.3) was used to estimate the reduced elastic modulus, E*, of
the surface gel layer by fitting the approach curves to an indentation depth of
0.55 pm, determined by the small angle approximation theory and probe radius
of curvature (Section 5.6.2). This small indentation depth also ensured that the
analysis stayed within the strains allowable for Hertzian contact mechanics.?*®* The
reported elastic moduli are the averages and standard deviations of 15 total
indentations spanning three separate gels and 10 indentations spanning two

separate gels for the 0.01 mol% O and 20 mol% O. gels, respectively.

5.2.3 Microindentations & Friction Measurements
Tribological experiments and microindentations were conducted as
outlined in Section 4.3 and Section 4.4. Representative indentation curves are

displayed in Figure 5.3b, and representative Hertzian fits of the approach curve
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can be found Section 5.6.3. Representative friction force loops are displayed in
Figure 5.3c-d. For additional details regarding contact area and pressure

calculations, see Sections 4.4 and 5.6.4.
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Figure 5.3 (a) Schematic of the linear reciprocating tribometer with inset demonstrating the
contact diameter, 2a, between the glass probe with radius of curvature, R, and hydrogel sample
with an indentation depth, d. The applied normal forces, F., and resulting friction forces, F;, are
measured by capacitance probes, which convert the deflections of the double-leaf cantilever
into forces. (b) Representative microindentation curves for the 17.5 wt.% polyacrylamide
hydrogels polymerized at 0.01 mol% O (dark blue) and 20 mol% O: (light blue). The reduced
elastic modulus, E*, is estimated by fitting the approach curves from the point of contact to
F.=1mN with Hertzian contact mechanics. (c) Representative friction force loops of the
17.5 wt.% polyacrylamide hydrogels polymerized at 0.01 mol% O: (dark blue) and 20 mol% O>
(light blue) at an applied normal force of F, = 1 mN and sliding velocity of v = 0.5 mm/s. Friction
coefficients for each cycle are calculated by analyzing the middle 25% of the sliding path. (d)

Enlarged friction force loop of the hydrogel polymerized at 20 mol% O to highlight the
extremely low friction forces.
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5.2.4 Model Development
For detailed information about the reaction-kinetics model development, see

Section 5.7.

5.3 Results & Discussion

In this work, 17.5 wt.% polyacrylamide hydrogels were polymerized at two
oxygen concentrations (0.01 mol% and 20 mol% O,) with one surface exposed
as a “free surface” to the atmosphere to create hydrogels with surface gel layers
of varying depth. Polymerization of this system occurred at the air-liquid
interface, and it was expected that the hydrogels exposed to higher oxygen
concentration during polymerization would have thicker gradient surface gel
layers and therefore lower friction coefficients, y, and reduced elastic moduli, E*.
Tribological sliding experiments were performed to measure the friction
coefficients, and an analytical model based on polymerization kinetics was
developed to estimate the surface gel layer thickness and its gradient.
Nanoindentation was conducted to determine the surface mechanics

accompanied by microindentation to probe deeper within the surface gel layer.

5.3.1  Friction Coefficients
The average friction coefficients for the 17.5wt.% polyacrylamide
hydrogels were calculated over 30 sliding cycles at an applied normal load of

Fn =1 mN (contact pressure, P = 9 kPa to 11 kPa) and sliding velocity of v = 0.5
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mm/s and averaged across three separate gels. Smooth, hemispherical glass
probes were used as the countersurface. For gels prepared at 0.01 mol% O, the
friction coefficient was y = 0.021 = 0.006. In contrast, the friction coefficient was
an order of magnitude lower (u=0.002 £ 0.001) for samples prepared at
20 mol% O, which is within the superlubricity regime (u < 0.005) (Figure 5.3c-
d). Low friction was maintained for these samples and the friction coefficients
did not significantly change throughout the experiment (Figure 5.4), suggesting
that the surface gel layer had sufficient time to recover before the next
reciprocating cycle. If compression and local draining of the surface gel layer
had occurred, we would have expected the friction coefficients of 20 mol% O.

hydrogels to gradually increase over time to those exhibited by 0.01 mol% O:

hydrogels.
a) 0.01 mol% O, b)
0.05 0.005
W Sample 1 Sample 1
® Sample 2 Sample 2
= 0.04 Sample 3 < 0.004 Sample 3
5 S
2 0.03 2 0.003 4
o
c 0.02 - + + c 0.002
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Figure 5.4 Friction coefficient as a function of sliding distance over 30 cycles for the (a) 0.01
mol% O, and (b) 20 mol% O, hydrogels. Friction does not significantly change over time. Note
the difference in scale between the two plots.
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With the testing conditions used herein, the minimum fluid film thickness,
hmin, for soft-EHL lubrication is estimated to be between 33 — 36 nm using Egn.
3.2. If hmin was significantly greater than the surface roughness of the
20% O2 hydrogel, then the observed superlubricity would likely be due to a thick
fluid film layer rather than the hydrogel surface. Since our hydrogels were cast in
open air, it is difficult to estimate the surface roughness. However, using the
scaling relationship p ~ &' and following a Monte Carlo analysis outlined by
Pitenis et al.,?*® the estimated surface mesh sizes for the hydrogels at 0.01 mol%
and 20 mol% Oz are ¢ =2 £ 0.4 nm and ¢ = 32 = 15 nm, respectively. Since hmi
is on the same order of magnitude as the estimated mesh size of the 20 mol%
O:gel, it is likely that there is still contact between the gel surface and probe,
indicating that the measured superlubricity is not solely due to a fluid film layer.

The drastic reduction in friction coefficient by simply increasing the oxygen
concentration during polymerization while maintaining the same initial monomer
and crosslinker concentrations was also observed by Simi¢ and Spencer with
9.6 wt.% polyacrylamide gels cast against polyethylene membranes in varying
oxygen concentrations (0 —22% O,).2¢ In self-mated gel-on-gel contact, the
friction coefficient decreased from p = 0.1 at 0% O, to p = 0.006 at 22% O at a
sliding speed of v=0.5 mm/s and contact pressures P~ 6 — 10 kPa.?*¢ At
22% Oz, the authors estimated the thickness of the surface gel layer to be

greater than 15 ym based on non-Hertzian responses during nanoindentations.

74



This decrease in friction with increasing oxygen concentration suggests that
either the surface gel layer increased in thickness or potentially had a more
loosely crosslinked structure at the surface, or some combination thereof.
Comparisons against other polyacrylamide hydrogels ranging in monomer
(3.75-17.5 wt.%) and crosslinker (0.03 — 0.7 wt.%) concentrations (see Figure
5.5, Table 5.5) also highlight the extremely low friction coefficients exhibited by
our 17.5 wt.% polyacrylamide hydrogels, despite high polymer concentrations
and the use of an impermeable glass probe as the countersurface as opposed

to another gel.
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Figure 5.5 Comparison of friction coefficients of polyacrylamide hydrogels with varying
monomer and crosslinker concentrations molded against different materials (polystyrene, glass,
PDMS, polyethylene, PTFE, and air-liquid interface (“free”)). All samples are cast at 20 mol% O
unless labeled otherwise. Sliding experiments were conducted with a self-mated gel-on-gel
configuration unless otherwise stated. Tribological testing parameters are as follows: v = 0.5
mm/s and P = 6-11 kPa.

Dunn et al. demonstrated that self-mated gel-on-gel sliding led to lower

friction coefficients than glass-on-gel for 8 wt.% polyacrylamide hydrogels with
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0.5 wt.% MBAm crosslinker at low sliding speeds (v=0.1 mm/s), but this
distinction lessened at higher sliding speeds.'® They demonstrated that glass-
on-gel friction coefficients were dominated by continuous polymer-glass
interactions while the probability of polymer chain interactions in the gel-on-gel
configuration was greatly reduced, leading to greater solvation and lower friction
coefficients. Therefore, it is expected that sliding experiments conducted with
glass probes as the countersurface would have larger friction coefficients. Yet,
the friction coefficients measured herein for the hydrogels at 20 mol% O, are
remarkably low, even lower than the friction coefficients for self-mated 3.75 wt.%
polyacrylamide hydrogels (u = 0.005),"*° which could be due to the absence of
a molding surface since our hydrogel surfaces were exposed to the atmosphere
and polymerized at this air-liquid interface.

Sliding experiments were also conducted at varying normal loads and
sliding speeds to further interrogate the tribological behavior of the hydrogels.
For self-mated gel-on-gel sliding configurations, friction coefficients typically
decrease with increasing load due to nonlinear contact radius scaling.'7¢2%
Friction coefficients also tend to increase with sliding velocity past a critical
transition velocity, v*, due to the inability of the hydrogel to relax shear
strain.'™°2% The 17.5 wt.% polyacrylamide gels herein deviated from previously

observed tribological behavior — for the gels at 0.01 mol% O, u slightly
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increased with increasing load (Figure 5.6); for both oxygen conditions, p

decreased with increasing sliding speed (Figure 5.7).

a) b)

0.04 0.003
3 3
£ £
9 0.031 * @
ke, & 0.002+
% * G
3 3
£ 0.021 S
kS B 0.0011

0.0 0.01 mol% O,

' 1000 2000 3000 4000 1000 2000 3000 4000
normal force, Fp, (UN) normal force, Fp, (UN)

Figure 5.6 Friction coefficient as a function of applied normal force, F,, for the 17.5 wt.%
polyacrylamide hydrogels at 0.01 mol% O, and 20 mol% O. (a) Friction coefficient slightly
increased with increasing normal force at 0.01 mol% O,. (b) Friction coefficient slightly decreased
with increasing normal force at 20 mol% Ox.

Shoaib et al. similarly observed decreasing p with increasing v when below
v*, indicating that faster sliding velocities may be required to surpass v* for these
gels.”™ While further experimentation is warranted to understand these
interesting tribological behaviors, they may be indicative of poroelastic effects
due to the complex gradient surface gel layer. We leave the investigation of this

complex behavior to future studies.
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Figure 5.7 Friction force loops comparing the effects of sliding velocity for the 17.5 wt.%
polyacrylamide hydrogels at (a) 0.01 mol% O and (b) 20 mol% O.. In both cases, the friction
force decreased with increasing sliding velocity, which is the opposite of what is typically
observed for hydrogels. This may indicate poroelastic effects that require further investigation.

5.3.2 Microindentation Measurements & Analysis

The reduced elastic modulus of the top 15pm of the polyacrylamide
hydrogels was obtained with microindentations along three different positions
and averaged across three independent hydrogel samples at a constant
indentation velocity of 10 um/s. At 0.01 mol% O,, E* =242 + 11 kPa, with a
slight decrease to E* = 203 + 38 kPa at 20 mol% O.. Representative indentation
curves and Hertzian contact mechanics fits can be found in Figure 5.3b and
Section 5.6.3. At first glance, the slightly higher modulus reported for the
0.01 mol% O: could be explained by less peroxyl formation in the gel surface
with dissolved oxygen at the start of the reaction leading to smaller predicted
mesh sizes, as shown by the model in Section 5.4. However, there is no statistical

significance between the experimentally determined E*. Our results suggest that
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the modulus of hydrogel surfaces at large indentation depths is insensitive to
differences in oxygen content in real systems and is largely determined by the
starting concentrations of reactant species; in our experiments, the starting
dissolved oxygen concentration even in the 20 mol% O, case was an order of
magnitude smaller than the APS (initiator) and TEMED (catalyst) concentration.
To examine the effects of indentation velocity on the measured elastic
modulus, the hydrogels were indented at a lower velocity, v = 1 pm/s, which was

comparable to the velocity used during nanoindentations (see Section 5.3.3 and

Figure 5.8).
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Figure 5.8 Representative microindentation curves for the 17.5 wt.% polyacrylamide hydrogels
comparing indentation velocities. (a) For the 0.01 mol% O, hydrogels, the elastic modulus was
not affected by indentation velocity. (b) For the 20 mol% O hydrogels, there was a slight
decrease (= 18%) in elastic modulus with decreasing indentation velocity.

Indentation velocity did not significantly impact the elastic modulus of the

0.01 mol% O, hydrogels, but the elastic modulus decreased by about 18% for
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the 20 mol% O hydrogels, suggesting poroelastic behavior due to the presence

of a highly hydrated surface gel layer.

5.3.3  Surface Mechanics

Atomic force microscopy (AFM) was used to probe the mechanics of the
superficial region of the surface gel layer across two to three independent
hydrogel samples at a constant indentation velocity of 2 pm/s. Only the first
0.55 pm of the approach curve was analyzed with Hertzian contact mechanics to
stay within the small angle approximation and allowable strain (Section 5.6.2).
Figure 5.9 displays representative nanoindentation approach curves for the
polyacrylamide hydrogels cast at 0.01 mol% O, and 20 mol% O:. Across three
independent gel samples, the average reduced elastic modulus at 0.01 mol% O
was E*=257x48kPa. At 20mol% O,, E*=1.1+£0.2kPa across two
independent hydrogel samples. For additional representative nanoindentation

curves, see Figure 5.14.
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Figure 5.9 (a) Representative nanoindentation approach curves for the 17.5 wt.% polyacrylamide
hydrogels at 0.01 mol% O, (dark blue) and 20 mol% O (light blue). Hertzian contact mechanics
(red dotted line) was used to fit the first 0.55 pm of the approach curve to determine the reduced
elastic modulus, E'. For the plotted curves, E" = 260 kPa and E" = 1.4 kPa at 0.01 mol% O. and
20 mol% O, respectively. (b) Full nanoindentation curves for the hydrogels demonstrating the
deviation of the Hertz contact model past 0.55 pym (gray region) for the hydrogel at 20 mol% O..

The low reduced elastic modulus value for the hydrogels cast in
20 mol% O: indicate that the gel structure at the top 0.55 pm of the hydrogel
surface is extremely soft. In both cases, the surface is directly exposed to the
atmosphere as a “free” surface in local equilibrium with the atmospheric oxygen
concentration and not cast against any solid material. This may explain why our
17.5 wt.% polyacrylamide hydrogels with 0.7 wt.% crosslinker cast in
20 mol% O have similar reduced elastic moduli at the surface to literature gels
cast against polyethylene membranes in 20 mol% O. (E < 1 kPa as measured by
AFM), despite the previously-reported gels having a lower polyacrylamide and
crosslinker concentration at 9.6 wt.% and 0.4 wt.%, respectively.?¢ The

17.5 wt.% polyacrylamide hydrogel surfaces cast herein at an air-liquid interface

81



may be more loosely crosslinked than the literature reports for polyacrylamide
hydrogels cast against molding surfaces despite higher polymer concentrations
in the bulk (see Table 5.5).708112150.181,215,216,234,236,238-240 Thege results highlight that
the surface effects of oxygen inhibition are best observed and exploited at a free
surface where oxygen can easily diffuse throughout the duration of the reaction,
as demonstrated in more detail in Section 5.4. Moreover, increasing oxygen
concentration results in a significantly different surface structure despite having
a minimal effect on the mechanical properties of the gel at larger indentation
depths.

Owing to its simplicity, the Hertz contact mechanics model has been
broadly deployed to characterize heterogeneous materials, such as articular
cartilage,” cells,?*®> and hydrogels.?*¢ At low indentation depths within the small
strain limit (< 0.55 pym), the Hertzian contact model fits the data well (Figure
5.9a). However, the fit deviates from the approach curve at 20 mol% O.at higher
indentation depths, indicating that this model may not be the most appropriate
one to use (Figure 5.9b, Figure 5.15). Since the Hertz model assumes a
homogeneous network, the observed deviations support heterogeneity of the
network at the surface. Johnson and Dunn similarly observed non-Hertzian
behavior for polyacrylamide hydrogels of varying concentration cast against
polystyrene in ambient condition and used the Fredrickson high-penetration

brush model and Winkler mechanics to fit the initial portions of indentation
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curves to estimate the thickness of the surface gel layer.’®2¢ For our 20 mol% O
hydrogels, the Fredrickson high-penetration brush model fit the entirety of the
nanoindentation approach curve (Figure 5.15), suggesting a thick surface gel

layer.

5.4 Modeling Gelation at the Surface

We postulate that the measured frictional decrease and lower surface
elastic modulus for the hydrogels polymerized at 20 mol% O, compared to
those at 0.01 mol% O, can be attributed to a thicker surface gel layer with larger
mesh size. However, the relative impacts of oxygen content on surface gel layer
thickness, polymer concentration, and crosslink density are difficult to distinguish
in any further detail using experiments. Here, we developed a reaction-diffusion
model for conversion of acrylamide and crosslinker monomers under various
conditions as the polymerization progresses, both in the bulk and at the surface
of the gel. We used this model to gain insight into the formation of the surface
gel layer under the tested conditions, as well as its structure after 15 min of
polymerization at 0.01 mol% and 20 mol% O.. This model predicts conversion
of monomers to polymers as a function of time and depth from the gel surface,
which corresponds to concentration of polymer chains in the gel prior to

swelling.
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Since AAm and MBAm are treated equivalently in the model (see Section
5.7.1), the predicted crosslink density is directly proportional to the predicted
monomer conversion. However, in the experimental system, bisacrylamide
radicals are much more reactive with both acrylamide and bisacrylamide
monomers than are acrylamide radicals.>*'® The enhanced incorporation of
bisacrylamide monomers at early reaction times in the real system leads to the
well-known microscale heterogeneity of the polyacrylamide network, with
formation of microdomains of large segmental density.?* Our model cannot
capture this heterogeneity due not only to the equivalence assumption
discussed above but also because the composition is treated as a continuum
across every calculated depth within the gel. Thus, while our model predictions
suggest trends in crosslink density, we restrict our interpretation to average
polymer concentration per depth from the surface in the pre-swollen gel.

Our model intends to provide a micrometer-scale description for gel
structure from the surface to the gel bulk via the polymer concentration at each
depth, rather than segmental-level structural detail. Therefore, we describe the
observed trends in terms of mesh size to be purposefully agnostic to the
molecular structure at the very surface of the gel. For example, both a “brushy”
structure such as that postulated by Simi¢ et al** and one with very long
connective chains between crosslinks could have a large mesh size. Regardless,

our results demonstrate that considering 10s um to 100s um of gel layer
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thickness at the surface is important because the oxygen conditions during
polymerization affect polymer concentrations throughout this entire depth,
which in turn governs the mechanical and tribological gel properties; any
segmental-scale mechanistic explanations for surface polymer conformation in
the lower friction oxygen-inhibited gels must be compatible with the reduced

concentration of polymer at the gel surface predicted herein.

5.4.1 Gelation at Low Oxygen Concentration

During gelation at low oxygen concentration (0.01 mol% O.), predicted
monomer conversion proceeds uniformly throughout the depth of the gel, apart
from the surface where oxygen continues to diffuse into the polymerizing
medium (Figure 5.17). Consequently, dissolved oxygen is locally enhanced near
the surface and reacts to form peroxides at an elevated rate. As the reaction
proceeds, a gel is predicted to form quickly (Figure 5.10a), along with a surface
gel layer whose distinction from the bulk gel becomes clearer over time. At this
O concentration, the thickness of the surface gel layer remains approximately
constant once developed (Figure 5.10b). Meanwhile, the gradient in monomer
conversion (i.e., polymer concentration) from the surface of the gel to the bulk -
as given by the slope of the conversion in the surface gel layer — becomes
steeper with time (Figure 5.10c), since progression of the polymerization at the

surface cannot keep up with the rate of conversion in the bulk. The methodology
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for determining the point of gelation based on monomer conversion, the surface
of the gel, and extracting surface layer thickness and gradient from the monomer
conversion traces is provided in Section 0. The predicted apparent surface gel
layer is very thick (>50 pm) early in the gelation process because the distinction
between the surface layer and bulk gel is ill-defined at very early times. This
indistinction is reflected in a larger error associated with the fit used to extract
the surface layer thickness (Figure 5.19). However, two distinct regions are
quickly established as the bulk gel formed, and the surface gel layer thickness
quickly decreases to approximately 10 pm after which it remains almost
constant. As polymerization proceeds past five minutes, the surface gel layer
thickness decreases slightly (Figure 5.20a) and its gradient becomes more
severe. The conversion of monomer to polymer narrowly outcompetes the
peroxidation side-reaction from dissolved oxygen at the gel’s surface, whereas
in the gel bulk — where oxygen concentration remains negligible after the first
few minutes of the reaction — polymerization strongly dominates any
peroxidation. After 15 min of polymerization, a surface gel layer 10.8 pm thick
with a monomer conversion gradient of approximately 4 %/pm are predicted,
compared to a total gel thickness of 5.2 mm. Thus, before post-polymerization
swelling, the polyacrylamide hydrogel samples polymerized at 0.01 mol% O: are

predicted to have an = 11 pum thick surface gel layer, and the polymer
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concentration at the surface is about three times less than the bulk (Figure 5.11a)

with a corresponding decrease in crosslink density.
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Figure 5.10 Predictions of the reaction-diffusion model at low and high oxygen conditions. (a)
Bulk gel formation occurs within minutes of adding APS and TEMED to initiate the
polymerization, reaching a thickness of 5.2 mm for the 0.01 mol% O: hydrogels (dark blue) and
4.9 mm for the 20 mol% O hydrogels (light blue). (b) Surface layer thickness, extrapolated from
fits of the monomer conversion in the surface gel layer as a function of polymerization time. At
0.01 mol% O;(dark blue), the surface gel layer thickness slowly decreases with reaction time after
its initial formation. At 20 mol% O, (light blue), the surface gel layer thickness increases
throughout the polymerization. (c) Severity of gradient in monomer conversion from the surface
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of the gel to the bulk increases with polymerization time at 0.01 mol% O. (dark blue) but
decreases slightly with time at 20 mol% O (light blue). At 15 min polymerization, the surface gel
layer conversion gradient is 4 %/pm and 1 %/pmat 0.01 mol% and 20 mol% O, respectively.

5.4.2 Gelation at High Oxygen Concentration

During gelation at higher ambient oxygen conditions (20 mol% Oy),
predicted monomer conversion remains negligible at the surface of the
polymerization medium due to significant oxygen inhibition. This upper layer
never forms a gel and is presumably washed away when gels are plunged into
water to quench the polymerization, causing the hydrogel to be about 325 um
thinner than the gel at 0.01 mol% O: (Figure 5.21). This unpolymerized liquid
layer was similarly observed in studies of oxygen inhibition of acrylate thin
films.220221.223.229 Below this un-gelled film, polymerization proceeds to reach
conversions above 5%, forming a gel as soon as the oxygen is consumed (Figure
5.18). Like the 0.01 mol% O: case, oxygen consumption in the bulk takes about
two minutes, after which a gel forms throughout the system (Figure 5.10a). As
the polymerization proceeds, the distinction between the surface gel layer and
bulk gel takes longer to establish than at 0.01 mol% O, and its thickness
increases significantly with polymerization time once the distinction between
layers is established (Figure 5.10b). At every time point after initial formation of
the surface gel layer (= 2.5 min), the thickness of this layer is larger for
20 mol% O than for 0.01 mol% O,. Meanwhile, the severity of the gradient in

monomer conversion in the surface gel layer remains relatively constant once it
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is established (Figure 5.10c) and even decreases slightly according to fits of the
monomer conversion at the surface of the gel (Figure 5.20b). After 15 min, a
51.2 ym thick surface layer is predicted compared to a total gel thickness of
4.9 mm, with 6.2% monomer conversion at the surface of the gel and a surface
gel layer monomer conversion gradient of 1 %/um (Figure 5.10c). The surface
polymer concentration is almost ten times less than the bulk, whose monomer
conversion is already slightly lower than that of the 0.01 mol% O: case,
consistent with the small experimentally observed decrease in E* of the hydrogel

(Figure 5.3b).

5.4.3 Comparison of the Surface Gel Layer Profiles

The surface gel layer thickness predictions herein for the 17.5wt.%
polyacrylamide hydrogels cast in 20 mol% O, are within the same order of
magnitude as those predicted by indentations and contact mechanics modeling
for polyacrylamide hydrogels ranging in monomer (7.5 to 15wt.%) and
crosslinker (0.03 to 0.6 wt.%) concentrations (Table 5.5).108.112,150.181,215,216,234,236,238-
20 However, they are larger than previous estimates for the highest
concentration hydrogel (15 wt.% AAm, 0.6 wt.% MBAm), which estimated a
surface gel layer thickness of 13 pm for a hydrogel cast against a polystyrene
surface in ambient air (20 mol% O>),"® as compared to our estimate of 51 pm.

Gombert et al. used neutron reflectometry and infrared spectroscopy to
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compare the surface structures of 7.5 wt.% polyacrylamide hydrogels cast
against glass and PDMS surfaces in extremely low oxygen environments
(<0.01 mol% O2).2** They concluded that polymer concentration gradients
formed for the gels cast against PDMS due to its hydrophobicity and predicted
the gradients to extend more than 50 pm. This may indicate the importance of
an air-liquid interface for the formation of thick surface gel layers for high
polymer concentration hydrogels.

Previous studies have not resolved the polymer concentration gradient
within the surface gel layer. However, the model herein predicts conversion of
monomers to polymers, which corresponds to the concentration of polymer
chains in the gel prior to swelling. Over the course of polymerization, the severity
of the monomer conversion gradient from the surface to the bulk increases with
time for both oxygen concentrations (Figure 5.11). However, monomer
conversion at the surface of the 0.01 mol% O. gels increased while conversion
remained around 5% at 20 mol% O. During hydrogel polymerization at
20 mol% Oz, the monomer conversion profile in the surface layer remains
constant in time, whereas the bulk increases in conversion over time (Figure
5.11b). Since oxygen is progressively consumed as it diffuses further into the
film, a higher conversion is reached as less oxygen inhibition occurred deeper
into the polymerizing medium. This effect is not observed at 0.01 mol% O, since

the oxygen concentration was low enough that it is entirely consumed at short
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depths into the gel, essentially forming a reaction-diffusion boundary layer.
There is a steeper transition from the surface polymer concentration to the bulk
over 11 um (4%/pm) in comparison to the 20 mol% O: case in which the surface
gel layer polymer concentration transitioned more gradually at 1%/pm over
51 pm (Figure 5.11), leading to a surface gel layer that is approximately five
times thicker and four times less dense than the one at 0.01 mol% O; prior to
swelling. While these conclusions assume that overall monomer conversion is
related to polymer concentration, the large decrease in friction coefficient
achieved in gels prepared at 20 mol% O support our predictions that the
0.01 mol% Oz; and 20 mol% O, gels have entirely different surface
characteristics. In particular, our predictions show that not only a thicker surface
gel layer, but a combination of a thicker layer and less concentrated polymer at
the surface structure give rise to superlubricity in polyacrylamide gels

polymerized at higher oxygen concentrations.
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Figure 5.11 Monomer conversion at the surface of the gel at various polymerization times as a
function of the depth from the gel surface for the (a) 0.01 mol% and (b) 20 mol% O, hydrogels.
Gelation occurs at around 5% monomer conversion. At the surface of the 20 mol% O hydrogels,
the conversion remains just above the gel point at 5%. Schematic representation of the top
100 pm of the hydrogel structures at 0.01 mol% O, and 20 mol% O, demonstrate that the
surface gel layer is thicker with a smaller monomer conversion gradient at higher O, compared
to the surface gel layer at lower Oz. This indicates a more gradual transition in polymer
concentration from the surface gel layer to the bulk at 20 mol% O,, contrasting a more abrupt
change in polymer concentration at 0.01 mol% Ox.
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Overall, the model predicts qualitatively different structures and time-
dependent formation behavior of the surface gel layer at the liquid-air interface
for low versus high O.. In Figure 5.11, we observe two shapes of surface gel
layer as the polymerization proceeds in time. For 0.01 mol% O at the interface,
the model predicts that oxygen depletion in the bulk leads to the formation of a
reaction-diffusion boundary layer at the air-liquid surface, resulting in a surface
gel layer whose thickness remains relatively constant in time after its initial
formation but with a gradient that sharpens over time due to the increasing
conversion in the bulk gel. In contrast, for 20 mol% O at the interface, the model
predicts a gradient that remains relatively static but penetrates deeper into the
gel as oxygen diffuses further, resulting in a thicker, more diffuse surface gel
layer. In summary, at low O, the surface layer thickness is maintained, while the
gradient and surface monomer conversion increase with time; at high O, surface
layer thickness grows in time, while the gradient and concentration at the gel

surface are maintained.

5.4.4 Model Predictions

To more generally understand the transition between the surface gel layer
growth profiles, we predict monomer conversion and the corresponding profile
of the surface gel layer after 15 min of polymerization for a wide range of O

concentrations (0.004 to 46.5 mol%) using our reaction-diffusion model (Figure
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5.22). At very low O; concentrations below 0.1 mol% (~1,000 ppm), increasing
the amount of O; also decreases the conversion at the surface of the gel, i.e.
gives rise to a gel whose surface polymer concentration is lower (Figure 5.23a).
In this regime, consistent with the surface gel layer profile of our low O:
(0.01 mol%) case described above, increasing O, also increases the thickness of
the surface gel layer (Figure 5.23b) though its gradient stays relatively constant
(Figure 5.23c). Only very small amounts of O, (above 0.1 mol%) cause the
surface of the reacting media to remain unpolymerized (Figure 5.23d), which
results in the gel’s surface polymer concentration being fixed at the gel point
(about 5% monomer conversion). Further increasing O, above 0.1 mol% causes
the surface gel layer thickness to grow, which in turn results in a shallower surface
gel layer gradient (Figure 5.23c). These features are consistent with the surface
gel layer profile of our high Oz (20 mol%) case described above. Excessively high
O: also impacts bulk conversion (Figure 5.23e), which will increase the mesh size
in the gel bulk but may negatively affect the gel's strength. We expect the
predicted trends to hold for other gel compositions (monomer, crosslinker,
initiator, and catalyst concentrations) and polymerization media heights (H) as
controlled by the dimensionless groups governing this reaction-diffusion model
(Daym, Dag,, and a), though the cutoff in O, concentration above which the
surface is at the gel point will be composition- and H-dependent. The interplay

between these variables and their impact on the gradient structure at the surface

94



of the gel is challenging to verify experimentally and represents a rich area for
future study.

Moving beyond the analysis of the gelation process for the two oxygen
conditions studied in this work, the results of the model provide practical
principles for using oxygen- and time-dependent control of gelation reactions
to control the formation of surface layers during hydrogel preparation, thereby
enabling the design of superlubricity. The experiments and model reveal that
superlubricity is achieved under high-oxygen polymerization conditions through
the formation of a surface layer that is both thick and diffuse. These features
could be enhanced by performing reactions in an oxygen-enriched atmosphere
at the expense of polymer concentration in the bulk. In general, the model could
be used to predict or design pre-swollen surface gel layer profiles for a wide
range of monomer and oxygen compositions, reaction times, and
polymerization media heights. Furthermore, it is interesting to consider how time
variations in the atmospheric oxygen concentration could be used to sculpt the
desired shape of the surface gel layer conversion profile for a particular gel
composition and geometry, thereby providing added control in designing the
structure and properties of the surface layer. Because such control can be
difficult to achieve in practice, we leave a detailed study of this possibility using

the model and experiments to future work.
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5.5 Conclusion

Free-radical polymerization of hydrogels is an uncontrolled, random
process that frustrates predictions of the precise microstructure at the surface
and within the bulk. Here, we proposed that oxygen inhibition of
acrylamide/N,N'-methylenebisacrylamide polymerization leads to superlubricity
at the hydrogel surface, with the friction coefficient decreasing two orders of
magnitude from p=0.021*=0.006 at 0.01% O, to p=0.002=0.001 at
20 mol% O.. To explain these results, we developed a parameter-free reaction-
diffusion model using kinetic parameters for the exact chemistry and
composition of the system. We found that polymerizing under high oxygen
conditions (20 mol% Oy) increased the thickness of the surface gel layer but
decreased the severity of the monomer conversion gradient between the surface
and the bulk. This was indicated by a lower monomer conversion at the gel
surface during the reaction, even though the gels cast at 0.01 mol% and
20 mol% O had similar conversions in the bulk (corresponding to similar
moduli). Prior to swelling the gels, we predicted that the gel at 0.01 mol% O
had a surface gel layer thickness of 11 ym with a monomer conversion gradient
of 4%/um while the gel at 20 mol% O;had a surface gel layer thickness of 51 pm
with a 1%/um gradient, indicating that surface gel layer at 20 mol% O, was
approximately five times thicker and four times less concentrated at the surface

prior to swelling. Simulations suggest that the surface layer thickness, polymer
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concentration gradient, and elastic modulus at the surface can be tuned to
achieve the lowest friction coefficient at a given monomer/crosslinker
concentration, using a combination of O, concentration and the interplay
between reaction time and initiator concentration. We leave a comprehensive
study of the complex interplay between these variables, friction, and modulus,
or their fine-tuning for specific applications, to further study. Overall, this work
established that a thicker surface gel layer with lower polymer concentration led
to superlubricity in the polyacrylamide system under oxygen inhibition and
portends the use of more sophisticated time-dependent control of reaction
conditions to sculpt the precise structure — and therefore properties — of the

surface gel layer.

5.6 Appendix A: Mechanical Data

5.6.1 Hydrogel Synthesis

Table 5.2 Volume and mass of each component in the pre-polymerized hydrogel solution, along
with the corresponding wt.% and mol.%.

Stock Solution Concentration
Chemical Volume Mass | Mole
Concentration (uL) (mg) | (mmol) | wt.% | mol.%
Acrylamide (AAm) 30 wt.% 2917 875 12.3 17.5 5.15
N,N’-methylene
bisacrylamide 2 wt.% 1750 35 0.2 0.7 0.10
(MBAmM)
DI water --- 183 4077 226 81.5 94.7
N,N,N’,N"- .
tetramethylethylene (;09"V‘3t"0//°) 75 60 | 005 | 012 | 0.2
diamine (TEMED) e
Ammonium o
oersulfate (APS) 10 wt.% 75 7.5 0.03 0.15 0.01
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Table 5.3 Synthesis conditions for the 17.5 wt.% polyacrylamide hydrogels.

Target Oz ppm

Actual O; ppm

Relative Humidity

Temperature (°C)

(20 mol% O,)

(20.95 mol%)

(mol%)
100 ppm 30 - 500 ppm o ~
(0.01 mol% Oy) (0.003 - 0.05 mol%) 14-22% 19-20.5
200,000 ppm Ambient air 12 64% 19205

5.6.2 Small Angle Approximation
Indentation depth, d, into the sample can be predicted via geometry and can

be written as a function of probe radius, R, and cos(f) as shown in Figure 5.12.

[cos(e) = R-d —= d=R- Rcos(@)}

R

Figure 5.12 Schematic of probe with radius of curvature, R, indenting a sample with indentation
depth, d.

The small angle approximation for the trigonometric function cos is as follows:

92
cos(0) =1 -5 Egn. 5.1
Eqgn. 5.1 can be substituted for cos(6) so:
2
d= %R Eqgn. 5.2

To stay within 1% error for the small angle approximation, 6 = 38°.
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5.6.3 Microindentation Hertz Fits
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Figure 5.13 Representative microindentation approach curves with the Hertz contact mechanics
model overlayed in red fitting from the point of contact to F, = 1 mN for the gels cast at (a) 0.01
mol% O, (dark blue) and (b) 22 mol% O; (light blue).

5.6.4 Contact Area & Pressure Estimations

Table 5.4 Estimated contact radius, contact area, and maximum contact pressure based on
Hertzian contact mechanics.

H Reduced Elastic Contact Radius, | Contact Area, Maximum
ydrogel Modulus, £* A (mm?) Contact Pressure,
(kPa) @ (m) mm P (kPa)
0.01 mol% O, 242 + 11 213+ 3 0.142 = 0.004 11 +0.3
’ (3 gels, n = 54) (3 gels,n="54) | (3 gels, n=54) (3 gels, n = 54)
20 mol% O, 203 + 38 226 + 3 0.161 + 0.028 9 +1
(3 gels, n = 54) (3 gels,n="54) | (3 gels, n=54) (3 gels, n = 54)
5.6.5 Literature Comparison

Table 5.5 Comparison of the elastic modulus, friction coefficient, and estimations of the surface
gel layer thickness of polyacrylamide hydrogels cast with different monomer (acrylamide, AAm)
and crosslinker (N,N’-methylenebisacrylamide, MBAm) concentrations and polymerization
conditions. The listed friction coefficient values were determined by digitizing the data from
literature at the listed testing parameters (sliding speed, v, and estimated contact pressure,
P).108:112,150,181,196,215,216,234,236,238-240 | Jn|ess otherwise stated, the tribological testing parameters are
as follows: v= 0.5 mm/s and P = 6-11 kPa. Gemini indicates a self-mated gel-on-gel
configuration during tribological experiments (e.g., the probe material was composed of the
same hydrogel material). *Testing parameters are as follows: v = 100 pm/s and P = 1 kPa **
Poisson’s ratio of 0.5 was used to estimate the elastic modulus for our data (17.5 wt.%
polyacrylamide hydrogels).
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concentrations

W% mold elastic modulus (E) (kPa) friction surface gel layer
wt%) material - - coeflicient |— — Ref.
AAm | MBAm | (02 mol) micro- AFM .mlcro I thickness charactel"lzatlon
rheology tribometer (um) technique
glass
2.25 0.12
(20%)
glass
2.5 0.16 112
(20%)
glass
2.75 0.21
(20%)
5 0.2 7.3 21 contact mechanics
7.5 0.03 PS 2.4 44 contact mechanics
7.5 0.3 (20%) 34 17 contact mechanics | 108
7.5 0.5 o 40 13 contact mechanics
15 0.6 170 13 contact mechanics
Steel*:
PS p=0.026 .. .
. . 1- 13-2 238
7.5 0.3 (20%) 31-33 Gemini*: 3-29 microindentations
p=0.01
glass 1 29 Gemini: crosslinked surface structure
(<0.01%) n=0.05 expected
5 0.3 234
7 PDMS ~1 27 Gemini: 50 microindentations,
(<0.01%) - 1= 0.009 FTIR
glass mini: crosslinked surface structure
1 ~9 Gemini linked surf:
(20%) - u=0.09 expected
PS ~04 Gemini: "brushy" surface structure
(20%) e n= 0.04 expected
7.5 0.3 215
PE ~0.7 Gemini: "brushy" surface structure
(20%) e n=0.04 expected
mini: rushy" surface structure
PTFE ~0.4 Gemini "brushy" surf
(20%) e n=0.02 expected
75 0.39 PS s ~20- 30 Srt:;el_ "brushy" surface not 230
) ) (20%) ) e }f ~0 Oi characterized but observed
glass 30 Gemini: crosslinked surface structure
0, ~
9.6 04 (20%) n=0.12 expected 16
PS 0.3 Gemini: 10-20 nanoindentations
(20%) ) p=0.008
PE 2 Gemini: crosslinked surface structure
(0%) n=0.12 expected
PE 7 Gemini: surface layer getting softer
(0.2%) p=0.07
PE 3 Gemini: surface layer getting softer
(0.4%) n~=0.02
9.6 0.4 236
PE <1 Gemini: >35 nanoindentations
(1%) p=0.004
PE <1 Gemini: surface layer getting softer
(7.2%) p=0.002
PE <1 Gemini: > 15 nanoindentations
(22%) p~=0.006
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conc(ev?tt‘;a)tlons mold elastic modulus (E) (kPa) friction surface gel layer
- material micro micro coefficient thickness characterization Ref.
0, mol )
AAm | MBAm | (O, mol) rheology AFM tribometer, (W) (um) technique
glass 29 Gemini: crosslinked surface structure
10 04 (20%) p=0.05 expected 181
' PS <0.1 Gemini: 10-20 nanoindentations
(20%) ) n=0.02
PS poroelastic contact
. . 240
10 04 (20%) 0.03 12 mechanics model
375 | 0.15 Ge '(;’g(')‘;
p=0.
Gemini:
7.5 0.3
pn=0.009
10 04 PS Gemini: 150
(20%) n~=0.01
Gemini:
12.5 0.5
n=0.02
17.5 0.7 ff g‘:)';';
free 193%* o Glass: 1 reaction-kinetics
175 0.7 (0.01%) n=0.02 model 196
' ' free 0.8%* 152+ Glass: 51 reaction-kinetics
(20%) p=0.002 model

5.6.6 Atomic Force Microscopy

40

30+

n

20+

normal force, F_(nN)

0.01 mol% O,

2 4
indentation depth, d (um)

o4 -

Figure 5.14 Full nanoindentation curves for the 17.5 wt.% polyacrylamide hydrogels at 0.01%
O; (dark blue) and 20% O: (light blue) for varying applied normal forces (F, = 2, 20, 25, 30, 40
nN) at an indentation velocity of 2 um/s. The region of analysis (the first 0.55 um) is indicated by
the gray shaded box.
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a) 0.01 mol% O, b)
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Figure 5.15 Representative log-log plots of the derivative (dF./dd) of the nanoindentation
approach curves as a function of force following the methods outlined by Garcia et al.?*’ The
dashed red lines represent the Hertzian contact model while the solid red lines represent the
Fredrickson high-penetration brush model.’%2%:24 (a) At 0.01 mol% O, the Hertz contact model
fits the data better. (b) At 20 mol% O, the Fredrickson high-penetration brush contact model
fits the data better.

5.7 Appendix B: Reaction-Kinetics Model
5.7.1  Model Development

Since the entire set of reaction mechanisms associated with polyacrylamide
polymerization is known (Schematic 5.1), a reaction-diffusion model that
accounts for the precise geometry and gel component concentration used
herein (see Section 5.2) can be generated. Using reported values for reaction
constants, this model is quantitative, without any adjustable parameters. Several
analytical models have been put forth to understand the effect of oxygen
inhibition in photopolymerizations of various acrylate monomers in thin
films?'922? or microfluidic geometries??’ and in other chemistries.??' Despite the

ubiquity of acrylamide polymerization in applications as commonplace as gel
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electrophoresis, no similar models have been developed for the acrylamide
chemistry. Additionally, prior modeling efforts have not investigated the free

surface of the gel with oxygen inhibition in any chemistry or geometry.

Schematic 5.1 The reaction mechanism of a redox-initiated free-radical polymerizing system. In
the present case, APS and TEMED are the initiator and catalyst, respectively. The rate constant,
k, for each step is denoted with a subscript. M represents a reactive unit, i.e., acrylamide or N,N"-
methylenebisacrylamide monomers or crosslinkers, respectively, M* is the oligomer-bound
radical, O* is the oxygen radical, and [* is any possible initiation species. The dominant
termination mechanism in polyacrylamide is not biomolecular termination but rather
disproportionation,?°#" in which one chain-terminal radical reacts with the hydrogen (H)
neighboring a second chain-terminal radical to form a hydrogen-terminal chain and a new
double bond (M").

k.
Initiation APS + TEMED — 2 I* radical formation
Propagation
i)*+M—e IM* polymer chain formation
(i) IM_* + M —F M 4* polymer chain growth
kS
Inhibition M *+0, —p IM OO* peroxidation side-reaction
kt
Termination IM*+ M " — IM H+IM_ M disproportionation

Our model builds on extensive prior work on free-radical polymerization
with peroxidation side-reactions.?'?221:227231 The polymerization is initiated by
consumption of APS and TEMED, which produce radicals at a rate of initiation

(r), given by:
r = 2k[APS][TEMED] Egn. 5.3

In the second step, the primary radicals react with an unconverted double-
bond (M), either on acrylamide or N,N’-methylenebisacrylamide monomers, and

continue to propagate in chain growth at the rate r;:
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ro = k[R*][M] Egn. 5.4

In this expression, R* represents all reactive radicals, which are [*, IM*, and
IM.*; in other words, we assume that all radicals are equally reactive (ki = k), as
well as equivalent reactivity between AAm and MBAm monomers when reacting
with growing polymer chains. Note that the IM,OO* radicals that form via the
peroxidation side reaction are stable and do not further participate in the
reaction after formation. Reactive radicals can also be consumed by various
classical termination mechanisms. Here, we consider only termination by
disproportionation, whose prevalence in polyacrylamide polymerization greatly
surpasses all other termination modes, including conventional biomolecular
termination.?%25! |n sum, the total rate of radical termination (r) from inhibition

and termination is given by:
r = k{R*]? + kJR*][O:] Egn. 5.5

In the real system, MBAm is more reactive than AAm, causing early
formation of MBAm-rich sequences that act as more compact subdomains in the
gel as the composition of residual monomer drifts to further favor AAm as the
reaction proceeds.* This and other causes of molecular-level inhomogeneity
such as statistical chemical heterogeneity are excluded from the present model
for simplicity. While the assumption of acrylamide and bisacrylamide reactive

equivalence is limited, the local structure of the monomers is similar: the
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bisacrylamide simply has two separate reactive groups that react independently
with either oxygen or other moieties; each end reacts in a first order manner with
the same mechanism as the acrylamide monomer.?*? Figure 5.16 and associated
discussion in Section 5.7.2 provide in-depth details of the diversity of structures
formed during polymerization. While kinetic constants for oxygen reactivity with
bisacrylamide and its substituents have not been measured, the polymerization
of both AAm and MBAm will be inhibited more at higher local oxygen
concentration in the real system. This is the main effect our model aims to probe,
and its microscale impacts are captured without differentiating AAm and MBAm
reactivity individually.

To develop the model equations, we seek an expression for the monomer

conversion, X, at various depths z in the polymerizing medium and as a function

of reaction time t, X(t) = [11\;][(%(8. Monomer conversion reveals the progress of

the gelation reaction at every depth from the surface (z = 0) to the bottom of the

. . d[M] . .
casting mold (z = H). The rate of monomer consumption, —%, is equivalent to

r.. Therefore, to extract X(t,z), we require an expression for [R*] in terms of
known variables — reaction constants and initial concentrations of [APS],
[TEMED]n:, and [Oz)ini: (see Table 5.6 and Table 5.7) — as well as variables
accessible by differential equations: the time-dependent concentrations of APS,

TEMED, and O,. We assume the bottom and sides of the gel casting mold are
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impermeable to oxygen so that net diffusion of oxygen is symmetric in x-y. Thus,
reactivity is a function of depth only, and the model is one-dimensional. In
addition to the rate laws above, achieving the expression for [R*] requires a
species balance describing the reaction-diffusion of oxygen in the z-direction

into the polymerizing medium:

6[0,] d?[0,]
5—t2= Doszz—ks[R *][02] Eqgn. 5.6

The dissolved oxygen content at the upper surface of the reacting medium
is assumed to remain in equilibrium with the surrounding atmosphere
throughout the polymerization for each O concentration (0.01 mol% and 20
mol% Oz). We estimate this constant dissolved oxygen content at the upper
surface using Henry's Law constant H< = 0.032 at standard temperature and
pressure for oxygen dissolution into water.

The mathematical steps and nondimensionalization required to derive

X(t,m), the final expression for monomer conversion as a function of

) ) ) Do ) ) .
dimensionless depth, n = Z and time, T = =2¢, are provided in Section 5.7.4.
H H?

The solution assumes a net zero production rate of radical species, i.e., that R*
are consumed as soon as they are generated, and that the temperature remains
constant so that the rate constants and oxygen diffusivity, Dy,, are constant

throughout the reacting medium. X(z,7) is given by:
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d(1—X
a-x - ) _ ~Day(1 — X) [—6 + (62 + aAT)'/?] Eqn. 5.7

where 6(t,n) = [0[02]

] is the dimensionless oxygen concentration, A and T are
2linit

8kikt [APS]init[TEMED]jpit .
(ks [oz]init)2

the dimensionless APS and TEMED concentrations, a =

a dimensionless group representing the rate of initiation of the polymerization

kpkst[OZ]init

is the
2k¢Do,

relative to the rate of oxygen side-reactions, and Day =

monomer Damkohler number that relates the reaction and diffusive transport
rates of the monomer. Evaluating this expression requires solutions for 6, A, and
T as functions of t and 1. APS and TEMED concentrations are solved using the

coupled differential equations:

dA __kH?[TEMEDmic
dt Do

Eqgn. 5.8

2

dT kiH?[APS]init
—— Egn. 5.9
I Dq AT gn. 5

2

6(t,n) is obtained by the nondimensionalized reaction-diffusion equation for Oz:

50 62%60
_ _ _ 2 1/2 Egn. 5.10
57~ o7 Dag,0[—0 + [6% + aAT]"?] q

kZH?[0;]init

where Dag, = Do
2

is the oxygen Damkohler number.
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5.7.2 Propagation & Inhibition Mechanisms for AAm and MBAm

The vast structural dispersity arising from polyacrylamide propagation
mechanisms, including MBAm crosslinker incorporation and reaction pathways,
is explored in this section and summarized in Figure 5.16. All individual radicals
(highlighted in teal) are assumed to have equivalent reactivity in all of these
reactions in the model to avoid accounting for the vast dispersity of local
polyacrylamide chain radical structures. These radicals would all have an
equivalent — but different — reactivity with oxygen, as denoted by the difference
in ko and ks in Table 5.6. While Figure 5.16 shows a number of possible reaction
pathways after incorporation of a crosslinker into a growing oligomer, note that
MBAm could also be the first monomer incorporated, and that the monomers
can be incorporated in any sequence.

One of these reaction pathways is intramolecular cyclization, wherein the
other end of an MBAm monomer already incorporated into the polymer
polymerizes into the chain. While a ring formed between radicals and crosslinks
within the same MBAm crosslinker was shown here, note that this process can
occur for much larger cycles. Cycles are more likely to form at lower monomer
concentration and are considered defects because they render the crosslinker
elastically ineffective.

When the other end of an incorporated MBAmM monomer does not

experience cyclization, it is likely that growth of a second polyacrylamide chain
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will be initiated at that double-bond, establishing MBAm as an elastically
effective crosslink. Note that the depiction in Figure 5.16 shows the example of
this initiation prior to the continued growth of the existing chain, but due to the
short radical lifetimes it is likely that this initiation event occurs at a later time.
Aside from cyclization, the incorporation of each end of MBAm into the gel

matrix is decoupled.

Crosslinker
Imtlatlon |ncorporat|on o
I+ Species A
o NH,
j\ 0% "NH, l 0% NH, o
NH
I\NH
o =
07 NH,
Species A —— | ey o7 etc.
07 NH,
Z
o7 NH, 0}\/
Crosslinker
incorporation

Species A ——

Cyclization
Species A ———»

Initiation 0P NH Crosslink formation 0P NH
Species A —— | |
. A o7 R, LNH |
1 07 NH,

- 2
. NH, 2

O

O "NH,
Figure 5.16 Structures formed during initiation and propagation of polyacrylamide; radicals are
highlighted in teal for easy visualization. On initiation, the chain grows with AAm until
incorporation of a crosslinker, denoted by example oligomer Species A. Once incorporated into
a chain, the resulting radical structure can either react with AAm or MBAm monomer or react
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with the double bond at the other end of the MBAmM crosslinker to form a cyclic defect.
Additionally, the other double bond may come in contact with another radical initiator instead,
resulting in polyacrylamide chains continuing to grow simultaneously and independently at both
ends of the crosslinker, and thus the establishment of a crosslink.

5.7.3 Reaction-Diffusion Constants & Concentrations

Table 5.6 Kinetic constants from literature and experimental reaction conditions used in our
model.

Parameter Value Used Units Ref.
Initiation rate

constant. k 2.5x10° m?3/(mol s) 253
Propagation rate [y T gy g 227
r P
Tezzgz:s: Izate 3x 103 m3/(mol s) 227
'”C*;':'Stt';’:t rate 10° m¥/(mol s) 253
Diffusivity of Oz in 8 x 1010 /s 254
water, Doz
Depth of the Calculated with 5 mL
reacting medium, 0.0052 m solution and 35 mm
H diameter mold

Calculated with 100 ppm
O: at standard temperature
and pressure (STP) is
[O2linit, 0.019% 0.00013088 mol/m3 0.00409 mol/m3 (air is 40.9
mol/m?3 at STP); and
Henry's constant as
Hee = 0.032.
Calculated with 200,000

[O2init, 20% 0.26176 mol/m3 ppm O in airis 8.18
mol/m3; and He<= 0.032.
Calculated with 17.5 wt.%
gel protocol
Calculated with 17.5 wt.%
gel protocol
[Minie = [AAM]inie +
2[|\/IBAm]imt
Calculated with 17.5 wt.%
gel protocol

[TEMED]nit 12.90 mol/m3

[APS]init 6.57 mol/m?3

[MTinit 2552 mol/m3
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Using the values listed in Table 5.6, the following constants were calculated

with Egn. 5.11 - Egn. 5.15:

kiH?[TEMED] it

o o Egn. 5.11
2
[APS]init
APl Eqn. 5.12
TEMED onst [TEMED]ipi¢ "

k& H?[0;]init

_ Egn. 5.1
Dag, 2kD, gn. 5.13
koksH?[04]ini
p'ts 2linit
_ Egn. 5.14
Day ZktDOZ an
oy 8kiky [APS]init[ TEMED]pjt Egn. 5.15

(ks[02]init)?

Table 5.7 Constants calculated for the 0.01 mol% O; and 20 mol% O; polyacrylamide hydrogels.

Constants 0.01 mol% O, 20 mol% O
APS onst 10.9005 10.9005
TEMED qpst 0.5093 0.5093
Dag, 7.3729 x 108 1.4746 x 101
Day, 73.729 147460
a 0.2967 7.4216 x 108

We note that in simulation, the dimensionless time 7 is significantly larger than

the equivalent numerical value of real time t. When t = 1 sec, this corresponds
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t Do,
H2

to dimensionless time 7 = = 2.96 x 10°. Therefore, t = 15 min corresponds

to t = 0.0266272.

5.7.4 Reaction-Diffusion Model Derivation
Consumption of APS and TEMED follow %: —k;[APS][TEMED] , where C

represents [APS] or [TEMED]. Introducing dimensionless APS concentration as

APS : : . TEMED
A= g, dimensionless TEMED concentration as T = Q, d
[APS]inie [TEMED]init
. . . I‘Do2 . . . . .
dimensionless time as T = —2#, we obtain the following dimensionless equation

for APS consumption:

dA D, [APS]in;
_M = —kiAT[APS]init[TEMED]jp; —

dr H?
dA  IkH2[TEMED];; Egn. 5.16
—=— AT
dt DOZ
Similarly, the dimensionless consumption of TEMED follows:
dT D, [TEMED]iyi
Tz = ~KiATIAPS]ine[TEMED] e —
Egn. 5.17

ar _ _kin[APS]initAT
dt DO

2

Next, nondimensionalize the reaction-diffusion equation for oxygen. Here, we

[02]

[O2]init

introduce 0 = as dimensionless [O;] and n =§ as dimensionless depth

from the surface of the reacting medium:
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8[0,] 6%[0,]

¢ ~Do. %5z — ks[R *][0,] -
Eqgn. 5.18
Do [Oz]init56 Do [Oz]init529
ZTg =—= 02 on? ks[R *][02]init0
69_529 kS[R*]HZH Ean. 5.19
5t on2 Do, qan. >
The concentration of reactive radicals [R*] is given by:
R o] = KlOa] + ((ks[0,)? + 8k [APS)[TEMED])* Eqn. 5.20
2k,
or in terms of dimensionless variables,
292 1/2
R = —k,[0,],,,,0 + ((k;[0;],,)*6* + 8kik,[APS]  [TEMED] _AT) Eqn. 5.21

2k,

Plug this expression into the partial differential equation for 8 and simplify to

obtain:

8kik¢[APS]init[TEMED];p;t
(ks [Oz]init)2

56 _ 526 kszH2 [Oz]init
5T On? 2kDo,

6(—6 + (6% +

AT)Y%) Eqgn. 5.22

By defining the constants Dag, and a (see Section 5.7.1), the final expression

for oxygen diffusion is:

50 6%6

= = 5_772 — Day,8(—6 + [62 + OLAT]l/Z) Egn. 5.23
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Next, the reaction-diffusion equation for monomer follows % = —kp[R *][M].

(M]

, the dimensionless
[M]init

This expression can be nondimensionalized to find & =

monomer concentration at a given depth in the reaction medium. Note that the

conversion of monomer, X, satisfies X = 1 —¢.

Do, [M]inic d§ df  —k,H?
i gr = helRAMnd ~ =5 R Eqn. 5.24

Plug in [R*] to obtain:

ﬁ _ _kpksHZ [Oz]init
dt ZktDOZ

kik¢ [APS]init[TEMED];pit

§(—-6+(0%*+8
ks’ [02]init”

AT)V/?) Eqgn. 5.25

Using the same definition of @ and defining a new Damkdhler number,Day =

kpkst[OZ]init

D , the final differential equation for monomer conversion is obtained:
tY0,

d
d—i = —Dayé (=06 + (6% + aAT)/?) Eqn. 5.26
5.7.5 Extracting Surface Layer Thickness & Gradient

A series of studies by Baselga et al. in the late 1980s sought to determine
the process of network formation for AAm/MBAm gelation with APS and TEMED

initiator under various conditions.®’ One such study determined that a sample

with initial [AAmM]i: = 1.28 mol/L and [MBAmM]in: = 0.074 mol/L reached the gel
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point at 6% monomer conversion based on digitization of graphical data
provided in that paper.®' In a separate study, Baselga et al. found that doubling
the concentration of monomer and crosslinker, while halving the weight percent
of crosslinker in the initial feedstock—similar to our experimental system with
[AAm]iit = 2.46 mol/L and [MBAm]i = 0.05 mol/L—approximately halved the
conversion (by weight) at the gel point.®® As a safe estimate, we assumed
gelation occurred at 5% monomer conversion (rather than 3%) in this work. Thus,
according to our model, the entirety of this surface gel layer reached gelation.
The first point where the monomer conversion exceeds 5% is taken to be
the upper surface of the gel. To minimize error of fit while capturing surface
shape, a depth of gel is chosen for fitting such that the surface gel layer
represents about 10%. In other words, for the 0.01 mol% O case, the top 100
um of gel is fit to extract surface gel layer thickness and gradient, whereas the
top 300 pum is fit for the 20 mol% O: case. Fitting is conducted on this cropped
data at each time point using the MATLAB shape language modeling (SLM)
engine. A degree 1 fit was conducted using 3 knots and free interior knots; i.e.,
two line segments were fit to the data. The thickness of the surface gel layer was
taken to be the depth corresponding to the intersection of these two line
segments. The slope of the gradient layer was taken to be the slope of the line

at the surface of the gel.
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Figure 5.17 Fits of monomer conversion for the top 100 um of gel for the hydrogels polymerized
at 0.01 mol% O.. The gray lines show the exact line segment fit of monomer conversion, with

the intersection of the line segments denoting the transition from surface gel layer to the bulk
gel. Fits are shown at various reaction times. SLM algorithm fits well at all time points.
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Figure 5.18 Fits of monomer conversion for the top (a) 300 um and (b) 100 pm of gel for the
hydrogels polymerized at 20 mol% O:. The gray lines show the exact line segment fit of
monomer conversion, with the intersection of the line segments denoting the transition from
surface gel layer to the bulk gel. Fits are shown at various reaction times. The SLM algorithm fits
well at all time points except 3 minutes, where the root mean square error (RMSE) value is above
the cutoff; clearly the surface and bulk layers are not yet distinct at 3 minutes.
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Figure 5.19 Root mean square error (RMSE) of the SLM fit for 0.01 mol% O- (dark blue) and 20
mol% O; (light blue). Horizontal lines indicate the RMSE cutoff value, one standard deviation
above the average of the non-zero RMSE values at each O, concentration. Above the cutoff, the
fits do not accurately reflect the shape of the surface layer, corresponding to an ill-defined
distinction between the surface gel layer and bulk gel as the gel forms at early times. The red
dots represent the reaction times in which the corresponding thickness and gradient of the
surface gel layer were excluded from the main text.
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Figure 5.20 (a) Surface gel layer thickness and (b) surface gel layer thickness gradient as a
function of reaction time with insets highlighting the decrease in surface gel layer thickness and
gradient with increasing time. The red dots represent the reaction times in which the RMSE of
the SLM fit was greater than the cutoff value and excluded from the main text.
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Figure 5.21 Unlike the 0.01 mol% O case, in the 20 mol% O, polymerization shown here, oxygen
inhibits the polymerization at the surface of the reaction so that even after 15 minutes, no
significant monomer conversion or gelation occurs until about 300 um into the reacting medium,
resulting in a thinner gel.

5.7.6 Model Results for Varying Oxygen Concentration
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Figure 5.22 Monomer conversion fraction profiles after 15 minutes of polymerization at various
oxygen concentrations (0.004 - 46.5 mol%), with all other parameters fixed (monomer,
crosslinker, and initiator concentrations; reaction medium depth H; and kinetic constants).
Profiles are shown (a) as a function of depth from the top surface of the reacting medium and
(b) as a function of depth into the gel prior to swellings by removing any ungelled liquid layer
(< 5% conversion) at the upper surface of the reacting medium.
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Figure 5.23 The following are plotted at varying oxygen concentrations corresponding to the
various profiles plotted in Figure 5.22. (a) Conversion of monomer at the surface of the gel. (b)
Thickness of the surface gel layer from SLM fit of the profiles. (c¢) Monomer conversion gradient
in the surface gel layer, also extracted from the SLM fit of the profiles. (d) Thickness of the
unpolymerized liquid layer at the upper surface of the reacting medium. () Monomer conversion
in the gel bulk, as measured by the conversion deep into the gel, which is affected by oxygen
diffusion only at early times during polymerization. (f) Root mean square error (RMSE) of fit
corresponding to (b) and (c). Note that the RMSE cutoff for the 0.01 mol% and 20 mol% O data
reported in the text is around 0.04, so all values reported here fit well.
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6  CHAPTER 6: TUNABLE LUBRICITY THROUGH AMPHIPHILICITY

Amphiphilic polymers possess both hydrophobic and hydrophilic domains
and are commonly used as drug delivery systems due to their ability to
incorporate both nonpolar and polar moieties within the network.?® They often
have greater mechanical strength and adhesion than typical hydrophilic
hydrogels due to their hydrophobic domains and also have the ability to phase-
separate and form aggregates with specific architecture.?5%¢ In the following
chapter, the swelling and tribological behavior of amphiphilic poly(2-
hydroxyethyl methacrylate) (pHEMA) will be explored. We propose that a
solvent-induced transition of inter- and intra-gel associations occurs with the
addition of ethanol, causing the polymer chains to orient themselves in a manner
that promotes either their hydrophobic or hydrophilic domains to the surface.
By controlling the polarity of the solvent, we were able to tune the friction
coefficient and adhesion an order of magnitude from p =~ 0.01 to > 1 and F.an <

10 pN to 650 pN, respectively.

This chapter was reproduced in part with permission from: ¢

McGhee, E.O., Chau, A.L., Cavanaugh, M.C., Rosa, J.G., Davidson IV, C.L.G.,
Kim, J., Uruefa, J.M., Sumerlin, B.S., Pitenis, A.A., and Sawyer, W.G.,
Amphiphilic gel lubrication and the solvophilic transition. Biotribology, 26,

100170, 2021.
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6.1 Amphiphilicity in Biology

The lubrication mechanism of articular cartilage is the subject of much
debate, but the current prevailing mechanism is a boundary lubrication model
where confinement and fluid pressurization play an important role in the
exhibited low friction. The synovial fluid surrounding cartilage has complex
rheological behaviors®®” and its low viscosity at high shear rates may be
responsible for the low shear stress, friction, and wear rate of the system. 8258
20 Synovial fluid is composed of several macromolecules, including hyaluronic
acid, lubricin, and phospholipids, which work together to maintain hydration and
lubrication.?' Many of these macromolecules are amphiphilic, and their
amphiphilic nature allows them to interact synergistically in ways that may help
promote lubrication.2¢#-26

As discussed in Chapter 1, hydrogels are often used as synthetic mimics
for biological systems such as articular cartilage. But tuning the solvent
conditions to optimize lubrication for an amphiphilic gel has not yet been
explored. To close this gap, we investigated poly(2-hydroxyethyl methacrylate)
(PHEMA), a well-known amphiphilic gel, and swelled the gels in water/ethanol
solutions with varying amounts of ethanol (Figure 6.1). The tribological
properties of these gels were investigated in self-mated (“Gemini”)
configuration to mimic the typical sliding interfaces found in biology. Friction

varied from low (u = 0.01) to high (u > 1) depending on ethanol concentration.
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The lowest friction coefficient was achieved for the most swollen gels. It is
postulated that ethanol is needed to passivate the hydrophobic domains within
the pHEMA chain to reduce possible hydrophobic/hydrophobic interactions,

thereby reducing friction.

a) J’Ztrn
0o E‘
H

0 H-o
H H
thanol
o N water
pHEMA
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b) E H

OH HO HO OH
OR HO-. HO..

Figure 6.1 (a) Chemical structures of pHEMA, ethanol, and water. (b) Proposed intermolecular
interactions between ethanol, water, and pHEMA network: (1) hydrogen bonding of pendent
hydroxyl groups with water and ethanol, (2) hydrogen bonding between water and ethanol, and
(3) hydrophobic interactions between ethanol and the pHEMA backbone.

6.2 Materials & Methods
6.2.1 Hydrogel Preparation

Stock solutions of N,N’-methylenebisacrylamide (MBAm), ammonium
persulfate (APS), and N,N,N,N’-tetramethylethylenediamine (TEMED) were
prepared in ultrapure water. Aliquots of each constituent were used to form a
precursor solution of 67 wt% HEMA and 0.3 wt% MBAm. The final APS and
TEMED concentrations were 0.15 wt%. Polymerization was completed in a

nitrogen-rich environment to prevent oxygen inhibition. Poly(2-hydroxyethyl
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methacrylate) (pHEMA) hemispherically-capped probes and flat discs were
made by polymerizing the precursor solution in polyolefin molds with a 2 mm
radius of curvature or between two parallel polystyrene plates with a gap height
of 5 mm, respectively. Both molds had an average surface roughness of R. = 20
nm. The probes and discs were equilibrated in individual containers with
water/ethanol solutions (0, 12, 20, 25, 32, 35, 50, 75, and 100 vol.% ethanol) for

at least 48 h prior to testing.

6.2.2 Swelling Experiments

Twenty-two pHEMA discs (10 mm diameter, 5 mm thickness) were
prepared following the methods above and equilibrated in sealed vials of
water/ethanol solutions (0 to 100 vol% EtOH) at room temperature. After
swelling for 48 h, the final sample dimensions (V) were compared to initial
volume measurements after polymerization (I,), and the volume change was

calculated using Eqn. 6.1.

-1
volume change (%) = 7 x100 Egn. 6.1
p

6.2.3 Mesh Size Calculations
The mesh size was estimated using the model developed by Peppas et al.

(Egn. 2.12, reproduced below):™!

= vy (F)Y? Eqgn. 2.12
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As discussed in Sections 2.4 and 2.5, the mesh size can be calculated using the
polymer volume fraction after swelling (v, ), which can be estimated from the

volume change of the pHEMA gels during swelling as:

Uy

"2 T /v

Eqgn. 6.2

where v, is the polymer volume fraction after polymerization and is the ratio of
the dried polymer volume to the hydrogel volume after polymerization (Eqgn.
2.17). Based on the crosslinking concentration of the pHEMA hydrogels herein
(0.3 wt.%), the end-to-end distance, (7)!/2, can be estimated as ~ 15 A. This
value does not change with swelling, so the mesh size can be calculated by

combining Eqn. 2.12 and Eqn. 6.2:

e= v, (/) v Eqn. 6.3

2,r

6.2.4 Friction & Indentation Measurements

All tribological experiments of pHEMA hydrogels were performed in the
self-mated (“Gemini”) configuration with a hemispherically-capped pHEMA
probe (radius of curvature, R = 2 mm) sliding against a flat pHEMA disc. An
average normal load of F, = 1 mN and sliding speed of v = 100 pm/s was
applied. A stroke length of 2 mm was used for all experiments, except the 12 -
30 vol.% ethanol samples which required a stroke length of 5 mm due to

excessive friction. For a more detailed description of the tribological
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measurements, see Section 4.3. Indentation experiments were also conducted
in the Gemini configuration. A maximum applied load of F, = 1.5 mN and
indentation velocity of 1 um/s was used. The maximum force of adhesion, Faa,
was calculated following the method described by McGhee et al.?® For more
details about indentation measurements, see Section 4.4. All experiments were

performed fully submerged in their respective water/ethanol solution.

6.3 Swelling

The swelling behavior of pHEMA is greatly impacted by the ratio of water
and ethanol, as demonstrated by the volume change with increasing ethanol
concentration (Figure 6.2a). As the gels swelled, polymer volume fraction
decreased (v, ) (Figure 6.2b), solution volume fraction increased, and mesh size
(&) increased (Figure 6.2c). Maximum swelling and solution viscosity?*¢ was

achieved at 65 vol.% EtOH (Figure 6.2d).
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Figure 6.2 Swelling behavior of pHEMA gels after 48 h in water/ethanol solutions. (a) Volume
change of pHEMA gels as a function of ethanol (EtOH) concentration and normalized such that
there was no volume change at 0 vol.% EtOH. (b) Swollen polymer volume fraction, v, as a
function of ethanol concentration. (c) Calculated mesh size based on swelling measurements. (d)
Solution viscosity for the water/ethanol solution as a function of ethanol concentration. Viscosity
data was taken from L. Khattab et al., Korean J. Chem. Eng., 29, 2012.2¢

6.4 Friction & Adhesion

Friction coefficients of the amphiphilic pHEMA gels in Gemini contact were
very sensitive to ethanol concentration (Figure 6.3a). In pure water (0 vol.%
EtOH), p = 0.35. However, just increasing the ethanol concentration to 12 vol.%
produced an order of magnitude jump in friction (u > 4). As ethanol

concentration increased further, the friction coefficient decreased
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monotonically, dropping to p = 0.02 at 50 vol.% EtOH and staying low up to 100
vol.% EtOH.

The high friction coefficients (u > 1) at low ethanol concentrations indicate
that there may be adhesive contributions to the friction coefficient; therefore,
the force of adhesion was measured in Gemini contact. Adhesion followed the
same trend as the friction coefficient, with adhesion drastically increasing
(Fadh = 650 pN) at 12 vol.% EtOH but then monotonically decreasing with higher

ethanol concentrations and reaching a minimum at 50 vol.% EtOH (Figure 6.3c).
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Figure 6.3 (a) Friction coefficient as a function of ethanol concentration for Gemini pHEMA
hydrogels with inset displaying a loop for the lowest friction coefficient (u =~ 0.025) at 75 vol.%
EtOH. Maximum friction was achieved at 12 vol.% EtOH with the lowest friction occurring at
> 35 vol.% EtOH. Soft-EHL is denoted with a dotted line. (b) Friction coefficient as a function of
viscosity/mesh size. The corresponding ethanol concentration is labeled above each data point.
() Maximum force of adhesion as a function of ethanol concentration. Maximum adhesion of
650 uN was also achieved at 12 vol.% EtOH. The inset presents the maximum force of adhesion
in a semi-log plot.

One possible dissipation mechanism for this system is fluid shearing and
penetrating through both gel surfaces at a depth on the order of a mesh size,
where shear stress (1) scales with viscosity (1) and mesh size as t~nv/(2¢).
However, when the friction coefficient is plotted as a ratio of the viscosity to

mesh size, there is no clear correlation (Figure 6.3b). Another possible
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mechanism is soft-elastohydrodynamic (soft-EHL) lubrication. As briefly
mentioned in Section 3.1, soft-EHL was developed by Hamrock and Dowson to
describe the lubrication of gels.””® This model consistently predicted friction
coefficients below p = 0.002, shear stresses below 10 Pa, and film thicknesses
on the order of 30 nm for the pHEMA gels, all of which are an order of magnitude
lower than the experimentally observed friction coefficients for Gemini pHEMA
gels in contact at low sliding speeds. Therefore, it is unlikely that the tribological

behavior of the pHEMA gels herein can be explained by soft-EHL.

6.5 Proposed Solvophilic Transition

The pendent hydroxyl groups and polarity of the methacrylic ester groups
provide pHEMA with its hydrophilic properties while the less polar aliphatic
regions along the backbone make pHEMA inherently amphiphilic. Even as
uncrosslinked polymer chains in solution, pHEMA is not fully water soluble due
to the inter- and intramolecular hydrophobic associations of the aliphatic regions
in the backbone of the polymer.?¢” However the addition of water-miscible alkyl
alcohol to solution can dissociate these hydrophobic interactions and lead to
more swelling, as demonstrated in Figure 6.2a. We therefore propose that the
solvent-induced transition in inter- and intra-gel associations are responsible for

the swelling and tribological behavior of pHEMA gels.
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In pure water (0 vol.% EtOH), moderate friction and very little adhesion was
observed for the Gemini pHEMA gels, which is indicative of a highly hydrophilic
surface. This implies that the pHEMA chains are orientated in such a way to
selectively present the pendent hydroxyl groups at the interface while the
hydrophobic aliphatic regions associate below the surface (Figure 6.4a).

When a small concentration of ethanol is added to the solution, both
friction and adhesion drastically increase. The addition of ethanol leads to partial
dissociation and plasticization of the hydrophobic-associated domains, which
allows enough chain mobility for the hydrophobic domains to orient towards the
gel surface (Figure 6.4b). This is consistent with the work of Li et al. who found
that solvent interactions and chain segment motion impacted hydrogel
adhesion.?® We therefore propose that during contact, the exposed
hydrophobic regions on both pHEMA surface will spontaneously de-wet?? and
form strong hydrophobic/hydrophobic interactions, leading to the observed
high friction and adhesion. The maximum friction coefficient and adhesion for
Gemini contacts of pHEMA were observed at 12 vol.% EtOH, which was the
lowest concentration of ethanol tested above pure water. We hypothesize that
there was just enough ethanol for the partial dissociation of the sub-surface
hydrophobic domains but not enough to completely passivate these regimes.

As the ethanol concentration increased, friction and adhesion

monotonically decreased. With increased concentration, the alkyl regions of the
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ethanol can associate with the aliphatic regions of pHEMA and effectively coat
the chains with a hydroxyl-presenting surface (Figure 6.4c), promoting
hydrophilicity and leading to increased swelling and mesh size (Figure 6.3a and
Figure 6.3c).
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Figure 6.4 Proposed chain configurations for Gemini pHEMA hydrogels swollen in water/ethanol
solutions. (a) In pure water (0 vol.% EtOH), the pHEMA chains selectively present the hydrophilic
pendent hydroxyl groups to the aqueous solvent while the aliphatic hydrophobic backbones
associate via inter- and intra-chain associations. (b) At intermediate concentrations of ethanol,
the ethanol selectively solvates and plasticizes the hydrophobic domains of pHEMA. Due to low
ethanol concentration, passivation is incomplete and leads to chain-chain interactions within the
gel and across the interface, causing high friction and adhesion. (c) At high ethanol
concentration, the remaining hydrophobic domains are passivated, lowering friction due to a
reduction in interfacial interactions between polymer chains.

6.6 Timescale of Hydrophobic Association

The timescale of this functional group and chain reorientation is much
longer than the short dynamics of friction and adhesion measurements and must
have occurred during the long equilibration process (> 48 h). Therefore, when
conducting friction and adhesion measurements, the surface chemistry and
optimal chain orientation has already been locked in place, allowing us to
observe this solvophilic transition.

While low friction and low adhesion and high friction and high adhesion
were observed for the pHEMA gels equilibrated in high ethanol and low ethanol
solutions, respectively, the gels equilibrated in pure water experienced
moderate friction and low adhesion. This curious result may be explained
through kinetics. To explore the role of kinetics directly, pHEMA gels in Gemini
configuration were submerged in water and placed in contact for varying
amounts of time ranging from ~1 s to ~100,000 s. The adhesion force increased
monotonically with contact time as displayed in Figure 6.5a. For the pHEMA

gels swollen in pure water, the polymer chains may be oriented in such a way
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that the hydrophilic hydroxyl groups are exposed at the surface with the
hydrophobic regions hidden in the interior. In order for new
hydrophobic/hydrophobic interactions to form at the interface, the chains need
to spontaneously break the interior hydrophobic associations and reorient so the
hydrophobic domains are at the surface for a sufficient amount of time to match
with a hydrophobic domain on the countersurface that has undergone the same

process. Unsurprisingly, this process is slow and has a very low probability of
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Figure 6.5 Force of adhesion for Gemini pHEMA gels submerged in water. (a) Force of adhesion
as a function of contact time. At short contact times (< 10 s), the force of adhesion is less than
0.4 mN. As contact time increased, adhesion increased. (b) Linear fitting of the natural log of the
normalized force of adhesion as a function of contact time to estimate the rate constant.

Assuming first order kinetics, the fractional coverage of hydrophobic interactions
(8) across the interface is zero at time zero (8 = 0 at t = 0), and that once a

hydrophobic/hydrophobic association is formed it will remain intact until the
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force of adhesion separates the chains during unloading, the fractional coverage

of bonds as a function of time can be written as:

de

- — Egn. 6.4
R k(1-6) q
=1—e" Eqgn. 6.5

where k is an exponential decay constant. It can be assumed that each chain
within a single mesh could be involved in one hydrophobic association.
Therefore, the number of hydrophobic interactions, N, can be estimated by
dividing the projected contact area (4,) by the projected area of one mesh size

(ré?) and multiplying this by the fractional coverage of bonds (Egn. 6.6).

N = (4o/(mE?) (1 - e7*0)) Eqn. 6.6
The force of adhesion, F.a, can be assumed to be proportional to the number

of hydrophobic associations, N, and the time dependent force:

Faan = Fy + (Fo — F)(1 — ™) Eqgn. 6.7
where F, is the adhesion force at time zero and F, is the adhesion force for

complete saturation of the hydrophobic interactions at the surface (i.e., 8 = 1).

The force of adhesion can be normalized as:

(Faan — Fo)

o _ -kt
F = o F) (1—e) Eqgn. 6.8
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Eqn. 6.8 can be rearranged to plot the natural log of 1 minus the normalized
force of adhesion, In (1 —F) as a function of contact time () to fit for the
exponential decay constant, k. As shown in Figure 6.5b, k =-1.3 x 10° s, which
suggests that the time constant for this process, 1/k, is on the order of ~80,000 s.
This is consistent with the expected slow evolution of the gel surfaces that
requires the hydrophobic regions of the surface chains to randomly reorient
themselves and then associate with an opposing hydrophobic domain on the
countersurface.

Based on the apparent area of contact, 4,~ 0.5 mm?, and the estimated
area of one mesh size, mé? ~ 10 nm?, the number of hydrophobic interactions
could be on the order of N = 5 x 10'°. Assuming a saturation force of F,= 25
mN, the force for each interaction is on the order of 0.5 pN, which is within the
range of expected forces for weak bonds and short-ranged hydrophobic

interactions.

6.7 Concluding Remarks

These experiments explore the solvophilic transition of amphiphilic pHEMA
gels in Gemini contact swollen in water/ethanol solutions. Below the solvophilic
transition, the Gemini pHEMA gels had high friction and high adhesion; above
the solvophilic transition, the gels had low friction and low adhesion. We

hypothesize that this transition is driven by the amphiphilic nature of pHEMA
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and the mixture of polar and nonpolar solvent molecules. Below the solvophilic
transition, the aliphatic ethanol selectively solvates and plasticizes some
hydrophobic domains of pHEMA to allow for chain mobility and reorientation.
But this incomplete passivation exacerbates chain-chain hydrophobic
interactions across the Gemini interface, leading to high friction and adhesion.
As the solution becomes more ethanol-rich, the alkyl regions of ethanol can
associate with the aliphatic regions of pHEMA, effectively coating the chains with
hydroxyl groups, which decreases hydrophobic interactions and promotes
swelling, leading to a decrease in friction and adhesion. By controlling the
polarity of the solvent, we were able to tune friction coefficient and adhesion an
order of magnitude. In the next chapter, we will discuss tuning the friction of

hydrogels with pH rather than solvent polarity.
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7  CHAPTER 7: PH-RESPONSIVE HYDROGELS

Poly(acrylamide-co-acrylic acid) (P(AAm-co-AA)) hydrogels are highly
tunable and pH-responsive materials frequently used in biomedical applications.
The swelling behavior and mechanical properties of these gels have been
extensively characterized and are thought to be controlled by the protonation
state of the acrylic acid (AA) through the regulation of solution pH. Yet their
tribological properties have been underexplored. In this chapter, we
hypothesize that electrostatics and the protonation state of AA will also drive the
tribological properties of these polyelectrolyte gels. P(AAm-co-AA) hydrogels
were prepared with constant acrylamide (AAm) concentration (33 wt.%) and
varying AA concentration to control the amount of ionizable groups in the gel.
The monomer:crosslinker molar ratio (200:1) was kept constant. Hydrogel
swelling, stiffness, and friction behavior were studied by systematically varying
the acrylic acid (AA) concentration from 0 — 12 wt.% and controlling solution pH
(0.35, 7, 13.8) and ionic strength (I = 0 or 0.25 M). The stiffness and friction
coefficient of bulk hydrogels were evaluated using a microtribometer and
borosilicate glass probes as countersurfaces. The swelling behavior and elastic
modulus of these polyelectrolyte hydrogels were highly sensitive to solution pH
and poorly predicted the friction coefficient (u), which decreased with increasing
AA concentration. P(AAm-co-AA) hydrogels with the greatest AA concentrations

(12 wt.%) exhibited superlubricity (u = 0.005 + 0.001) when swollen in

137



unbuffered, deionized water (pH = 7, I = 0 M) and 0.5 M NaOH (pH = 13.8, | =
0.25 M) (u = 0.005 = 0.002). Friction coefficients generally decreased with
increasing AA and increasing solution pH. We postulate that tunable lubricity in
P(AAm-co-AA) gels arises from changes in the protonation state of acrylic acid

and electrostatic interactions between the probe and hydrogel surface.

This chapter was reproduced in part with permission from:™"
Chau, A.L., Getty, P.T., Rhode, A.R., Bates, C.M., Hawker, C.J., and Pitenis,
A.A., Superlubricity of pH-Responsive Hydrogels in Extreme Environments.

Frontiers in Chemistry, 10, 891519, 2022.
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7.1 Introduction

The term “superlubricity” was first coined by Hirano and Shinjo in 1993
while studying the friction between two mica sheets.?’? They theorized that the
friction forces between two crystalline materials could be eliminated through the
cancellation of opposing forces created by atomic lattice mismatches. Over time,
the term “superlubricity” was adopted to describe the tribological behavior of
any material system where the friction coefficient (u) was less than 0.01.21-273
However, this value is not universally agreed upon. For soft materials, a more
demanding threshold of y < 0.005 is often used to denote superlubricity,?*>%7*
which will be adopted herein.

Hydrogels are often used as anti-biofouling materials and coatings for
biomedical devices that require low friction interfaces such as catheters.?”> In
many of these cases, polyelectrolyte and polyzwitterionic polymer brush systems
are used to achieve the desired ultra-low friction coefficients.?’¢?”? Gong et al.
demonstrated that the length of surface-grafted polyelectrolyte polymer brushes
can be varied to tune friction and achieve superlubricity?®® while Spencer et al.
synthesized a superlubricious double-network hydrogel by grafting
polyelectrolyte polymer chains from the surface, obtaining friction coefficients in
the range of 0.001 — 0.004.28" Rudy et al. covalently attached an entangled
network of poly(acrylamide-co-acrylic acid) polymer chains to PDMS, achieving

a friction coefficient of y = 0.003 « 0.005 in PBS solution.?®? Superlubricity has

140



also been demonstrated in bulk hydrogels. Bulk hydrogels with depth-wise mesh
size gradients with & = 50 nm at the surface have exhibited superlubricity
(b~ 0.001) in sliding contact with hydrogel probes.?® Wang et al. synthesized
zwitterionic copolymer hydrogels that achieved superlubricity (u = 0.002) in
water with sapphire countersurfaces and attributed the ultra-low frictional
behavior to hydration lubrication caused by the formation of hydration layers
surrounding the charges of the zwitterionic copolymers.?’?

The structural tunability of hydrogels through temperature- or pH-induced
swelling is another attractive quality, especially in the design of sensors®2®*and
drug delivery capsules.*>** Poly(acrylic acid) (PAA) is a well-known pH-sensitive
polyelectrolyte and is often copolymerized with other polymers such as
poly(vinyl alcohol) (PVA)*®* or poly(acrylamide) (PAAm)?®2% for greater
mechanical strength. The effects of solution pH and ionic concentration on the
swelling properties of PAA-based hydrogels have been thoroughly studied.
73123130.287-293 Swelling increases when the pH of the solution exceeds the pK, of
PAA (=~ 4.7) due to the deprotonation of the carboxylic acid groups in acrylic
acid.?”*The formation of these negatively charged carboxylate ions (COO-) leads
to electrostatic repulsion between polymer chains, which increases the hydrogel
swelling capacity and mesh size.’™7'2%3 Conversely, when pH drops below the
pK: or if salt is added, swelling decreases.'8:287 This swelling, in turn, leads to

changes in the stress relaxation behavior of the gel.”
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Notably, there have been few investigations studying the impact of solution
pH on the tribological properties of bulk polyelectrolyte gels. Han et al. showed
that thin (~um) multilayered devices composed of PAA and poly(allylamine
hydrochloride) (PAH) swelled at low pH and exhibited lower friction as solution
pH decreased.??* Ma et al. recently controlled the friction coefficient of PAA
nanohydrogel brush systems by changing the solution pH in situ.?> Additionally,
the pH range used to test the tunability of these polyelectrolyte systems is often
limited between 1 and 12. To our knowledge, there have been no studies
observing the effects of extremely acidic (pH < 1) or extremely basic (pH > 10)
conditions on the mechanical characteristics of polyacrylamide-co-acrylic acid
(P(AAm-co-AA)) hydrogels. Despite several in-depth studies examining the
effects of pH on the swelling dynamics and mechanics of such polyelectrolyte
gels, there are no systematic studies connecting solution pH and acrylic acid
concentration to tribological properties. In this work, P(AAm-co-AA) hydrogels
were synthesized with varying AA concentrations (0 — 12 wt.%) and swollen in
solutions of varying pH (0.35, 7, 13.8) and ionic strength (I = 0 or 0.25 M) with
the goal of tuning the friction coefficient and achieving superlubricity. The
changes in swelling and stiffness in response to extreme pH were also studied
for these polyelectrolyte gels. Superlubricity was achieved in the P(AAm-co-AA)

hydrogels with highest AA concentration (12 w.%) in deionized water and NaOH.
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7.2 Materials & Methods
7.2.1  Hydrogel Synthesis

Poly(acrylamide-co-acrylic  acid)  hydrogels  (P(AAm-co-AA))  were
synthesized via free-radical polymerization. Stock solutions of acrylamide (AAm)
(1 g/mL), N,N-methylenebisacrylamide (MBAm) (25 mg/mLl), ammonium
persulfate (APS) (50 mg/mL), and N,N,N’,N'-tetramethylethylenediamine
(TEMED) (50 mg/mL) were prepared in ultrapure water (Q = 18.2 MQ-cm). The
final AAm concentration of all P(AAm-co-AA) hydrogels was 0.5 g/mL
(corresponding to 33 wt.%). The molar ratio of AAm:AA was controlled by
adding uninhibited acrylic acid (AA) (neat) to the pre-polymerized solution. Six
different molar ratios of AAm:AA (1:0, 100:1, 20:1, 15:1, 10:1, and 7.5:1) were
synthesized, correspondingto 0, 1, 5, 6, 9, and 12 wt.% AA of the total monomer
concentration. All hydrogels will be referenced as P(AAm-co-AA)-x, where x
represents the wt.% of AA, or by the concentration of AA in wt%. The
monomer:crosslinker molar ratio was maintained at 200:1 for all hydrogel
samples (Figure 7.1). The pre-polymerized solutions were deposited between
two flat polystyrene plates (surface roughness, R, = 20 nm) in ambient air and
polymerized at room temperature (23°C) for a maximum of 2 h. Hydrogel
sections (16 or 24 mm diameter) were equilibrated in either unbuffered
deionized (DI) water (18.2 MQ-cm) (pH =7, I = 0 M), 0.5 M HCI (pH = 0.35, | =

0.25 M), or 0.5 M NaOH (pH = 13.8, | = 0.25 M). The hydrogels equilibrated in
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DI water for at least 72 h before testing while separate hydrogel samples
equilibrated in either HCI or NaOH for at least one week (Figure 7.6). The
molarity of the NaOH solution was chosen to ensure complete (100%)
neutralization (deprotonation) of all AA units in the hydrogel using the following

formula (Egn. 7.1):%%

n (base)
DN = ——— x 100% Eqgn. 7.1
n (ionizable monomer)

where DN is the degree of neutralization (%) and n is the number of moles. The
same principle was applied when determining the molarity of the HCI solution

to ensure complete protonation of all AA.
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Figure 7.1 (a) Chemical structures of the monomers (acrylamide and acrylic acid) and crosslinker
(N,N'-methylenebisacrylamide) (navy circle). The molar ratio of acrylamide to acrylic acid
monomers varied from 1:0, 100:1, 20:1, 15:1, 10:1, and 7.5:1, corresponding to O, 1, 5, 6, 9, and
12 wt.% AA of the total monomer concentration. The monomer-to-crosslinker molar ratio of
200:1 was kept constant across all AA concentrations. (b) Representative P(AAm-co-AA)
hydrogel network microstructures depicting the expected protonation state and interaction
between polymer chains within the network as a function of solution pH. When the pH of the
solution is less than the pK; of the hydrogel, the acrylic acid should be protonated (denoted by
red). When the pH > pK;, the acrylic acid should become deprotonated and negatively charged
(denoted by blue), increasing electrostatic repulsion between polymer chains and increasing the

mesh size.
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7.2.2 Swelling Measurements

Hydrogels were equilibrated in unbuffered DI water (pH = 7, | = 0 M),
0.5 M HCI (pH = 0.35, I = 0.25 M), or 0.5 M NaOH (pH = 13.8, | = 0.25 M) for at
least four weeks to ensure equilibrium swelling was reached. The gels were
sectioned with a 6 mm diameter circular punch and then weighed (ms) using a
Mettler Toledo XPR105DR analytical balance (repeatability £ 15 pg). Lens paper
was used to gently wipe away excess liquid from the hydrogel surface before
weighing. Samples were then dried in a vacuum oven for 10 days at 60 °C and
weighed to obtain their dry mass (md). The water content (%) was calculated
using Eqn. 7.2.'* The reported water contents are average values and standard

deviation from three samples unless otherwise stated.

m,—m
STU‘ x 100% Eqn. 7.2

S

water content (%) =

7.2.3 Microindentation & Friction Measurements

Tribological experiments and microindentations were conducted as
outlined in Section 4.3 and Section 4.4. An optical profilometry trace of the
glass probe can be found in Figure 7.7. Representative indentation curves and
friction force loops are displayed in Figure 7.2b and Figure 7.2c, and

representative Hertzian fits of the approach curve can be found in Figure 7.8.
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Figure 7.2 (a) Schematic depicting the custom-built linear reciprocating tribometer used for
indentation and sliding experiment. The glass probe, with a radius of curvature R, is mounted to
a double-leaf cantilever, which deflects in response to indentation and sliding. Capacitance
probes measure the normal and tangential displacements of the cantilever, converting them into
normal and friction forces. For indentation experiments, a defined normal force, F,, is applied to
the sample at a specified indentation velocity, vi.a. During sliding experiments, the sample stage
displaces linearly at a defined sliding velocity, v, while applying a normal force, F.. The inset
shows the area of contact between the probe and hydrogel, denoted by the contact area
diameter, 2a. The indentation depth of the probe into the gel is denoted by d. (b) Representative
indentation curve for the P(AAm-co-AA)-12 hydrogel at pH = 7. A maximum applied normal
force of F, = 1.5 mN is applied to the hydrogel at an indentation velocity of vina = 10 um/s. Using
Hertzian contact mechanics, the reduced modulus, E*, is estimated by fitting the slope of the
approach curve from the point of contact to F, = 1 mN. (c) Representative friction force loop for
the P(AAm-co-AA)-12 hydrogel at pH = 7 for one reciprocating cycle at an applied normal force
of F, = 4 mN and sliding velocity of v = 100 um/s. Friction forces for each cycle are calculated
by analyzing the middle 25% of the sliding path (light gray area). The friction coefficient of this
individual cycle is p = 0.005. To calculate the average friction coefficient for each hydrogel, the
friction coefficients from 25 cycles are averaged.

7.3 Results & Discussion

P(AAm-co-AA) hydrogels with varying AA concentrations (0 — 12 wt.%) were
placed in three solutions (0.5 M HCI, unbuffered DI water, 0.5 M NaOH) with pH
(0.35, 7, 13.8) ranging below and above the pK, of the copolymer hydrogel
(oK. = 4.5)'?® to alter the protonation state of the AA. We expected that all the
AA was protonated while in HCl and deprotonated while in NaOH (Egn. 7.1,
Section 7.6.6. Since unbuffered DI water has no added counterions, | = 0 M.
Water content, reduced elastic moduli (E*), and friction coefficients (u) of the
gels were compared as a function of AA concentration and pH. For all
measurements, the averages and standard deviations were reported for three
gels at each condition unless otherwise stated. Figure 7.1b schematically
depicts the expected protonation state and interactions between polymer chains

within the P(AAm-co-AA) hydrogel network as a function of the solution pH.
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7.3.1  Swelling & pH

Swelling in hydrogels is often measured with different metrics (Table 2.1)
as discussed in Section 2.3. Water content, which represents the amount of
solution absorbed by the gel in its fully swollen state,’®* was used to quantify
swelling in our work (Figure 7.3a). Previous swelling studies of P(AAm-co-AA)
hydrogels have demonstrated that swelling increases with increasing pH and
acrylic acid concentration due to an increase in electrostatically repelling

carboxylate ions caused by AA deprotonation.’3123:130,287,290.291
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Figure 7.3 (a) Water content (%) and (b) reduced modulus, E*, as a function of AA concentration
at pH = 0.35 (red squares), pH = 7 (black circles), and pH = 13.8 (blue triangles). At pH = 0.35,
the water content monotonically decreased and E* increased with increasing AA as expected. In
Dl water, the swelling ratio increased with the addition of 1 wt.% AA and then slightly decreased
with increasing AA wt.%. E* followed the same trend, decreasing at higher AA concentrations.
At pH = 13.8, the water content and E* stays relatively constant with increasing AA concentration
at 90 — 91% and 92 — 119 kPa respectively. The dashed lines are guidelines and not meant to
indicate a fit. For E*, each data point is an average of three samples (n = 3) with error bars as the
standard deviation. For the water content measurements, n = 3 except for the following samples

where n = 2: 9 wt.% AA in NaOH and 1 wt.% AA, 6 wt.% AA, 9 wt.% AA, and 12 wt.% AA in DI
water.

As expected, water content increased with increasing pH for all AA

concentrations except for the P(AAm-co-AA)-0 hydrogel, where water content

150



was 87% at both pH = 0.35 and pH = 7, indicating that in its fully swollen state,
roughly 87% of the hydrogel mass was due to water while the remaining 13%
was polymer. It is reasonable that the water content stayed constant for the
P(AAm-co-AA)-0 hydrogels at these pH values because there were no ionizable
carboxylic acid groups present in the gels. However, increasing AA
concentration at pH > pK, did not lead to an increase in water content as
expected. The P(AAm-co-AA) hydrogels in DIl water (pH = 7, I = 0 M) had a water
content that fluctuated between 87 — 90% from 0 to 12 wt.% AA. Similarly, when
swollen in NaOH (pH = 13.8, | = 0.25 M), the water content stayed relatively
constant between 90 — 91%. In contrast, the water content decreased
monotonically from 87 = 0.5% to 79 + 0.2% as AA concentration increased for
the hydrogels swollen in HCl (oH = 0.35, | = 0.25 M), which was expected due
to greater amounts of hydrogen bonding between the protonated carboxylic
acid and amide groups.

One possible reason for this discrepancy for the gels in NaOH was the
presence of excess sodium counterions (Na*). Since the molarity of the NaOH
solution was chosen to ensure complete deprotonation of all AA monomers,
there was a stoichiometric excess of Na* counterions in solution. Polyelectrolyte
gels swell due to osmotic pressure from the counterions trapped within the
network that ensure network electroneutrality.??”2%® If there is an excess of

counterions outside the network within the solution, this may reduce the osmotic
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pressure driving swelling. Additionally, the ionic strength of the solution has
been shown to decrease swelling due to charge screening, reducing repulsion
between polymer chains.’?*'?* One way to test this conjecture is to increase the
ionic strength in DI water through the addition of a salt, such as NaCl, to observe
any potential effects of charge screening on swelling. Another factor that may
be influencing this AA concentration independence is crosslink degradation.
Since MBAm is the crosslinker used in these P(AAm-co-AA) hydrogels, the amide
is susceptible to attack in these extremely basic conditions. This could lead to
the hydrolysis of the amide groups,®’ decreasing the effective crosslinking
density and forming additional acrylic acid groups (Figure 7.11 and Figure
7.12). If crosslinks are breaking, this could overpower any differences caused by
increasing AA concentration. One confirmation of this hypothesis is the increase
in water content of the P(AAm-co-AA)-O hydrogel at pH = 13.8 (91 + 0.2%),
despite the lack of AA.

For the hydrogels in Dl water, the slight decrease in swelling with increasing
AA concentration may be explained by an increase in total polymer
concentration with the addition of AA (Section 7.6.8, Table 7.3). The total
polymer concentration before swelling increased from 33 wt.% for P(AAm-co-
AA)-0 to 36 wt.% for P(AAm-co-AA)-12. Therefore, changes in swelling due to
increasing AA concentration may be masked by the changing initial polymer

concentration.
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7.3.2 Hydrogel Elastic Modulus & pH

The average reduced elastic modulus, E*, for the P(AAm-co-AA) hydrogels
at each pH were obtained through microindentations along three different
positions and averaged across three separate samples (Figure 7.3b). Prouvé et
al. demonstrated that the elastic modulus of P(AAm-co-AA) hydrogels decreased
with increasing AA concentration due to an increase in swelling.”® Therefore, the
elastic modulus should be dependent on swelling and decrease with increasing
water content.

For the P(AAm-co-AA) hydrogels at pH = 0.35, E* increased from
134 £ 5 kPa at O wt.% AA to 218 + 29 kPa at 12 wt.% AA. This can be attributed
to an increase in hydrogen bonding between carboxylic acid (-COOH) and
amide (-CONH,) groups??3%:3" due to a decrease in water content (87 = 0.5%
to 79 = 0.2%). E* stayed relatively constant with increasing AA wt.% (106 * 21 —
119 = 5 kPa) for the hydrogels at pH = 13.8, corresponding with their uniform
water content (?0-91%). However at pH = 7, E* was approximately 200 kPa for
the P(AAm-co-AA) hydrogels with 0 - 6 wt% AA but decreased to
E* = 133 £ 36 kPa with 9 wt.% AA. This deviates from the swelling results where
water content increased slightly with 1 wt.% AA and then monotonically
decreased.

As expected, the gels in NaOH (pH = 13.8, | = 0.25 M) have a lower

modulus than those in HCI (pH = 0.35, I = 0.25 M) for all AA concentrations due

153



to greater swelling. Hence, it is perplexing that the gels in DI water (pH = 7,
I =0 M) exhibited the highest moduli at low AA concentrations, despite
experiencing similar swelling behavior as the NaOH samples. One possible
explanation is the gels in DI water swelled so much due to electrostatic repulsion
between carboxylate ions that the chains extended and became rigid, which has
been observed for various polyelectrolyte hydrogels.26:277:302303 However in all of
these studies, the gels exhibited this non-Gaussian behavior and extensibility at
higher ionic molar ratios of the charged species (>15 mol.%) than those explored
here. Additionally, we observe that E* decreases with higher AA wt.% in DI
water, so it is unlikely that chain stiffening due to electrostatic repulsion is
occurring. Alternatively, others have hypothesized that effective crosslinking
density decreases with increasing charge density for many polyelectrolyte
hydrogels,?73% which may explain why we observe a decrease in E* with
increasing AA concentration. But if this were the case, the swelling results would
have reflected this crosslinking density decrease by increasing in water content
with AA wt. %, which is not what was observed.

Another factor that may be influencing the elastic modulus of these gels is
degradation caused by the extremely corrosive conditions of 0.5 M HCI
(pH =0.35) and 0.5 M NaOH (pH = 13.8). As previously mentioned, the
crosslinker may be susceptible to hydrolysis at pH 13.8, decreasing the effective

crosslinking density. Not only would this reduce the modulus compared to those
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in DI water, but it would also explain why there was not a significant change in
E* with increasing AA wt.% for the gels in NaOH. This hypothesis is plausible
since it was observed that swelling significantly increased when the hydrogels
equilibrated in basic conditions were placed in DI water (Figure 7.12), implying

that crosslinks may have broken during the initial swelling in NaOH.

7.3.3  Superlubricity in Extreme Environments

The average friction coefficient for the P(AAm-co-AA) hydrogels were
calculated over 25 sliding cycles at F, = 4 mN. The effects of solution pH on the
friction coefficients are shown in Figure 7.4a. By just altering the solution pH
and AA concentration, the friction coefficients of the P(AAm-co-AA) hydrogels
were tuned two orders of magnitude from p=0.17 £ 0.01 at pH = 0.35 (O wt.%
AA) to achieving superlubricity (1 = 0.005 = 0.001) at pH = 7 (12 wt.% AA). In all
pH conditions, the friction coefficients decreased with increasing AA
concentration. The friction coefficients also decreased with increasing pH across
all AA concentrations, except at 12 wt.% AA. These results are within the range
of values found by Ma et al., who observed tunable friction for pure polyacrylic
acid nanohydrogel brushes.?” At pH = 2, their PAA brushes exhibited friction
coefficients y = 0.3 - 0.4, while low friction (u < 0.01) was observed at pH = 12.2
Dehghani et al. also demonstrated similar pH-tunability for polyelectrolyte

brushes 3. However, we were able to demonstrate this tunability for a bulk
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hydrogel in both extreme and neutral pH conditions and achieved superlubricity
with just 12 wt.% AA. The effects of applied normal force and sliding velocity on

the tribological properties of P(AAmM-co-AA) hydrogels are described in Section

7.6.9.
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Figure 7.4 (a) Friction coefficient, y, for the P(AAm-co-AA) hydrogels as a function of AA
concentration plotted on a log-log scale. For all pH values, the friction coefficient decreased
with increasing AA concentration. Friction was the highest at pH = 0.35 (red squares) with 0 wt.%
AA (u=0.17 = 0.009) and decreased to py = 0.02 = 0.01 at 12 wt.% AA. The hydrogels with low
AA concentration (0 — 5 wt.% AA) had the lowest pin NaOH (blue triangles), but p was lower in
Dl water (black circles) at higher AA concentrations. Superlubricity was achieved for the P(AAm-
co-AA)-12 hydrogel in DI water (u = 0.005 + 0.0006) and NaOH (u = 0.005 + 0.002). The dashed
lines are guidelines and not meant to indicate a fit. Each data point is an average of three
samples (n = 3) with the error bars as the standard deviation. (b) Schematic depicting the surface
charge of the glass probe at pH = 0.35, 7, and 13.8. Since the friction coefficient is a systems
property and not an intrinsic material property, py depends on the properties of the
countersurface as well as the substrate. The surface charge of glass increases with increasing pH,
and the electrostatic repulsion between the carboxylate ions in the P(AAm-co-AA) hydrogels and
SiO~ ions in the glass probe may be contributing to the lower friction exhibited in DI water and
NaOH.

For charge-neutral hydrogels, such as polyacrylamide, there is a strong
correlation between the friction coefficient and mesh size, which is influenced by
water content. Scaling concepts™ and recent experimental investigations of

charge-neutral aqueous gels''? suggest that the elastic modulus (E) decreases
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with increasing swelling due to an increase in the mesh size (§) where E ~ §73; it
is therefore expected that less swollen hydrogels have greater stiffness due to a
smaller mesh size.”™® Additionally, previous reports have demonstrated that the
friction coefficient scales with the mesh size as p~ &1 for PAAm hydrogels
tested in a self-mated, Gemini configuration (where both the substrate and
countersurface are composed of PAAmM)."*® However as demonstrated by the
swelling, modulus, and friction coefficient results herein, these scaling
relationships do not extend to P(AAm-co-AA) hydrogels.

For charged polyelectrolyte hydrogels like P(AAm-co-AA), the correlation
between water content and friction coefficient is not as clear. Liu et al.
demonstrated that the friction coefficient of pure poly(acrylic acid) hydrogels
decreased with increasing water content.?* Conversely, Gong et al. postulated
that the friction coefficient of strongly charged polyelectrolyte gels swollen in
water has no dependence on water content.'® This is shown in our own results
across all pH conditions, where there is no clear trend between E* or py with water
content (Figure 7.14 and Figure 7.15). At pH = 0.35, p decreased with
increasing AA concentration despite the water content decreasing and stiffness
increasing with AA wt.%. Consequently, high water content and low elastic
modulus do not necessarily indicate low friction, and other mechanisms need to
be considered to understand the tribological behavior of the P(AAm-co-AA)

hydrogel.
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7.4 Possible Mechanisms of Superlubricity
7.4.1 Contributions of Electrostatics to Superlubricity

Electrostatic interactions have long been known to influence the
tribological properties of polyelectrolyte hydrogels. Gong et al. demonstrated
that the friction coefficients of polyelectrolyte hydrogels depend on their charge
density and the charge of the sliding countersurface.'2430¢37 \When the
countersurface and hydrogel have the same charge, friction decreases with
increasing surface charge density due to greater electrostatic repulsion between
the two sliding interfaces and the formation of a solvent layer.124272:306-309 Models
have been developed to predict the thickness of this fluid layer, which depend
on variables such as contact pressures and swelling ratios.'24310-314

For our experiments, borosilicate glass was used as the sliding
countersurface (Figure 7.4b). Previous studies have demonstrated that glass has
a negative surface charge density in water’”™ and that surface charge density
increases with increasing pH."”73% Since friction is a systems property and is
dependent on the countersurface material, having a negatively charged
countersurface such as glass will lead to electrostatic interactions between the
charged hydrogel surfaces.®® At pH = 0.35, neither the glass probe nor P(AAm-
co-AA) hydrogel should have any charge, justifying the high friction coefficients.
Conversely, at pH = 7 both the probe and hydrogel should be negatively

charged. Repulsion between these sliding interfaces would explain the reduction
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in friction across all AA concentrations. Therefore, the superlubricity and low
friction coefficients exhibited by P(AAm-co-AA) hydrogels in water may be
attributed to greater electrostatic repulsion between the glass probe and
hydrogel surface due to increasing negative surface charge with increasing AA
concentration. The further reduction in friction at pH = 13.8 can be rationalized
by the increase in negative surface charge on the glass probe due to the increase
in pH. However, crosslink degradation may be the dominant driving force for the
low friction coefficients exhibited by the P(AAm-co-AA) hydrogels in NaOH
(Figure 7.16). This would clarify why the P(AAm-co-AA) hydrogels with 0 wt.%
AA at pH = 13.8 possessed lower E* and p than their counterparts at pH = 7
supposedly being pH-insensitive due to lack of ionizable functional groups.™13%
However, this still does not explain the behavior of P(AAm-co-AA) at pH = 0.35,
which had the highest p across all AA concentrations. Therefore, other
mechanisms such as hydrogel microstructure may be contributing to the

tribological behavior of these P(AAm-co-AA) hydrogels.

7.4.2 Influence of Hydrogel Microstructure on Superlubricity

As demonstrated herein, solution pH plays an important role in the swelling
behavior, mechanics, and tribological properties of P(AAm-co-AA) hydrogels by
altering the protonation state of AA. Conversely, the pH of the pre-polymerized

solution significantly impacts the microstructure of copolymerized hydrogels.
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There have been many studies examining the effects of pH on the reactivity
ratios of acrylamide and acrylic acid monomers.3"7-32" While the actual values of
these reactivity ratios are highly dependent on the reaction conditions (e.g.,
temperature, pH, ionic concentration, monomer concentration, etc.), the
overarching trend is that the reactivity ratio of AAm (raam) increases while the
reactivity ratio of AA (raa) decreases with increasing pH.37:319.320

Since the pre-polymerized solution was not buffered, we observed that the
pH decreased with increasing AA concentration (Figure 7.17). Rintoul and
Wandrey predicted that raam < 1 and raa > 1 for the pH range of the pre-
polymerized solution (pH = 2.7 — 3.6).3%° Because the reactivity ratio of AA is
greater than unity, there may have been preferential clustering of AA during
copolymerization. Therefore, these P(AAm-co-AA) hydrogels likely do not have
a homogeneous distribution of AA monomers throughout the network and
instead may contain microscale regions of high AA concentration, which could

lead to heterogeneous charge distributions within the hydrogel (Figure 7.5).
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~10s nm

= crosslink

Figure 7.5 lllustration depicting possible clustering of AA (blue chains) within the P(AAm-co-AA)-
12 hydrogel network. Due to low pH during polymerization, the reactivity ratio of acrylamide is
less than unity, and the reactivity ratio of acrylic acid is greater than unity. Therefore, it is possible
that AA-rich regions formed within the hydrogel network during polymerization leading to
clusters of negatively charged domains, which may be partially responsible for superlubricity.
Regions circled in red represent possible regions of counterion condensation and entrapment.

Others have noted microstructural inhomogeneities even in
homopolymerized hydrogels.’” Zeldovich et al. developed a model for
inhomogeneous polyelectrolyte hydrogels with a heterogeneous distribution of
charges. They posited that this inhomogeneous clustering of charge leads to
counterion entrapment, prevents the counterions from contributing to the
osmotic pressure and becoming “osmotically passive”.?® If clusters of AA
regions within the P(AAm-co-AA) hydrogel formed, counterions may have
gathered around these AA pockets and become osmotically passive, possibly
clarifying the swelling behavior of the gels in NaOH. Recent investigations by
Deptula et al. for P(AAm-co-AA) hydrogels with 8 wt.% total monomer

concentration and > 20 wt.% AA demonstrated that AA-rich and AAm-rich
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domains formed under confinement,*?? further supporting this hypothesis. The
potential for AA clusters to exist in the network presents opportunities for future
investigations using advanced microscopic and spectroscopic techniques. The
contributions of potential AA cluster formation on the tribological properties of
P(AAm-co-AA) hydrogels remain to be established, yet we postulate that
negative charge clustering may lead to local repulsion between the hydrogel
surface and the glass probe and interesting tribological properties that require

further exploration.

7.4.3 Hydration Lubrication Often Leads to Superlubricity

For charged systems, hydration lubrication is often cited as a potential
mechanism for the observed low friction. Hydration lubrication is a lubrication
regime that can occur between charged, aqueous systems due to the formation
of hydration layers surrounding the charges.''-1%327232% \While the water
molecules within the hydration layer are strongly attached to their charges, they
are also dynamic, with the dipoles constantly fluctuating and the water molecules
within the hydration shell rapidly exchanging with those within the bulk. Due to
this mobility, these hydration shells fluidly shear when the applied shear rates
are less than the relaxation rates of the hydration shells.”"'?* Coupled with the
repulsion that occurs between hydration layers when in contact, hydration

lubrication leads to extremely low friction coefficients. Counterions can also play
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a role in friction reduction due to the short-range repulsion of their own
hydration shells.

Many of the studies observing hydration lubrication were accomplished
with mica substrates, which are molecularly smooth, coated with charged
polymer brushes under confinement. When the separation distance between
two charged polymer brush layers is smaller than the radius of gyration of the
polymer chains, shear occurs across the hydration layers rather than the brush
interface, reducing friction.’”'*# A more recent paper by Wang et al. also
attributed the superlubricity of their bulk polyelectrolyte hydrogel to hydration
layers.?”2

However, it has also been shown that anions are not as hydrated as cations
and are not as effective at providing hydration lubrication.’” Additionally,
studies of hyaluronan — aggrecan complexes that possess COO- groups and
OSOs™ groups have also shown that they have weak hydration layers that are not
strongly bound and are not efficient at hydration lubrication.??* Similarly, the
P(AAm-co-AA) hydrogels have COO- charged groups. Therefore, it is plausible
that hydration lubrication may be one aspect contributing to the superlubricity

demonstrated in our P(AAm-co-AA) hydrogels but not the only component.

163



7.5 Concluding Remarks

We demonstrated that poly(acrylamide-co-acrylic acid) (P(AAm-co-AA))
hydrogels achieved superlubricity by tuning the acrylic acid (AA) concentration
(0 - 12 wt.%), solution pH (0.35, 7, 13.8), and ionic strength (/= 0 or 0.25 M). The
swelling behavior and mechanical and tribological properties of these P(AAm-
co-AA) hydrogels were characterized.

In 0.5 M HCl (pH = 0.35, I = 0.25 M), the carboxylic acid groups remain fully
protonated, and the gels had the lowest water content and highest friction
coefficients across all AA concentrations due to hydrogen bonding between
carboxylic acid and amide groups. In 0.5 M NaOH (pH = 13.8, | = 0.25 M), the
carboxylic acids groups are fully deprotonated, and the gels had the highest
water content, lowest moduli, and lowest friction coefficients with 0 — 5 wt.% AA.
This molarity of NaOH was chosen to ensure complete deprotonation of the AA,
but extremely basic conditions may have had adverse effects on crosslinking
concentration through the hydrolysis of amides in the crosslinker. Hydrogels
equilibrated in unbuffered DI water exhibited the highest moduli despite having
high water content. The friction coefficient generally decreased with increasing
AA and increasing solution pH, as expected. Superlubricity was achieved with
12 wt.% AA in DI water and NaOH. The pH of the pre-polymerized solution may
affect the microstructure of the P(AAm-co-AA) hydrogels, and AA clusters may

form and induce inhomogeneous charge distributions. The contribution of this
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inhomogeneity to the tribological properties has yet to be explored, but we
postulate that tunable lubricity arises from changes in the protonation state of
acrylic acid and electrostatic interactions between the glass probe and hydrogel

surface.

7.6 Appendix

7.6.1  Swelling Measurements

0.5 M HCI Dl water | | 0.5 M NaOH
pH=0.35 pH=7 pH=13.8

"DU0D Y bulsealdul

increasing pH———»

Figure 7.6 Comparison of P(AAm-co-AA) hydrogels with varying AA concentrations swollen in
0.5 M HCI (pH = 0.35, I = 0.25 M), unbuffered DI water (pH =7, [ = 0 M), or 0.5 M NaOH (pH =
13.8, I = 0.25 M) after reaching equilibrium swelling (4 days). Before swelling, all hydrogels had
a diameter of 10 mm. Scale bar: 10 mm.
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7.6.2 Optical Profilometry of Glass Probe
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Figure 7.7 Optical profilometer trace of the hemispherical glass probe with radius of curvature
R = 2 mm used during microindentation and friction experiments for the hydrogels in NaOH and

HCI.

7.6.3 Microindentation Curves
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Figure 7.8 Microindentation curve for the P(AAm-co-AA)-0 hydrogel swollen in DI water with the
approach and retraction parts of the curve labeled along with the point of contact. The Hertzian
contact mechanics model (red) is fit to the approach curve up to F, = 1 mN.
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Figure 7.9 Representative indentation curves comparing the P(AAm-co-AA)-O hydrogels at
pH = 0.35 (red), pH = 7 (black), and pH = 13.8 (blue). There is not a monotonic decrease in the
modulus with increasing pH.

7.6.4 Minimum Film Thickness Calculations

To ensure that the friction coefficients were measured within the boundary
lubrication regime rather than the EHL regime, the sliding speed of v= 100 pm/s
and normal force of F, = 4 mN were carefully chosen. Using soft-
elastohydrodynamic lubrication theory developed by Hamrock and Dowson as
discussed in Section 3.1, the minimum fluid film thickness, hmin, for soft-EHL
lubrication was estimated to be between 9 — 17 nm using Eqn. 3.2, which was
lower than the combined surface roughness of the probe and hydrogel surface.
The minimum fluid film thickness was calculated by using the viscosity of water

Mo = 8.9 x 10*Pas), v= 100 um/s, F,= 1 and 4 mN, and E* = 100 and 240 kPa
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(the minimum and maximum measured E* for the P(AAm-co-AA) hydrogels).

Table 7.1 displays the resulting hmi, values.

Table 7.1 Minimum fluid film thickness values for the P(AAm-co-AA) hydrogels with the lowest
and highest reduced elastic moduli at the lowest and highest applied normal force.

E* =100 kPa | £* = 240 kPa

F=1mN 17 nm 12 nm
F=4mN 13 nm 9 nm

Since hmin was less than the estimated surface roughness of the hydrogels
(R. = 20 nm), there was likely contact between the hydrogel surface and probe,
indicating boundary-like lubrication. If hmi, was significantly greater than the
surface roughness of the hydrogel, then the measured superlubricity would be
more likely due to a thick fluid film layer rather than the chemical composition of
the hydrogel surface. At an applied normal force of 4 mN, the maximum pressure
during sliding ranged between 9 — 15 kPa, depending on E* of the P(AAm-co-
AA) hydrogel. Since E* scales with osmotic pressure and the applied contact
pressures are much lower than E*, it is unlikely that fluid flow or draining
occurred, suggesting that the friction coefficients measured are not due to fluid
flow or soft-EHL.™’

The track length was chosen so the distance was at least 4 times the contact
area diameter to ensure that the probe moved out of its initial contact area zone
when sliding. Table 7.2 shows the minimum track length necessary for applied

normal forces of 1 mN and 4 mN for hydrogels with reduced elastic moduli of
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100 kPa and 240 kPa. Hertzian contact mechanics was used to estimate the

contact area diameter, d (Eqn. 4.6).

Table 7.2 Minimum track length required to ensure that the sliding path is at least four times the
contact area diameter, assuming Hertzian contact mechanics.

F* =100 kPa | £ = 240 kPa
F=1mN 2.3 mm 1.7 mm
F, =4 mN 3.6 mm 2.7 mm

7.6.5 Friction Loops

0 wt.% AA
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Figure 7.10 Comparison of representative friction force loops as a function of pH for the P(AAm-
co-AA)-0 hydrogels. The forward and reverse directions of the friction loop are labeled. The
middle 25% of the loop (gray area) is used to calculate the friction coefficient. As pH increases,
the friction force decreases.

7.6.6 Henderson-Hasselbalch Equation
Rearranging the Henderson-Hasselbalch equation, the ratio of deprotonated

acrylic acid (47) to protonated acrylic acid (HA) is as follows:

A
R= ﬁ = 10(PH-PKa) Eqgn. 7.3
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The fraction of protonated AA can be estimated as fua = 1/(1+R) while the
fraction of deprotonated AA can be estimated as fa- = R/(1+R). With a pK.= 4.5,
fua = 0 and fa-= 1 when pH = 13.8 (0.5 M NaOH). When pH = 0.35 (0.5 M HCI),
fua = 1 and fa-= 0. Therefore, it is expected that the AA is fully protonated in the

HCl solution and deprotonated in the NaOH solution.

7.6.7 Degradation of Crosslinks

Figure 7.11 Possible hydrolysis of N,N’-methylenebisacrylamide leading to crosslink
degradation within the hydrogel network.

a) 0.5MNaOH b) Dlwater c) 0.5MHCI

)

P
diameter diameter diameter
29 mm 39 mm \ 25 mm )
15 mm
|

Figure 7.12 Comparison of the P(AAm-co-AA)-9 hydrogels swollen in various solutions. Scale
bar: 15 mm (a) When placed in 0.5 M NaOH right after polymerization, the hydrogel reached
equilibrium swelling. In this case, the hydrogel swelled to a diameter of 29 mm from a starting
diameter of 16 mm. (b) When transferred directly from the NaOH solution into pure DI water,
the hydrogel swelled to a diameter of 39 mm after three days, indicating that crosslinks might
have been potentially broken while swelling in NaOH. (c) Within hours of being transferred from
Dl water into a 0.5 M HCl solution, the hydrogel collapsed and became brittle.

170



7.6.8 Hydrogel Synthesis

Table 7.3 Mass of each component in the pre-polymerized hydrogel solutions, where T
represents the total polymer content and C represents the crosslinker concentration.

AA: AA/

AAm | AAm | T C | AAm | AA | MBAm | TEMED | Aps | MilliQ
(molar | molar | (wt%) | (wt%) | (mg) (mg) (mg) (mg) (mg) water
ratio) ratio (mg)

0 0/100 | 33.4 2500 0 27.1 20.4 20.1 5000

0.01 1/99 | 33.6
0.02 2/98 | 33.8
0.05 5/95 34.5
0.07 6/94 | 34.9
0.10 9/91 35.6
0.13 12/88 | 36.3

2500 25.3 27.4 20.4 20.1 5000
2500 50.7 27.7 20.4 20.1 5000
2500 | 126.7 28.5 20.4 20.1 5000
2500 169 28.9 20.4 20.1 5000
2500 | 2534 29.8 20.4 20.1 5000
2500 | 337.9 30.7 20.4 20.1 5000

JEEENY JUEENY [EEN) [P\ [NEEN) RN RN
NS RN [NERN) RN ERN) IR JNEEN

The total polymer content (T, wt.%) and crosslinker concentration (C, wt.%) were

calculated with Egn. 2.1 and Egn. 2.2.

7.6.9 Sliding Speed and Normal Force Effects on Friction

It has been demonstrated by Gong and others that the friction coefficient
for charge-neutral and polyelectrolyte hydrogels is highly dependent on the
testing conditions, including sliding speed and applied normal load.'7é177.272.325
Uruena et al. demonstrated that the friction coefficient of charge-neutral
polyacrylamide hydrogels decreased with increasing applied normal force'®
while Gong et al. corroborated this trend for several other charge-neutral and
polyelectrolyte hydrogels.”” Similar results were found for copolymerized
zwitterionic hydrogels within the hydrodynamic lubrication regime.?”? For the
P(AAm-co-AA) hydrogels, the effects of applied force on the friction coefficient

varied depending on AA concentration and pH (Figure 7.13). At pH = 13.8 and
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lower AA concentrations (0 — 5 wt.%), the friction coefficient decreased with
increasing force. But for the gels at lower pH (pH = 0.35 and 7) across all AA
concentrations and for the gels at pH = 13.8 at 12 wt%, the friction coefficient
stayed relatively constant with increasing force. The friction coefficient of
hydrogels also has a dependence on sliding speed and can either increase?32>
or exhibit Stribeck-like behavior.?”? For polyelectrolytes, friction increases with
sliding velocity due to changes in the water layer at the interface caused by the
electrostatic repulsion between the electric double layers.*” While the sliding
speed was not varied in our experiments, it can be postulated that the friction

coefficient of these P(AAm-co-AA) hydrogels would increase with sliding speed.

0 wt.% AA 1 wt.% AA 5wt.% AA
0.3 .
3 . . L &
> . L # [
A R AT S
(S} N
% 0.03 i i
8 i I :
5 [
B 0.01 E k! I
= superlubricity |\ e
1 <0.005
0.003 - - - : . ; : . . . - .
1000 2000 3000 4000 1000 2000 3000 4000 1000 2000 3000 4000
normal force, Fry (uN) normal force, Fp, (uN) normal force, Fp, (uN)

Figure 7.13 Friction coefficient, , as a function of applied normal force, F, for P(AAm-co-AA)
hydrogels at three AA concentrations (0, 1, and 5 wt.% AA). The effects of normal force on the
friction coefficient varied depending on pH. The friction coefficient for the gels at pH = 13.8
(blue triangles) noticeably decreased with increasing force. For the gels at pH = 0.35 (red
squares) and pH = 7 (black circles), the friction coefficient slightly decreased with increasing force
or stayed relatively constant.
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7.6.10 Water Content, Elastic Modulus, and Friction
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Figure 7.14 (a) Reduced elastic modulus, E*, and (b) friction coefficient, y, as a function of water
content (%). Each data point is labeled with the AA wt.%. There is no clear trend between water
content and E* or p. The modulus and the friction coefficient do not predictably decrease with

increasing water content.
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Figure 7.15 Friction coefficient, p, as a function of reduced elastic modulus, E*. Each data point
is labeled with the AA wt.%. There is no clear trend between hydrogel stiffness and friction.
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7.6.11 Impact of Mechanical Degradation

P(AAm-co-AA) hydrogels with 0 wt.% and 12 wt.% were characterized
before and after one freeze-thaw cycle. After swelling for at least three days in
Dl water, the gels were characterized via microindentations and sliding
experiments and then placed in -18°C without any excess liquid for at least 12
h. The gels were then left to thaw at room temperature (23°C) and then
characterized again. This freeze-thaw cycle mechanically degraded the gels,
physically breaking crosslinks to simulate the potential chemical degradation
experienced by the hydrogels at pH = 13.8 through hydrolysis. At 0 wt.% AA, E*
and p both decreased after mechanical degradation, but at 12 wt.% AA, E*
decreased while p stayed the same. This may explain why the gels at pH = 13.8
had lower p than the gels at pH = 7 at lower AA wt.% (0 - 5 wt.%). Any potential
electrostatic interactions, or lack thereof, were trivial compared to crosslink

degradation via hydrolysis.

a) [before freeze-thaw b) [before freeze-thaw
[ after freeze-thaw [ after freeze-thaw
0.05 -
200+
o 2 0.04-
159 2 0.03
< 2 0.03
i, 190 2 0.024
2
50 £ 0.01-
. 0.00 1 |—I—|+|
0 wt.% AA 12 wt.% AA 0 wt.% AA 12 wt.% AA

Figure 7.16 (a) Reduced elastic modulus, E*, and (b) friction coefficient, y, of P(AAm-co-AA)
hydrogels at 0 wt.% and 12 wt.% before and after one freeze-thaw cycle. For P(AAm-co-AA)-0,
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E* and p decreased after mechanical degradation of the gel through freeze-thaw. For P(AAm-
co-AA)-12, E* decreased but y stayed the same.

7.6.12 Influence of pH on Reactivity Ratios
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Figure 7.17 Pre-polymerized solution pH as a function of AA concentration labeled with
reactivity ratios of AAm (raam) and AA (raa) from Ref. 32, While there is a slight decrease in the

reactivity ratio for AAm and increase for AA with increasing AA concentration, the general trend
of ram < 1 and raa > 1 stays consistent.
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8  CHAPTER 8: PH-RESPONSIVENESS OF NON-IONIC HYDROGELS

Polyacrylamide is typically considered a non-ionic hydrogel. Yet, it has been
shown to demonstrate pH-responsive tribological behavior, as demonstrated in
the previous chapter (0 wt.% AA). To determine the origins of this pH-
responsiveness, we prepared polyacrylamide hydrogels with two different
initiating chemistries: a reduction-oxidation (redox)-initiated system using
ammonium persulfate  (APS) and N,N,N’N’-tetramethylethylenediamine
(TEMED) and a UV-initiated system with 2-hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure 2959). Hydrogel swelling, mechanical
properties, and tribological behavior were investigated in response to solution
pH (ranging from = 0.34 to 13.5). For polyacrylamide hydrogels in sliding contact
with glass hemispherical probes, friction coefficients decreased from p = 0.07 =
0.02 to p = 0.002 * 0.002 (redox-initiated) and from p = 0.05 = 0.03 to p = 0.003
+0.003 (UV-initiated) with increasing solution pH. With hemispherical
polytetrafluoroethylene (PTFE) probes, friction coefficients of redox-initiated
hydrogels similarly decreased from p = 0.06 + 0.01 to y = 0.002 = 0.001 with
increasing pH. Raman spectroscopy measurements demonstrated hydrolysis
and the conversion of amide groups to carboxylic acid in basic conditions. We
therefore propose that the mechanism for pH-responsive friction in
polyacrylamide hydrogels may be credited to hydrolysis-driven swelling through

the conversion of side chain amide groups into carboxylic groups and/or
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crosslinker degradation. Our results could assist in the rational design of
hydrogel-based tribological pairs for biomedical applications from acidic to

alkaline conditions.

This chapter was reproduced in part with permission from:3%
Chau, A.L., Pugsley, C.D., Miyamoto, M.E., Tang, Y., Eisenbach, C.D., Mates,
T.E., Hawker, C.J., Valentine, M.T., and Pitenis, A.A., pH-Dependent Friction of

Polyacrylamide Hydrogels. Tribology Letters, 71, 2023.
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8.1 Introduction

The consensus in literature is that polyacrylamide is non-ionic, and its
swelling properties are pH-independent due to the lack of ionizable functional
groups.'#327328 To create pH-responsive hydrogels, acrylamide is often
copolymerized with monomers containing ionizable groups, such as gelatin'® or
acrylic acid.’313013>287.322 These ionizable groups deprotonate when solution pH
exceeds the pK. of the hydrogel, increasing negative charge within the
network.?”®> Our recent investigations of the tribological behavior of
polyacrylamide gels copolymerized with acrylic acid have revealed pH-
responsiveness; friction coefficients of the copolymerized gels decreased with
increasing pH."" This pH-dependent friction behavior was attributed to the
protonation state of the acrylic acid and electrostatic interactions between the
hydrogel and glass probe. Surprisingly, the friction coefficient of charge neutral
polyacrylamide hydrogels — without any acrylic acid - also decreased with
increasing pH."" While the existence of local charges along polyacrylamide
chains has been proposed to account for adhesion to colloidal probes during
nanoindentation,®’ systematic studies have not yet been conducted to
investigate the effects of pH on the mechanical or tribological properties of
polyacrylamide hydrogels. In this study, 33 wt.% polyacrylamide hydrogels were
synthesized via free-radical polymerization at room temperature with two

different initiating chemistries. Reduction-oxidation (redox)-initiated hydrogels
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using ammonium persulfate (APS) and N,N,N’N’-tetramethylethylenediamine
(TEMED) as the initiator and catalyst respectively were compared to UV-initiated
hydrogels with 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone
(Irgacure 2959) as the photoinitiator. Hydrogels were swollen in solutions with
varying pH, and their swelling behavior and elastic modulus were compared.
Their  tribological  behavior was investigated using glass and
polytetrafluorethylene (PTFE) countersurfaces, and the mechanism behind this

pH-responsive behavior was explored with Raman spectroscopy.

8.2 Materials & Methods
8.2.1 Hydrogel Synthesis

Polyacrylamide disks (pre-swollen dimensions: 4 mm thickness, 26 mm
diameter) were prepared with two different initiating systems. The first set of
gels were prepared with a reduction-oxidation (redox)-initiating system using
ammonium persulfate (APS, Sigma-Aldrich, Product #A3678) as the initiator and
N,N,N’,N’-tetramethylethylenediamine  (TEMED, Sigma-Aldrich  Product
#T9281) as the catalyst, as shown in Figure 8.1a. The second set of gels were
prepared using 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone
(Irgacure 2959, Sigma-Aldrich, Product #410896) as the photoinitiator (Figure
8.1b). The mechanism of free-radical generation for these initiating systems is

detailed in Wilems et al.®® Stock solutions of acrylamide (AAm, Sigma-Aldrich
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Product #A9099) (1 g/mL), N,N’"-methylenebisacrylamide (MBAm, Sigma-Aldrich
Product #M7279) (25 mg/mL), APS (50 mg/mL), and TEMED (50 mg/mL) were
prepared in ultrapure water. The final AAm concentration in both the redox- and
UV-initiated gels was 0.5 g/mL (= 33 wt%) and molar ratio of
monomer:crosslinker was 200:1 (= 0.4 wt.%). Gels were cast between two flat
and smooth polystyrene sheets (average surface roughness, R, < 20 nm), and
reactions were conducted in ambient conditions (20°C). A thermocouple (Fluke
51 Il Thermometer Type-K) was used to monitor the temperature of the solution
during polymerization. For the redox-initiated hydrogels, the molar ratios of
monomer:catalyst and monomer:initiator were 200:1 and 400:1 (both =~ 0.3
wt.%), respectively. For the UV-initiated hydrogels, a molar ratio of 3,200:1
(= 0.03 wt.%) monomer:photoinitiator was used. Redox-initiated gels
polymerized within 5 minutes, whereas UV-initiated gels polymerized under UV

light for 22 minutes.
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Figure 8.1 Chemical structures of the acrylamide monomer and N,N’-methylenebisacrylamide
crosslinker. For all polyacrylamide hydrogels, the final monomer concentration was =~ 33 wt.%
and molar ratio of monomer:crosslinker was 200:1 (=~ 0.4 wt.%). The chemical components of the
(a) redox-initiated and (b) UV-initiated systems. Blue circles highlight negative charge.

A 26 mm diameter circular punch was used to section the gels, which were
swollen in solutions of varying pH (see Table 8.1). With the exception of DI
water, solution pH was determined using a Mettler Toledo FiveEasy pH meter.
For DI water, which has exceptionally low ion content, the pH was measured with
litmus paper (Whatman pH indicator papers, CF strips, pH range = 0 — 14, Cat.
No. 2613-991), which indicated that fresh unbuffered MilliQ water had a pH = 6
— 7, consistent with the measured resistivity of 18.2 MQ-cm. The pH is reported

as an approximate ~ 7 in this case.
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Table 8.1 Solution concentrations, ionic strengths, and pH values for the polyacrylamide
hydrogels.

Solution lonic Strength pH
0.5M HCI 05M 0.34
0.001 M HCI 0.001 M 2
aan-);f;/elgcinE))l water o\, -7
0.001 M NaOH 0.001 M 10
0.5 M NaOH 05M 13.5

8.2.2 Swelling Behavior

Hydrogel water content was calculated following the methods described in
Section 7.2.2.""" Briefly, hydrogels were equilibrated in solutions ranging from
pH = 0.34 to pH = 13.5 (Table 8.1) for at least one week before their swollen
mass (ms) was measured with a Mettler Toledo XPR105DR analytical balance.
The dried mass (md) was obtained after drying the samples in an oven for 10
days at 60°C, and the water content (%) was calculated using Eqn. 7.2. The
volume change (%) was also calculated using Eqn. 6.1 following the methods
described in Section 6.2.2.% The reported water content and volume change
values herein are the averages and standard deviations from three independent

hydrogel samples (n = 3).

8.2.3 Micromechanical Analysis & Friction Measurements
Tribological experiments and microindentations were conducted as
outlined in Section 4.3 and Section 4.4. For the tribological experiments, a

hemispherical borosilicate glass probe (Type 1 Class A; radius of curvature,
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R=2.6 mm) and polytetrafluoroethylene (PTFE) probe (radius of curvature,
R = 3.2 mm) were used as sliding countersurfaces. Probe surface roughness
analyses are included in Section 8.5.1. Representative Hertzian fits of the

approach curve can be found Section 4.4.

8.2.4 Raman Spectroscopy

Polyacrylamide and poly(acrylamide-co-acrylic acid) (P(AAm-co-AA))
hydrogels were prepared for Raman spectroscopy to determine changes in
functional groups over different pH environments. Redox-initiated hydrogels
were swollen in pH = 0.34, pH = 7, or pH = 13.5 for 10 days and then
equilibrated in DI water for two weeks. The P(AAm-co-AA) hydrogels were
synthesized following the protocol in Chau et al.""" and swollen in DI water for
two weeks. For all samples, the solution was exchanged daily to ensure that no
unreacted monomer or excess NaOH or HCl would interfere with the
measurements. Laser Raman spectroscopy was then conducted at room
temperature on swollen polyacrylamide and P(AAm-co-AA) hydrogels using a
confocal Raman microscope (Horiba Jobin Yvon T64000) with an excitation
wavelength of 488 nm and laser power of 400 mW. Samples were gently dried
with lens paper to remove excess liquid and then placed on a fused quartz
microscope slide before measurements. During spectra acquisition, the laser

light was focused with a 50x objective lens 10 pm below the sample surface, and
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spectra data was obtained with a resolution of 0.66 cm™. Three spectra were
obtained at separate locations per sample, and each spectrum was the average
of 25 eight-second measurements at the same location. Using the Spectragryph
software, spectra data were smoothed using a 3"-order Savitsky-Golay filter with
an interval of 30, and spectra baselines were removed using the adaptive
baseline subtraction tool with a coarseness of 15. For quantitative analyses, the
deconvolution of peaks was carried out in Origin with details described in

Section 8.5.4.

8.3 Results & Discussion
8.3.1 Observations of pH-Responsive Behavior

The mechanical and tribological properties of redox-initiated
polyacrylamide hydrogels were compared to UV-initiated hydrogels to
determine the source of their pH-responsiveness. As shown in Figure 8.2a, the
friction coefficient decreased with increasing pH for both the redox-initiated and
UV-initiated polyacrylamide hydrogels. This trend held for both sliding

configurations: glass-on-gel and PTFE-on-gel.
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Figure 8.2 The tribological and mechanical properties of redox-initiated (black circle) and UV-
initiated (red squares) hydrogels. (a) Friction coefficient, p (semi-log plot) and (b) reduced elastic
modulus, E*, of polyacrylamide hydrogels (= 33 wt.% polymer) as a function of solution pH. The
friction coefficients obtained with the PTFE-on-gel sliding configuration (open blue circles) for
the redox-initiated hydrogels follow the same trend as the glass-on-gel sliding configuration
(filled black circles), where p decreases with increasing pH. Each data point is an average of three
independent samples (n = 3) with error bars as the standard deviation, except for the UV-initiated
gels at pH = 13.5, where n = 2. The experimental noise floor for the tribometer is y = 0.0002,
calculated following the methods in Chau et al.™"

The friction coefficient was sensitive to initiator selection; redox-initiated
polyacrylamide hydrogels exhibited higher friction coefficients than
photoinitiated samples with identical polymer composition. The friction
coefficient of redox-initiated hydrogels against a glass countersurface drastically
decreased from p = 0.07 £ 0.02 (pH = 0.34) to y = 0.002 + 0.002 (pH = 13.5).
For UV-initiated hydrogels, friction coefficient decreased from p = 0.05 * 0.03
(pH = 0.34) to p = 0.003 + 0.003 (pH = 13.5). In both cases, the decrease in
friction coefficient surpassed superlubricity (u < 0.005). Even with a PTFE
countersurface, friction coefficients for the redox-initiated hydrogels decreased
with increasing pH, from py = 0.06 = 0.01 in acid to y = 0.002 = 0.001 in base.

The reduced elastic modulus followed a similar trend to the tribological
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behavior, with redox-initiated gels maintaining relatively consistent E*
(186 = 11 kPa) until pH = 13.5 when it decreased to E* = 146 + 16 kPa. For UV-
initiated gels, reduced elastic modulus gradually decreased from E* = 192 = 15
kPa to E* = 165 + 13 kPa with increasing pH (Figure 8.2b).

Surprisingly, water content (%) was virtually pH-independent, with redox-
and UV-initiated hydrogels maintaining 85 + 3% water across all pH conditions
(Fig. 3a). Previous swelling studies comparing completely dried and swollen
hydrogels also reported pH-independent swelling behavior.”3129.130.32¢ However,
hydrogels in alkaline conditions were noticeably larger than those swollen in
acidic and neutral solutions. Moreover, elastic modulus typically scales with
swelling,"*1¥733%0 with lower elastic moduli corresponding to greater
swelling.'?'¥ Therefore, as a comparison to water content, which is one of the
many approaches that involves hydrogel desiccation (Section 2.3, Table 2.1),
we evaluated volume change, which allowed the hydrogels to remain hydrated.
Here, the volumes of the redox-initiated hydrogels immediately after
polymerization were compared to their fully swollen volumes (Eqn. 6.1). When
calculating volume change rather than water content, the gels exhibited pH-
dependent swelling and significantly increased in volume (457 £ 32%) at
pH = 13.5 (Figure 8.3b), in agreement with the reduced elastic moduli trends

(Figure 8.2b).
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Figure 8.3 (a) Hydrogel water content (%) and (b) volume change (%) as a function of solution
pH for redox-initiated (black circles) and UV-initiated (red squares) polyacrylamide hydrogels.
Water content did not fully capture the swelling difference between the gels in acidic, neutral,
and basic solutions, so volume change was used to represent the size change observed for the
redox-initiated gels when swollen in basic solution. The dashed line is a guideline and not meant
to indicate a fit. Each data point is an average of three samples (n = 3) with error bars as the
standard deviation.

8.3.2 Effects of Free-Radical Initiators on Mechanical Properties

Redox- and UV-initiated polyacrylamide hydrogels slid against glass probes
exhibit different friction coefficients and reduced elastic moduli despite having
the same acrylamide concentration (= 33 wt.% before swelling) and molar ratio
of monomer to crosslinker (200:1, corresponding to ~ 0.4 wt.% before swelling).
We observe somewhat lower elastic moduli for UV-initiated gels compared to
redox-initiated gels across all pH solutions (Figure 8.2b) and significant
reduction in friction coefficient with the glass countersurface, especially at higher
pH (Figure 8.2a). One explanation for the differences in mechanical and
tribological properties is the initiator selection. In previous studies of
initiator  selection

poly(ethylene glycol) (PEG) hydrogels, impacted the
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mechanical properties due to variations in gelation kinetics, which led to
structural differences;®® the redox-initiated PEG hydrogels had higher elastic
moduli than the UV-initiated PEG hydrogels due to smaller mesh sizes. N-alkyl
acrylamide/acrylic acid copolymer nanoparticles have also been reported to
have differences in network structure due to the initiating chemistry.’® Another
possibility is initiator concentration, which has been shown to influence the
swelling ratio, with increasing concentration leading to greater swelling.®' Here,
the redox-initiated hydrogels had a monomer:initiator molar ratio of 400:1
(= 0.3 wt.%), while the UV-initiated hydrogels had a molar ratio of 3,200:1
monomer:photoinitiator (= 0.03 wt.%). It is possible that the network structure is
different since the UV-initiated hydrogels had a lower initiator concentration due
to the low solubility limit of Irgacure 2959 in water (< 2%).'%* In both cases, the
gels were cast against polystyrene sheets while exposed to atmospheric oxygen,
which has been postulated to create a loosely crosslinked surface layer.2'216.332
With lower concentration of photoinitiator, UV-initiated gels took longer to
polymerize than redox-initiated gels, exposing them to oxygen longer, which
could potentially lead to a more open network at the surface. While the
difference in network structure may be indicated by the friction coefficient, it is
not reflected in the elastic modulus or water content, indicating that it may be

confined to the surface.
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For redox-initiated polyacrylamide hydrogels in self-mated tribological
contact, Uruefa et al. demonstrated that friction coefficients decreased with
increasing mesh size.”™ As our redox-initiated gels tested with PTFE probes
exhibited similar friction coefficients to the UV-initiated gels tested with glass
probes, our results suggest that the pH-responsiveness is indeed a function of
the hydrogel. The difference in friction behavior between redox-initiated and
UV-initiated gels against glass countersurfaces may suggest differences in mesh
size since the same probe material was used. It is possible that our UV-initiated
hydrogels have a larger surface mesh size than the redox-initiated hydrogels due
to a combination of gelation kinetic differences and initiator concentration, with

similar bulk properties, although further experimentation is needed.

8.3.3 Contributions of Probe-Mediated Electrostatics to Friction

The mechanism of hydrogel lubricity for polyelectrolyte hydrogels with
charged sliding countersurfaces is often attributed to hydration lubrication''-
193272323 or electrostatic interactions.’?#3%¢3%7 By introducing charge to the
hydrogel network via hydrolysis, electrostatic interactions between
polyacrylamide hydrogels and smooth (S. < 100 nm) glass probes may explain
the decrease in friction coefficient with increasing pH. Redox-initiated
polyacrylamide hydrogels exhibited similar trends in tribological behavior when

slid against rough (S. = 1 pm) PTFE probes (Figure 8.2a, Figure 8.7). Although
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PTFE is a well-known hydrophobic and inert material, its surface properties
depend on solution pH and ionic strength. Its pH-dependent behavior arises
from an interfacial water layer that accumulates OH- ions at pH > 4 and H;O*
ions at lower pH values.®*®® Since glass and PTFE are both pH-responsive,
electrostatics may impact the resulting friction coefficients in both cases. Figure
8.4 illustrates our predicted friction coefficient trend for polyacrylamide

hydrogels with increasing pH if electrostatics was the main contributor.

acidic neutral basic
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3 PAAM PAAM PAAm
% .
9 OH o 0
3 < NH, x 'NH, x ‘NH
©
& o] o 0
y NH, y NHo y NH,
luti H carbonyl oxygen: amide group:
solution p pKa = 0 pK, = 16

Figure 8.4 Predicted friction coefficient trend for the polyacrylamide hydrogels with varying pH
if electrostatic interactions were the driving force behind the pH-dependent tribological
behavior. Due to electrostatic repulsion between the probe and hydrogel surface in acidic and
basic solutions, the friction coefficient would decrease, leading to a parabolic-like friction
behavior, with the highest friction exhibited in neutral pH.

In acidic conditions, both glass and PTFE can be positively charged;
conversely, in basic conditions they can be negatively charged.?’3* For
polyacrylamide hydrogels, the carbonyl oxygen, which has a pK, = 0,%** could
become protonated in extremely acidic conditions, creating a positive charge.

In extremely basic conditions, the amide group, with a pK, = 16,3* could
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potentially deprotonate, although this is unlikely. Therefore, in acidic and basic
conditions, electrostatic repulsion between the probe and hydrogel surface
could lead to lower friction coefficients whereas in the neutral solution, only the
probe would be negatively charged. However, our friction coefficients do not
follow this predicted trend (Figure 8.2a) and decrease with increasing pH.

One limitation to our study is the lack of systematic control of the ionic
strengths of our solutions, which ranged between 0 (pH = 7), 0.001 M (pH = 2
and 10), and 0.5 M (pH = 0.34 and 13.5). Since ionic strength was not kept
constant across pH solutions, it is difficult to draw definitive conclusions about
the effects of electrostatics on the tribological behavior of our hydrogels.
Despite the lack of control of ionic strength, friction coefficients were still the
lowest at pH = 13.5, where ionic strength is the highest. Therefore, electrostatics
may not be the sole mechanism driving the pH-responsive behavior of the
polyacrylamide hydrogels. We propose that the dominant mechanism of friction
reduction at high pH is hydrolysis-induced swelling resulting from deprotonated
carboxylic acid pendant groups and/or crosslinker degradation, which is

discussed further in Sections 8.3.4 and 8.3.5.

8.3.4 Base-Induced Amide Hydrolysis
We initially hypothesized that the pH-sensitivity of redox-initiated

polyacrylamide hydrogels may be due to the incorporation of negatively-
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charged sulfate groups at the chain ends of the network structure. These
negatively-charged functionalities may lead to lower friction coefficients at high
pH due to electrostatic repulsion between the glass probe and hydrogel and
higher friction coefficients at low pH due to the protonation of the sulfate
groups. While x-ray photoelectron spectroscopy (XPS) confirmed the presence
of sulfate groups incorporated into the network (Section 8.5.2), it does not
explain the pH-dependent friction behavior of the UV-initiated hydrogels, which
use a charge-neutral photoinitiator (Figure 8.1). If the pH-dependence was
solely due to negative charges from sulfate groups, the friction coefficient should
stay constant across all pH solutions for the UV-initiated hydrogels, which was
not observed (Figure 8.2a). Therefore, another mechanism is likely responsible
for the pH-dependent friction behavior of polyacrylamide hydrogels.

The pH-sensitivity of polyacrylamide may be due to side chain and
crosslinker hydrolysis through the conversion of the amide groups into ionizable
carboxyl groups, as shown in the following reaction scheme for basic conditions.

R-CONH; + OH > R-COO" + NHj

Typically, hydrolysis is intentionally performed on polyacrylamide at
elevated temperatures (>40°C) in acidic®?:3333¢ or basic environments?733>-337 o
form copolymerized poly(acrylamide-co-acrylic acid). In acidic conditions,
complete conversion from polyacrylamide to poly(acrylic acid) can be

achieved®® while conversion is limited to 67% in basic conditions due to the
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increase of negative charge built up along the backbone.??3%> Hydrolysis can
even occur at neutral pH under elevated temperatures (75 — 150°C).703%
However, Tanaka et al. demonstrated that polyacrylamide hydrolysis was also
possible in alkaline conditions at room temperature, and even used TEMED
(pH = 12) to partially hydrolyze polyacrylamide hydrogels.?¥72% Other studies
have similarly shown that using TEMED as the catalyst in the polymerization
reaction was enough to trigger hydrolysis due to its high pH.'9313215¢ Similarly,
llavsky et al. demonstrated that almost 6 mol.% of amide groups converted to
carboxyl groups in polyacrylamide hydrogels swollen in a basic solution
(pH = 8 — 9) at room temperature over the course of 103 days. For the redox-
and UV-initiated hydrogels in this study, the aging time ranged between 10 - 70
days and 7 — 15 days, respectively. Within this timeframe, Ilavsky et al. observed
1 —4 mol.% conversion.™? Therefore, it is possible for hydrolysis to have occurred
in our polyacrylamide hydrogels while they equilibrated over 7 — 70 days in acidic
and basic solutions at room temperature. Our hydrolysis hypothesis is supported
by the volume change of the redox-initiated hydrogels, which swelled
dramatically at pH = 13.5 (Figure 8.3b). Others have noted increased swelling
in hydrolyzed polyacrylamide hydrogels due to increased polymer chain
repulsion caused by the conversion of amide groups (-NH>) into deprotonated

carboxylic acid groups (-COQO) at high pH."03123:132,133,158,290-293,340
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To confirm the possibility of hydrolysis, Raman spectroscopy (Figure 8.5,
Figure 8.9 — Figure 8.12) was conducted on redox-initiated hydrogels swollen
at pH = 0.34 (0.5 M HCI), pH = 7 (unbuffered DI water), and pH = 13.5 (0.5 M
NaOH) for 10 days. These spectra were compared to the measured spectra of
poly(acrylamide-co-acrylic acid) (P(AAm-co-AA)) hydrogels with varying amounts
of acrylicacid (1, 5, 6, 9, and 12 wt.%) swollen in water. Raman peak assignments
can be found in Figure 8.10. The polyacrylamide gels herein at neutral pH had
peaks that corresponded to polyacrylamide spectra in literature,*3*! including
peaks at 1428 cm™ (C-N stretching, or Amide lll), 1617 cm™ (-NH: bending, or
Amide Il), and 1670 cm™ (C-O stretching, or Amide |) (Figure 8.5a). For the
P(AAm-co-AA) gels, the peaks associated with the carboxyl group near 1555 cm-
"and 1716 cm™ increased in intensity and merged with the two amide peaks
near 1617 cm™ and 1670 cm™ with increasing acrylic acid concentration.
Correspondingly, the normalized amide peak near 1428 cm™ reduced in
intensity, in agreement with the reduced portion of amide groups (Figure 8.5b).
Remarkably, the spectra of the polyacrylamide gels swollen in NaOH are very
similar to the spectra of P(AAm-co-AA) gels with high AA concentrations, with
carboxyl peaks appearing as well as the emergence of a new peak near 1412
cm™ which corresponded to sodium carboxylate.**? These spectroscopic results
suggest the formation of carboxyl groups in polyacrylamide gels swollen in

NaOH due to hydrolysis at room temperature. In comparison, the spectra of
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polyacrylamide gels swollen in HCI have almost identical spectra to the gels
swollen in water but with a very small carboxyl peak near 1716 cm™, suggesting

minimal hydrolysis occurred at low pH (Figure 8.5a).
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Figure 8.5 Averaged Raman spectra of redox-initiated (a) polyacrylamide and (b) P(AAm-co-AA)
hydrogels, with intensity normalized to the peak near 1617 cm™. At pH = 0.34 (light pink) and
pH = 7 (pink), the spectra of the polyacrylamide gels almost overlap. At pH = 13.5 (dark pink),
the amide peaks of polyacrylamide gels near 1428 cm™ decreased in intensity and the carboxyl
peaks near 1555 and 1716 cm™ increased. In comparison, for P(AAm-co-AA) hydrogels swollen
in water, the amide peaks near 1428 cm decreased in intensity while the carboxyl peaks
increased with increasing acrylic acid concentration (from 1 to 12 wt.%, light to dark blue,
respectively).

To estimate the amount of amide groups hydrolyzed for redox-initiated
polyacrylamide hydrogels, the Raman spectra were deconvoluted into individual
bands (Figure 8.11), and linear calibration curves were established from the
P(AAm-co-AA) gels based on the normalized peak areas and AA concentrations
(Figure 8.12). From this analysis, about 12.7 mol.% and 0.3 mol.% of the amide
groups were hydrolyzed after 10 days for the redox-initiated polyacrylamide

hydrogels swollen at pH = 13.5 and pH = 0.34, respectively. Although it should
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be noted that the accuracy of these values may be subject to potential
uncertainties during baseline removal, Raman band deconvolution, curve fitting
processes, and peak area normalization processes, the results indicate that a
significant degree of hydrolysis occurred for the redox-initiated polyacrylamide
hydrogels swollen at pH = 13.5. These values are slightly higher than those found
by llavsky et al.,'** but during polymerization of the redox- and UV-initiated
polyacrylamide hydrogels, temperatures reached a maximum of 88°C and 48°C,
respectively. While longer reaction times and higher polymerization
temperatures typically increase amide to carboxylic acid conversion,’® it is
unlikely that this transient temperature rise during polymerization led to greater
hydrolysis since the redox-initiated gels polymerized within 5 minutes. Rather
our gels may have exhibited greater hydrolysis due to the high pH of our solution
(pH = 13.5 as opposed to pH =~ 8 - 9).

Since N,N’-methylenebisacrylamide (MBAm) is used as the crosslinker,
amide hydrolysis of the crosslinker may have occurred in addition to side chain
hydrolysis. One indication of possible crosslinker degradation is that gels initially
swollen in base and transferred to acid decreased in elastic modulus (Figure
8.13). However, it is difficult to distinguish from the Raman spectra whether the
side chain primary amides were more susceptible to attack than the crosslinker

secondary amides. Nevertheless, these results suggest that significant
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polyacrylamide hydrolysis can occur at room temperature over the course of

days when gels are swollen in extremely basic solutions.

8.3.5 Impact of Hydrolysis on Hydrogel Friction

Raman spectroscopy confirmed hydrolysis of polyacrylamide hydrogels in
both acidic and basic environments over the course of 10 days at room
temperature (Figure 8.5a), while swelling measurements indicated a volume
increase with increasing pH (Figure 8.3b). This swelling increase could be due
to the deprotonation of the carboxylic acid pendant group and/or the breakage
of crosslinks, both of which would influence the friction coefficient. Figure 8.6
illustrates our predicted trend of friction coefficient for polyacrylamide hydrogels

with increasing pH if hydrolysis was the driving mechanism.

acidic neutral basic
H H H H H H
NN NN NN
= o o o o o o
IS COOH  ,HNOC CONH,  ,HNOC COO"  ,HNOC
Q
S
tFl) HNOC: HNOC: -0ocC
0o CONH, 2 CONH, 2 CONH,
o
< o o o o o o
XS NN NN NN O
2 H H H H H H
= 2
&
acidic hydrolysis: basic hydrolysis:
~ 0.3 mol.% ~ 13 mol.%
conversion conversion

solution pH

Figure 8.6 Predicted trend for polyacrylamide hydrogels if hydrolysis was the driving mechanism
behind the pH-dependent friction. At low pH, hydrolysis of the pendant amide groups would
not greatly impact swelling due to the protonation of the carboxylic acid, leading to charge
neutrality. At high pH, hydrolysis of the pendant and crosslinker amide groups would lead to
increased swelling and decreased friction coefficient.
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At low pH, acid hydrolysis of the pendant amide groups is possible but the
conversion is low. In contrast, conversion of the pendant and crosslinker amide
groups to carboxylic acid is greater at high pH. Additionally, the carboxylic acid
groups will deprotonate as long as the pH > pK., creating negative charges
along the polymer chains, leading to increased electrostatic repulsion between
chains and greater swelling. This increase in swelling could lead to a decrease in
friction coefficient. While our tribological measurements do not completely
follow this trend (Figure 8.2a), we still see a general decrease in friction
coefficient with increasing pH, rather than the parabolic-like trends that would
be expected if electrostatic repulsion between the probe and hydrogel were the
predominant mechanism. Therefore, it is likely that the mechanism behind the
pH-dependent behavior of the polyacrylamide hydrogels is driven by hydrolysis.
Studies investigating the kinetics of hydrolysis at room temperature and its
effects on the tribological properties of polyacrylamide hydrogels are outside

the scope of this paper but would greatly benefit the tribological community.

8.4 Concluding Remarks

For tribological investigations of hydrogel lubricity in biological
environments or biomedical applications where pH must be well-controlled, it is
important to consider the possibility of pH-dependent friction behavior of

polyacrylamide networks. In this work, the friction coefficients of both redox- and
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UV-initiated polyacrylamide hydrogels decreased with increasing pH against
glass and PTFE countersurfaces, with redox-initiated gels achieving
superlubricity at pH = 13.5 (u=0.002 = 0.002). This pH dependence may be
due to hydrolysis within 10 days of swelling, which was confirmed by Raman
spectroscopy for redox-initiated polyacrylamide hydrogels. Our measurements
indicated a high degree (approximately 12.7 mol.%) of amide to carboxylic acid
conversion at pH = 13.5 and a minimal degree (about 0.3 mol.%) of conversion
at pH = 0.34. Additional evidence of hydrolysis was given by increased swelling
(volume change = 457 * 32%) and decreased modulus (E* = 146 + 86 kPa) at
pH = 13.5 for redox-initiated hydrogels. Our results suggest that polyacrylamide
hydrogels equilibrated in highly basic conditions, even at mild temperatures, are

subject to hydrolysis, which can reduce friction coefficient and elastic modulus.

8.5 Appendix
8.5.1 Probe Surface Roughness Measurements

Due to the transparency of the glass probe, the surface roughness was
unable to be measured. However, throughout the experiments there were no
noticeable changes in transparency, indicating that the surface roughness did
not appreciably change. Based on the mirror finish, we estimate that the average
surface roughness was less than 100 nm. For the polytetrafluoroethylene (PTFE)

probe, a laser scanning confocal M-scope (Olympus LEXT OLS4000 3D Laser
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Measuring Microscope) was utilized to obtain a surface topography map of the
probe surface. The curvature was flattened to determine the arithmetical mean

height (S.) and root mean square height (S).

250 x 250 pm

Figure 8.7 Surface topography map of the polytetrafluoroethylene (PTFE) probe surface taken
with a laser scanning confocal M-scope. The color scale represents the z-direction and goes
from O pm (purple) to 15 pm (red). Entire image is 250 pm x 250 pm. Sq = 1.57 pm and S, =
1.16 pm.

8.5.2 X-Ray Photoelectron Spectroscopy of Hydrogels

X-ray photoelectron spectroscopy (XPS) was conducted on redox-initiated
dehydrated polyacrylamide hydrogels using a Thermo Scientific ESCALAB™ Xi
+. Hydrogel samples were dried in an oven at 60°C for two weeks prior to
spectroscopy. A monochromatic Al/Kq x-ray radiation with a pass energy of 100
eV, dwell time of 50 ms, and spot size of 650 pm was used. Spectra were
obtained after 105 s of etching using a 6 kV Ar1000+ cluster ion source.

XPS indicated the presence of sulfate within the hydrogel structure through
the position of 2s and 2p peaks at 232 eV and 168 eV, respectively (Figure 8.8a,

c, d). This chemical signature demonstrates a well-known maxim of the polymer
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synthesis community: initiating fragments can be incorporated at various levels
into the polymer chain backbone. In this case, the functional sulfate units derived
from the ammonium persulfate initiator were incorporated into the hydrogel

network, most likely at the chain ends (Figure 8.8b).3*3
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Figure 8.8 (a) XPS survey spectrum of the dehydrated redox-initiated polyacrylamide hydrogel
after 105 s of cluster etching. The peaks corresponding to oxygen (O), nitrogen (N), carbon (C),
and sulfur (S) are labeled. The inset expands the 0 — 250 eV binding energy range (gray box) to
display the sulfur peaks. Specific atomic orbitals (2s and 2p) are indicated. The sulfur peaks
indicate the presence of sulfate, which comes from the ammonium persulfate initiator. (b)
Schematic of sulfate incorporation into the polyacrylamide hydrogel network. (c) XPS spectra
comparing the dehydrated polyacrylamide hydrogel (PAAm, black) to the acrylamide (AAm,
gray), N,N’-methylenebisacrylamide (MBAm, red), and ammonium persulfate (APS, blue)
powders. The spectra are shifted by the following counts (x10%)/s: 0.7 (APS powder), 0.55 (PAAM
hydrogel), and 0.3 (AAm powder). Specific atomic orbitals (2s and 2p) are indicated. The sulfur
peaks present in the polyacrylamide hydrogel indicate the presence of sulfate, which comes from
the ammonium persulfate initiator. (d) XPS spectra of the dehydrated polyacrylamide hydrogel
(black), AAm powder (gray), and MBAm powder (red) to highlight the sulfur peaks.

counts (x10%/s
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8.5.3 Raman Spectroscopy Analysis
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Figure 8.9 Three overlaid Raman spectra from three positions of the (a) polyacrylamide
hydrogels swollen in 0.5 M HCI (pH = 0.34), (b) polyacrylamide hydrogels swollen in unbuffered
DI water (pH = 7), (c-g) P(AAm-co-AA) hydrogels with 1, 5, 6, 9, and 12 wt.% AA, respectively,
swollen in water, and (h) polyacrylamide hydrogels swollen in 0.5 M NaOH (pH = 13.5).
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Figure 8.10 Averaged Raman spectra of the polyacrylamide and P(AAm-co-AA) hydrogels with
the measured peaks labeled according to supplementary references.*!341342

8.5.4 Quantitative Analysis of Raman Spectra

The measured Raman spectrum was deconvoluted into distinct bands
based on peak wavenumbers shown in Figure 8.10, using the peak analyzer tool
in the Origin software (Figure 8.11). Gaussian functions were employed to fit all
bands except for the bands with peak wavenumbers near 1617 cm” and 1670
cm’, which were fitted based on Voigt functions (a combination of Gaussian and
Lorentzian functions). To ensure that the width of the fitted peaks remained
relatively consistent across the different spectra, during the curve fitting process,
the full width at half-maximum (FWHM) of the same Raman band across different

spectra was kept within a £5% difference of each other.
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Figure 8.11 Typical results of Raman band deconvolution via curve fitting for (a) polyacrylamide
hydrogels swollen in 0.5 M HCI (pH = 0.34), (b) polyacrylamide hydrogels swollen in unbuffered
Dl water (pH = 7), (c-g) P(AAm-co-AA) hydrogels with 1, 5, 6, 9, and 12 wt.% AA, respectively,
swollen in water, and (h) polyacrylamide hydrogels swollen in 0.5 M NaOH (pH = 13.5). The black
curves are the measurements, the blue curves are the deconvoluted bands determined by curve
fitting, and the red curves are the summation of the fitted bands.
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After band deconvolution, quantitative analysis was conducted to estimate
the degree of hydrolysis. The area of the 1555 cm™ Raman band (associated with
the carboxyl group of AA) was normalized by the combined area of 1670 cm
and 1716 cm™ carbonyl bands (associated with both the amide and carboxyl
groups) and plotted against the mole concentration of AA (Figure 8.12a). A
linear relationship was established from the measured spectra of the P(AAm-co-
AA) copolymer gels and polyacrylamide gels swollen in water allowing the
determination of the carboxylic group concentration in the acid and base treated
polyacrylamide gels. Following this relationship, from the normalized peak areas,
we estimate that about 12.7 £ 0.6 and 0.34 = 0.08 mol.% of amide groups have
been hydrolyzed in polyacrylamide hydrogels swollen in 0.5 M NaOH (pH = 13.5)
and 0.5 M HCl (pH = 0.34), respectively. Other peak area normalization methods
result in similar values. For example, we normalized the area of the 1555 cm™
Raman band (associated with the carboxyl group) by the area of the 1617 cm
band (associated with the amide group) and plotted against the mole ratio of
AA and NH; (Figure 8.12b). In a similar manner, it was calculated that about 12.8
+ 0.3 and 0.25 = 0.06 mol.% of amide groups have been hydrolyzed in

polyacrylamide hydrogels swollen in 0.5 M NaOH and 0.5 M HCl, respectively.
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Figure 8.12 Linear calibration curves for estimating the degree of hydrolysis of polyacrylamide
hydrogels swollen in 0.5 M NaOH (pH = 13.5) (dark red square) and 0.5 M HCI (pH = 0.34) (light
pink square) using the P(AAm-co-AA) copolymer gels (light blue circles) and polyacrylamide gels
swollen in DI water (black square). Error bars indicate standard deviation. (a) Raman peak area
ratio between the carboxyl band associated with AA (near 1555 cm™') and the combined peak
areas of both amide and carboxyl bands (near 1670 and 1716 cm™) versus the AA mol.%. The
linear fit has a slope of 0.038 and goodness of fit, R? = 0.982. (b) Raman peak area ratio between
the carboxyl group (near 1555 cm™) and the amide group (near 1617 cm™) versus their mole
ratio. The linear fit has a slope of 5.035 and goodness of fit, R? = 0.978.

8.5.5 Switchable Friction
a b
) 0.3 )
)
S
3: 0.1 ./\‘ —_8
< (]
2 0.03 €~
= o4
g 0.014 superlubricity ng f‘é
© 1 < 0.005 o L
o
2 0.003 9
O 3
- ® redox-initiated o
0.0014 m UV-initiated L
0 2 4 6 8 10
solution pH
decreasing pH
1 mM NaOH DI water
pH =10 pH=7
15, 29 days 9 days

207

225

200+

175+

150

T T T

0 2 4

solution pH

0.5 M HCl
pH = 0.34

=

5 days

6

10



Figure 8.13 (a) Friction coefficient as a function of solution pH demonstrating the tunability of
the friction coefficient for the redox-initiated (black circle) and UV-initiated (red square)
polyacrylamide hydrogels against a glass probe. The gels were initially swollen in 0.001 M NaOH
(pH = 10) for 29 and 15 days for the redox-initiated and UV-initiated hydrogels, respectively.
After measuring their friction coefficient, the gels were swollen in DI water for nine days. In both
cases, the friction coefficient increased. Finally, the gels were swollen in 0.5 M HCI (pH = 0.34)
for five days. For the redox-initiated gels, the friction coefficient decreased. However, for the
UV-initiated gels, the friction coefficient increased one order of magnitude. Each data point is
the average and standard deviation of 25 cycles. (b) Reduced elastic modulus as a function of
solution pH for the redox-initiated hydrogels. As pH decreased, E* decreased. These results
indicate that hydrolysis of the crosslinker may play a role in the friction and modulus decrease at
lower pH for the redox-initiated gels due to the longer swelling time in base. However, further
experiments are required to fully investigate this hypothesis.
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9  CHAPTER 9: PHOTORESPONSIVE GELS
Spiropyran is a  photoswitchable = molecule that undergoes
photoisomerization in response to light. It has been shown that the incorporation
of spiropyran into hydrogel networks leads to the regulation of gel swelling.
However, there are no studies on the tribological properties of these stimuli-
responsive hydrogels. This chapter discusses the development and tribological
characterization of photoresponsive hydrogels through the copolymerization of

spiropyran-methacrylate (SP-MA) into poly(N-isopropylacrylamide) (pNIPAAmM)

networks.
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9.1 Introduction

Stimuli-responsive  hydrogels, including poly(N-isopropylacrylamide)
(oNIPAAmM), are broadly used in biomedical applications (e.g., drug delivery, soft
robotics, cell culture) due to their tunable mechanical properties and swelling
behavior in response to external stimuli such as temperature or pH. Recently,
light has been used to alter hydrogel mechanics through the incorporation of
azobenzene- or spiropyran-derived photoswitches, which isomerize in response
to light. Spiropyran is a t-type photoswitch that undergoes pericyclic
isomerization in response to light irradiation and exchanges between the
hydrophilic merocyanine (MC) (ring-open) form and the hydrophobic spiropyran
(SP) (ring-closed form) when exposed to 470 nm light, resulting in bulk hydrogel
shrinking. By copolymerizing spiropyran into hydrogel networks, light-induced
swelling and deswelling can be achieved, along with spatially controlled
actuation and bending.?*3% Although previous works have investigated the
swelling behavior of these photoswitchable hydrogels, the tribological behavior

(e.g., friction and lubrication) remains largely unexplored.
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Figure 9.1 Schematic of spiropyran-methacrylate isomerization.

In this work, pNIPAAm-based gel lubricity was controlled using light as the
external stimulus. Spiropyran-methacrylate (SP-MA) was conjugated with N-
isopropylacrylamide (NIPAAM) and crosslinked with N,N’-
methylenebisacrylamide (MBAm) to form a copolymerized hydrogel network
(p(NIPAAmM-co-SP-MA)). The elastic modulus, adhesion, and friction coefficient
of the gels before and after irradiation were characterized, and the kinetics of
switching between the MCH* and SP form was also evaluated. We hypothesized
that the hydrogels would have lower friction when the SP-MA was in the MCH*
form and higher friction in the SP form due to an increase in hydrophobicity,

leading to hydrogel deswelling.

9.2 Materials & Methods
9.2.1 Hydrogel Synthesis
N-isopropylacrylamide (NIPAAm) (8.6 wt.%) was copolymerized with

spiropyran-methacrylate (SP-MA) and crosslinked with N,N’-
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methylenebisacrylamide (MBAm) (0.35 wt.%) via free-radical polymerization to
form  p(NIPAAm-co-SP-MA)  gels.  N,N,N’,N’-tetramethylethylenediamine
(TEMED) and ammonium persulfate (APS) were used as the catalyst and initiator,
respectively. NIPAAm, SP-MA, and MBAm were dissolved in a 4:1 v/v mixture of
dioxane and water and bubbled with nitrogen for 1 h to form gels with either 0.8
wt.% or 1.7 wt.% SP-MA. TEMED and a 10 wt.% APS solution in water were
added, and the gels were polymerized between two glass slides ~ 3.5 mm apart
for 2 h. Afterwards, the gels were swollen in methanol for 2 h to get rid of any
unreacted monomers and then transferred to a 3:1 v/v solution of methanol and
5 mM HCl overnight in the dark to ensure that the SP-MA was in the merocyanine
form. A 470 nm light source (30 mW/cm?) was used to irradiate the hydrogel for

2 h and drive the SP-MA to the spiropyran form (SP).

9.2.2 Hydrogel Characterization

Microindentation and tribological sliding experiments were conducted to
obtain the reduced elastic modulus (E*) and force of adhesion (F.4h) of the photo-
responsive hydrogels in the MC and SP form as described in Section 4.4. A
hemisphere glass probe (radius of curvature, R = 2.6 mm) mounted to a double-
leaf cantilever with normal and tangential spring constants of K, = 222 yN/pm
and Ki = 92 pN/pum was used to indent hydrogels at a maximum force of F, = 1.5
mN at an indentation velocity of vig = 10 pm/s. Approach curves were fit with

the Hertz contact mechanics model (Eqn. 4.3).
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Tribological experiments were also performed as discussed in Section 4.3
to determine the friction coefficients of the hydrogels. While the samples were
fully submerged in liquid, F, = 2 mN was applied at a sliding velocity of 500 pm/s
across a sliding path length of 4 mm. For each gel, 30 cycles were averaged to
obtain the friction coefficient. UV-vis spectroscopy data demonstrated that SP-
MA molecules in solution photoisomerized from MCH* to SP within minutes and
thermally relaxed in the dark to MCH* within hours. To ensure that the gels were
fully swollen and in the MCH* form, indentation and sliding experiments were
conducted in the dark one day after polymerization. The gels were then
irradiated with 470 nm light for 2 h to drive the SP-MA to the SP form, and
indentation and sliding experiments were conducted again. Afterwards, the gels
were allowed to equilibrate and reswell in the dark overnight before the

characterization the next day.

9.3 Results & Discussion
9.3.1  Tuning Friction Coefficients with Light

The tribological behavior of p(NIPAAmM-co-SP-MA)) hydrogels was
observed before and after illumination with 470 nm light. Friction coefficients
increased after light irradiation for hydrogels with 0.8 wt.% (Figure 9.2a) and 1.7

wt.% SP-MA (Figure 9.2b).
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Figure 9.2 Friction coefficient as a function of distance for p(NIPAAm-co-SP-MA) hydrogels with
(a) 0.8 wt.% and (b) 1.7 wt.% SP-MA. Gels in the MCH" form equilibrated overnight in the dark
before sliding while gels in the SP form were irradiated with 470 nm light for 2 h before sliding.

For the 0.8 wt.% SP-MA hydrogels, friction more than doubled after 2 h of
light irradiation, increasing from pwmc: = 0.03 to pse = 0.07. After thermally
relaxing overnight in the dark, the friction coefficient decreased to pucy = 0.01
(Figure 9.2a). When the SP-MA concentration was doubled to 1.7 wt.%, friction
increased 5-fold from pmcrs = 0.17 to psp = 0.97 with light and then decreased
to pmer+ = 0.29.

The initial increase in friction coefficient in the MCH* form with increasing
SP-MA concentration is due to the hydrophobicity of SP-MA compared to
NIPAAm. Likewise, there was a greater increase in friction coefficient after light
irradiation for the gels with 1.7 wt.% SP-MA due to a greater change in

hydrophobicity after MCH* to SP isomerization with light.

214



9.3.2 Effects of Light on Elastic Modulus & Adhesion

For the 1.7 wt.% SP-MA gels, a slight change in elastic modulus was
observed upon 2 h of light irradiation, with the reduced elastic modulus
increasing to E*s» = 13 kPa from an initial value of E*ycw. = 12 kPa (Figure 9.3).
Additionally, the adhesion force vanished when the gels were irradiated with

470 nm |Ight (Fadh, MCH+ = —250 |JN to Fadh, sp = 0 pN)

15004 MCH*
1000-

500

normal force, F, (uN)

-500 R SSS m—
-50 0 50 100 150
indentation depth, d (um)
Figure 9.3 Representative indentation curves for the p(NIPAAm-co-SP-MA) hydrogels with 1.7
wt.% SP-MA in the MCH" (black) and SP (blue) form.

The minor increase in E* with light irradiation was surprising considering
the drastic increase in friction coefficient. If hydrogel deswelling was the main
mechanism behind the change in friction coefficient, a greater increase in elastic
modulus would be expected. Since this was not observed, another mechanism
is responsible for the friction coefficient increase, which is currently under
investigation.

Typically, adhesion and friction are proportional — with increased adhesion,

friction increases. Here, adhesion was observed in the MCH* form, which
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exhibited lower friction, but not in the SP state. This adhesive switch can be
explained by hydrogen bonding interactions between the glass probe and
hydrogel surface. When SP-MA is in the MCH* state, hydrogen bonding is
possible. However, when irradiated with light, the ring closes to the SP form and

hydrogen bonding no longer occurs.

9.4 Conclusion

Our findings demonstrate that light-tunable friction and adhesion was
achieved with p(NIPAAm-co-SP-MA)) hydrogels with varying amounts of SP-MA.
Hydrogels with low friction but high adhesion were formed when the gels were
in the MCH* form while high friction but low adhesion was achieved in the SP
state. The mechanism behind this interesting trend is still being investigated, but

these gels hold promise as photoswitchable materials.
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10 CHAPTER 10: CONCLUSIONS

In this dissertation, | have demonstrated several ways to tune hydrogel
friction and have investigated the various mechanisms instigating these changes.
Chapter 1 introduced the biological motivation behind studying hydrogel
friction. The basics of hydrogel synthesis and structure were discussed in
Chapter 2 and hydrogel tribology was explored in Chapter 3 along with several
proposed lubrication mechanisms. Chapter 4 summarized the techniques used
to characterize the mechanical and tribological properties of the hydrogel
systems that | designed.

In Chapter 5, environmental oxygen was used to alter the surface structure
of polyacrylamide hydrogels by exploiting the oxygen inhibition of free-radical
polymerized systems. With increasing oxygen concentration, the surface
structure was more loosely crosslinked, had lower polymer concentration, and a
thicker surface gel layer. This led to decreasing friction coefficients and a lower
reduced elastic modulus at the top surface of the gel. A reaction-kinetics model
was developed to predict the thickness and polymer concentration gradient of
the surface gel layer and could be used to design hydrogels with specific surface
characteristics.

Chapter 6 investigated the solvophilic behavior of amphiphilic poly(2-
hydroxyethyl methacrylate) (pHEMA) hydrogels. By regulating the ratio of

ethanol and water in solution, the friction and adhesion were controlled. With
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moderates amount of ethanol, both friction and adhesion increased an order of
magnitude due to molecular scale rearrangements within the polymer network.

The friction behavior of charged hydrogel systems was investigated in
Chapter 7 by making poly(acrylamide-co-acrylic acid) (p(AAm-co-AA)) hydrogels
with varying amounts of acrylic acid (0 — 12 wt.%). By controlling solution pH and
AA concentration, the friction coefficients were tuned two orders of magnitude.
In Chapter 8, the surprising pH-dependent behavior of non-ionic polyacrylamide
hydrogels was investigated. It was shown that basic hydrolysis led to the
unintentional formation of copolymerized p(AAm-co-AA) through the conversion
of amide groups to carboxylic acid, demonstrating another way to control
hydrogel friction.

Chapter 9 introduced the design of photoswitchable gels through the
incorporation  of spiropyran-methacrylate  (SP-MA), a molecule that
photoisomerizes under 470 nm light, into a poly(N-isopropylacrylamide)
network. By controlling the swelling and deswelling of the gel through the
transition of hydrophilic merocyanine to hydrophobic spiropyran, friction
increased two- to five-fold depending on the SP-MA concentration.

With the design principles and structure-property relationships discussed
herein, the use of stimuli-responsive hydrogels in conjunction with 3D printing
holds great promise for the development of soft robotics and material systems

that better mimic the human body. | leave this exploration to future studies.
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