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Abstract
Connecting Molecular to Macroscale Adhesion for the Design of Robust Underwater Adhesives
by
Zachary Lamberty
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley

Professor Joelle Frechette, Chair

Adhesives are required to bond to wet surfaces for everyday applications including wound
closure tapes, wearable devices, naval repairs, or even in the everyday exposure of commonplace
adhesives to humid environments. Yet adhesion is notoriously difficult to wet surfaces — water
weakens the intermolecular forces necessary for adhesion and creates interfacial layers
separating the adhesive and substrate. Recent progress in improving underwater adhesion has
come in part through the inclusion of multidentate groups in adhesives — chemical functionalities
with multiple adjacent attachment points, which are believed to make the bond more stable.
While molecular scale studies of multidentate groups have supported the macroscale findings of
improved underwater adhesion for multidentate adhesives, we have yet to fully understand how
the dynamic nature of these bonds impacts the overall adhesive strength of the material.

Connecting macroscale adhesion to the strength and dynamics of interfacial bonds is notoriously
hard. Adhesive strength results from a complex combination of physics, including energy
dissipated in breaking interfacial bonds, local elastic and plastic deformation near the crack tip,
and viscous dissipation within the adhesive as it stretches. The convolution of these mechanisms
makes it challenging for researchers to isolate the role of interfacial chemical bonds on overall
adhesion, yet understanding each facet is crucial for the rational design and improvement of
adhesives. Untangling the role of interfacial chemistry in adhesion using model systems will
inform the development of future adhesives.

In this thesis we will develop tools and methods to elucidate the effects of dynamic chemical
bonds at an interface on the macroscale adhesive strength and apply these methods to the study
of a model tridentate hydrogen bonding epoxy adhesive. First we will present the development of
a novel technique to fabricate reactive metal surfaces with extremely low surface roughness.
Controlling surface roughness is crucial to measuring adhesion and interfacial forces, as surface
roughness can obscure the nanoscale phenomena of interest and variations in contact area due to
roughness can skew measured adhesive strengths. By thermally evaporating reactive aluminum
onto a smooth mica template, followed by removal of the template in water, we obtain uniform
Al/AlO; surfaces of < 0.2 nm RMS roughness, rivaling the smoothness of the best noble metal



films. We then demonstrate the applications for these films by improving the estimate of the
surface energy of aluminum through adhesion measurements, measuring the surface potential of
aluminum in LiCl electrolyte solutions, and reporting improved the corrosion resistance of the
ultra-smooth films.

We next investigate the adhesion of a model epoxy adhesive (diglycidyl ether of bisphenol A,
DGEBA) containing tridentate hydrogen bonding moieties (tris(hydroxymethyl)amino methane,
Tris) to determine the mechanism underlying the strong underwater adhesion of DGEBA-Tris.
We first present a model to relate the bond activation energy to the macroscale adhesive strength
of a material, and then use self-arresting crack measurements to demonstrate that tridentate
adhesives follow predicted adhesive behavior. We next utilize a Surface Forces Apparatus to
show that Tris-epoxies exhibit robust adhesion to both mica and ultra-smooth aluminum
substrates in water. Finally, we establish that the adhesive strength of DGEBA-Tris epoxies
reveals a bond activation energy of 26.6 £ 0.03 kBT in air and 30.3 = 0.6 kBT in water. These
activation energies suggest that adhesion is dominated by tridentate Hydrogen bonds in both air
and water, allowing the adhesive to maintain its bonding strength in water.

We subsequently extend our insight into multidentate bonding by exploring the adhesive
behavior of DGEBA-Tris polymers as a function of curing and of measurement temperature. We
first identify a characteristic threshold velocity, above which DGEBA-Tris polymers exhibit
amplified adhesion strength with increased velocity. We then show that while the equilibrium
adhesion only minorly increases with cure, the threshold velocity rises dramatically due the
increased extensibility of the longer polymer chains after cure. Next, we observe a small growth
in zero-velocity adhesion as the temperature is raised from 9 °C to 60 °C which is again eclipsed
by the large increase in threshold velocity. The variation of threshold velocity with temperature
is shown to follow an Arrhenius dependence, suggesting that the adhesive fracture proceeds
through the activated rupture of interfacial bonds. The bond strength is then estimated to be 35 +
4 kgT at 20 °C, providing further evidence that DGEBA-Tris adhesives form cooperative
tridentate hydrogen bonds.
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Introduction

1.1 Motivation

We rely upon adhesives every day to stick objects together. While many of us are familiar with
sticky notes, bandages, and super glue, adhesives also are hidden behind a myriad of objects.!
Adhesives hold phone screens together,? fasten furniture segments,? and bond nonwoven textile
layers including in carpets and medical fabrics.* Adhesives are also critical to composites of
fiberglass, carbon fiber, and aluminum - the strong, lightweight materials that have
revolutionized the construction of airplanes, boats, cars, and buildings in recent decades.>’
Composites consist of two or more dissimilar materials that are bonded together, typically using
an adhesive. The ability of the adhesive to hold the materials together is crucial to the strength of
the composite material, and so a strong, durable adhesive is needed for the composite to last
reliably for years.®

One of the major weaknesses of the stiff structural adhesives used for composites is water.” 1°
Water weakens the intermolecular bonds that hold the adhesive to the adherend, lowering the
ability of the adhesive to stick onto the surface.!!- > Water is also notoriously difficult to remove
from the adherend surface, forming strongly bound interfacial layers that impede adhesion.!?
Sticking to wet surfaces is important for medical adhesives and wearable devices, since the
surfaces of our bodies are covered in water.!* 15 Underwater adhesion is also of great interest for
maritime repairs, where the ability to patch ship hulls in sifu would greatly improve the safety
and reliability of these crafts.!?

Just as important but less obvious is the durability of dry-bonded adhesives and composites that
are later exposed to water.” Water is adept at migrating through cured adhesives to the interface,
weaking the adhesion and ultimately leading to degradation and failure of the composite.!® This
can happen through direct exposure to water via rain or immersion but can also occur merely
through repeated exposure to humid air.'® '7 Anyone who has had a bandage fall off while
swimming has witnessed water-induced adhesive failure. For composite materials used in
structures or transportation, such a failure could be catastrophic.

In order to improve the underwater adhesion of composite materials, we must understand the
interactions between water and an adhesive at the interface and work to develop chemistries that
are able to bond strongly in water.!® ' As part of this task we must further our understanding of
how molecular-scale surface forces can add up to generate a macroscale adhesive force and make
our glues sticky.?’ The goal of directly relating an adhesive’s chemical structure to the overall
adhesive strength has long been sought by scientists to enable the a priori design and tuning of
adhesive properties through leveraging molecular chemistry insight.?!"> However, obtaining
these structure-property relationships has proven far from easy, particularly at the interfacial
level — it is extremely complex to capture all the multiscale dynamics of play, from the transfer
of force from the molecular bond to the polymer chain, and subsequently the bulk polymer and
onto the adherend.?® 2% 25 Towards this goal, this thesis will develop experimental methods and



theories to relate the strength of a single interfacial bond to the overall adhesive strength of the
material.

1.2 Thesis outline

This thesis will connect macroscale adhesive experiments to state-of-the-art multiscale adhesion
theories, allowing us to determine the molecular mechanisms behind a promising underwater
structural adhesive.

Chapter 2 summarizes the theories and methodology that this thesis builds upon. We will build a
foundation on the fundamental concepts in adhesion, including defining adhesion through the
strain energy release rate and how surface forces, interfacial chemistry, and surface roughness
affect adhesion. We will also describe relevant techniques used to measure adhesive strength,
notably the JKR apparatus, Surface Forces Apparatus (SFA), and peeling measurements. We will
then present a background of previous theories to relate molecular to macroscale adhesion, from
van der Waals forces to Lake-Thomas and onto macroscale velocity-dependent models, and then
discuss pitfalls and challenges in multiscale adhesion measurements, including avoiding surface
roughness and viscoelasticity.

Chapter 3 describes a technique to fabricate ultra-smooth reactive metal (aluminum) films and
demonstrate the use of these model surfaces to measure previously inaccessible surface sensitive
phenomena.?® Ultra-smooth aluminum films are created by first depositing aluminum onto
freshly cleaved mica surfaces, then carefully removing the mica template underwater. The use of
the smooth mica template reduces the RMS roughness of the aluminum from 0.9 nm (as-
deposited) to <0.2 nm. We then show that the films produced via this method are of sufficient
optical quality for SFA measurements, and that the smooth films have nearly 6-fold higher
adhesion against mica in N> than the rough films due to improved molecular contact. We then
report measurements of the surface potential of the smooth aluminum surfaces in LiCl solution,
demonstrating that these films can be used for electrochemical studies. Finally, we show that
smooth aluminum films exhibit suppressed corrosion in SmM NaCl solution, with implications
for our understanding of corrosion mechanisms.

Chapter 4 presents a theory to relate the velocity dependence of adhesive strength to the
molecular bond strength at the interface.?’” We further apply this theory to elucidate the
mechanism of DGEBA-TTris, a recently developed underwater structural adhesive suspected to
function through cooperative tridentate hydrogen bonds. We first use self-arresting crack
propagation in air to show that the adhesion of DGEBA-Tris with mica increases with velocity in
the range of 5 nm/s — 5 um/s, control experiments do not exhibit enhanced adhesion with
velocity. We then employ the SFA to demonstrate that underwater adhesion of DGEBA-Tris
with mica or aluminum is as strong as with mica/aluminum in N>. We next determine the crack
velocity at adhesive failure to reveal similar scaling of strain energy release rate as seen in air.
Finally, we estimate the bond energy between DGEBA-Tris and mica to be between 23kzT and
31kgT, proving that cooperative tridentate hydrogen bonds are responsible for the remarkable
underwater adhesive properties of this material.



Chapter 5 builds upon the theories and methods of Chapter 4 to further understand the process of
bond scission during adhesive debonding. Self-arresting crack propagation is used to investigate
the role of cure, temperature, and velocity on the adhesion of DGEBA-Tris. DGEBA-Tris
adhesives are first shown to exhibit increased adhesion with velocity, which begins after a
characteristic threshold velocity. Increasing the cure of DGEBA-Tris is shown to only minorly
affect the equilibrium adhesion yet drastically increase the threshold velocity, due to softening of
the polymer chain with increased molecular weight. Increasing the measurement temperature
between 9 — 60 °C is then shown to also increase the transition velocity dramatically. The
dependence of threshold velocity on temperature is shown to follow an Arrhenius-like
dependence with a bond strength of 35+ 4 kzT at 20 °C, confirming that DGEBA-Tris
adhesives bond cooperatively at an interface and that adhesive debonding occurs through an
activated process.

Chapter 6 concludes by providing an overview of my contributions in connecting molecular to
macroscale adhesion and improving underwater adhesive chemistries. We discuss remaining
challenges in obtaining molecular information from macroscale force measurements as well as in
developing adhesives for improved underwater durability and strength. Finally, we suggest
future directions in understanding how adhesives form contact underwater and in developing
more robust models for relating molecular to macroscopic fracture.



2 Background

2.1 Fundamentals of adhesion

2.1.1 Forces underlying adhesion

At its heart, adhesion is the measure of how sticky something is. For something to be sticky it
must have attractive forces that hold it onto another object. These attractive forces come from
interactions at the interface of the adhesive. For most adhesives the primary interfacial
interactions behind adhesion are van der Waals forces and hydrogen bonds, although other types
of interactions have been leveraged for adhesion.® Van der Waals forces are present between all
molecules, resulting from interactions between permanent dipoles, induced dipoles, and
instantaneous dipoles in molecules.?® Van der Waals forces between individual molecules can be
quite weak and short range, but can become surprisingly strong and long-ranged between
macroscopic surfaces.”’ Hydrogen bonds (H-bonds) are a particularly strong dipole-dipole
interaction that occurs between an electron accepting group (H) and an electron donating group
(O or N, often).?® These interactions require H-bond accepting and donating groups to be in close
proximity (roughly 0.175 nm), and are both stronger and more directional than van der Waals
forces.”® Covalent bonds, where electrons are shared between atoms,'> 3° and coordination
bonds, where the two shared electrons come from a single atom,! have been reported in
adhesives but are uncommon.

Beyond surface interactions, the strength of an interfacial bond depends on how force is
transferred from the point of loading to the interface.3? This depends on the geometry of the
system, which will be discussed in depth later, but also upon the bulk properties of the adhesive.
Energy that is stored in elastic deformation of the adhesive or lost due to dissipative effects, such
as viscoelasticity, will not be transferred to the interface and therefore will not work to break
interfacial bonds.?* 23 Dissipation during stretching can serve to amplify the forces at the
interface and subsequently the overall adhesion, particularly for soft adhesives that can deform
substantially before detaching.®

2.1.2 Quantifying adhesion

Adhesive theories generally begin with a crack that forms between the two materials (Fig. 2.1).
The interfacial forces, including intermolecular bonds, will hold the two materials together and
act to close the crack (retreat to the right in Fig. 2.1). An applied tensile force will work to pull
the two materials apart, advancing the crack leftwards by breaking interfacial bonds. It takes a
finite energy (per unit area) to extend the crack, as interactions between the two materials at the
interface will be lost in the newly opened region. In the most basic picture, for two identical
materials in a vacuum, this energy can be thought of as twice the surface energy y of the
material, the energy required per unit area to extend a surface.?

W =2y, (2.1)



where W is the thermodynamic work of adhesion, and the factor of two arises as a result of two
new surfaces being created as the crack is opened. If the two materials are different, Eqn. 2.1 can
be modified into®

W =Ya+V¥s— Yas (22)

where y, is the surface energy of the adhesive, y, the surface energy of the substrate, and y,,; the
interfacial free energy between the adhesive and substrate.

Crack opening

Adhesive

Figure 2.1 Microscopic view of a crack. Illustration of the opening of a crack between an adhesive and
the opposing substrate. As a force is applied, the crack opens (advances leftwards), but interfacial bonds
hold the surfaces together and resist crack motion.

In practice, the measured adhesion is almost always significantly larger than the predicted values
of W .33% In general, a measurement of the surface energy is not adequate to predict the behavior
of most adhesives, as the complexity of the system defies easy simplification to the wetting
properties at the interface.?® This discrepancy is partially due to fact that adhesion measurements
are generally not reversible; energy losses occur in adhesive during finite-velocity tests that work
to increase the measured adhesion.’> 3¢ Other effects that can lead to deviations from W include
hysteresis within the materials, time-dependent changes in the interface (contact aging), and
roughness of the surfaces altering the true contact area.® 28

Instead, a more rigorous definition of adhesion can include irreversible phenomena by
conducting an energy balance between the applied load and the corresponding elastic
deformation of the materials to obtain:?’
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In this equation Uy, is the applied (mechanical) energy due to the force F, Uy is the energy stored
in elastic deformation, and A is the area of contact. The remaining energy, Us, is the energy that
resists detachment, which is used to define G, the strain energy release rate. G is a robust
measure of adhesion, including contributions and losses from both the interface and the bulk of
the system. However, G is not a directly measurable quantity, and further models must be
employed to extract G from experimental data.

2.1.3 Contact mechanics

Determining G from experiments requires knowledge of how measurable quantities (e.g. force,
contact area, and indentation depth) are affected by adhesion. The exact relationship is highly
dependent on the geometry of contact and thus a myriad of models have been utilized to suit the
needs of each system.*® Here we will present only those that are most relevant for this thesis, as
well as background required to understand these models.

2.1.3.1 Sphere-on-flat (Hertz and JKR)

The contact between a sphere and a flat surface (or two spheres) was first studied by Hertz in
1882, who derived a model to relate the applied force F' to the contact radius a and indentation
depth § in the case where no adhesion exists between the materials:>°

4E*a3
F =

T (24)

In Eqn. 2.4, R is the radius of curvature of the sphere, as shown in Fig. 2.2, and E* is the
.2 .2

g %, where v; and E; are the Poisson’s ratio and elastic
1 2

modulus of material 1, respectively. The corresponding equation for the indentation depth is
given by:3?

reduced elastic modulus, E* =

a = VRS. (25)



Figure 2.2 Diagram of sphere-on-flat contacts. Illustration showing the key parameters in a sphere-on-
flat geometry, including the force F, contact radius a, radius of curvature R, and indentation depth 6.

In 1971 Johnson, Kendall, and Roberts extended Hertz theory to include adhesion, yielding Eqn.
2.6:%

3R 1
0= (F + 3nGR + (6nGRF + (31rGR)2)2). (26)

Eqn. 2.6 predicts that adhesion allows for a finite contact area at zero force, and that the
materials will remain adhered under tensile force until Z—Z = 0, when an elastic instability is

reached and the materials will exhibit sudden adhesive failure. At this point Eqn. 2.6 reduces
to:4!

Fe _ 3 2.7

7= "3 (27)
where the subscript ¢ indicates a critical value occurring at an instability point. Interestingly,
Eqn. 2.7 does not depend on the elastic modulus of the materials, allowing one to obtain a
measure of G without explicit knowledge of the material stiffness. However, it should be noted
that Eqns 2.6 and 2.7 are only applicable for isotropic, linearly elastic materials, and they work
best for large, soft materials where the scale of deformation is much larger than the range of
surface forces.*'Eqn. 2.6 can also be generalized for different geometries if the compliance C of
the system is known, yielding:**

I _ M2
c=_ =P (28)
4ma Jdalg

where F' is the Hertzian (non-adhesive) force required to generate the same contact area, given
by Eqn. 2.4. This relationship is particularly useful in describing contacts with cylindrical
punches and may also be modified to account for finite thickness effects.*?



2.1.3.2 Peeling

A peel test is one of the most common methods used to probe adhesion.** * Often, a force is
applied to the specimen at a set angle until the adhesive begins to peel off at a fixed velocity,
which occurs at the critical force F, of:**

o 2
== E*d(1—cosf) + [(E*d(1 —cos8))” + 2E*dGe,

(29)
where w and d are the width and thickness of the peeled specimen and 6 is the angle at which
the peeling occurs (see Fig. 2.3). For a 90° peel, and where the elastic stretching of the peeled
material is negligible, Eqn. 2.9 becomes simply:**

FC,900 = WGC. (2'10)

It is also possible to measure adhesion through peeling not by controlling the peel force but
through observing the distance that is peeled upon a given force or loading. One adroit method
using this concept involves using a spacer to separate the materials at one end by a known
amount, forming a crack and bending the more pliable material (Fig. 2.3).* The bending
moment thus created is resisted by the adhesion between the two materials, and the balance
between adhesive and bending energies results in a crack of length £:47

_ ﬂ:hz_ (2.11)
24¢

Here u is the shear modulus of the top sheet, d is thickness of the top sheet, and h is the height of
the spacer. Since this method results in a crack of stable length, it is referred to as self-arresting
crack propagation.

X

Figure 2.3 Diagram of self-arresting crack propagation measurements. Schematic showing the key
parameters in self-arresting crack propagation, where £ is the crack length, h is the spacer height, d is the
thickness of the bent sheet, and 6 is the peeling angle.



2.2 Connecting molecular interactions to adhesion

For decades scientists have sought to relate the forces experienced between molecules to the
interactions and phenomena experienced at larger length scales.?® Some of the earliest advances
came through the study of van der Waals forces. Between individual molecules, van der Waals
forces decay proportionally to 1/D®, where D is the separation between the molecules.?’ In the
1930s, researchers including Hamaker, de Boer, and Derjaguin, showed that one can sum up
each pairwise interaction between molecules to encompass all the molecules in two surfaces,
thereby giving the van der Waals interaction between the two surfaces.?” For two infinite planar
surfaces, the interaction energy W per unit area due to van der Waals forces is:?’

B 12AD2’ (2.12)
T

where A is the Hamaker constant for the materials and intervening medium. The dependence of
macroscopic van der Waals interactions with 1/D? makes these interactions markedly stronger
and longer-range than their molecular analogs, accounting for their importance in everyday
phenomena such as adhesion and wetting. The Hamaker constant itself can be related to the
dielectric properties of the materials through Lifshitz theory, which allows for direct calculation
of the macroscopic interactions through knowledge of the optical properties of the materials.?®

Van der Waals forces are amenable to modeling in adhesion since they are instantaneous,
invariant with time, and only depend on separation and geometry of the surfaces. The
relationship between molecular and macroscale phenomena becomes more complex when we
must consider both molecular and continuum behavior, as is the case for polymers adhesives.
There are several compounding factors at play: more diverse and complex chemical interactions,
deformation of each individual polymer at the interface, and time-dependent polymer relaxation
and bond formation processes.

2.2.1 Interfacial chemistry

Many adhesives are capable of interactions beyond van der Waals forces, which can significantly
increase their overall adhesion.!® Hydrogen bonding interactions are common, although
examples of covalent bonds and electrostatic interactions exist.>* 48 Each of these intermolecular
interactions are stronger than dispersive interactions, but require specific opposing chemistries in
order to form a bond.!® 2! A simplistic method of accounting for additional intermolecular
interactions is to lump the interactions together into the surface energy of the material, which can
be probed through contact angle goniometry.** While adhesion is clearly related to the surface
energy of the material, as predicted by Eqn. 2.2, in practice this relationship is more qualitative
than quantitative.® 4° Aside from effects of fracture mechanics and surface roughness, a major
consideration is that the strength of these bonds is dependent on their environment and the
opposing chemistry — a hydrogen bond will not form with a polyolefin, but could interact with
the aromatic ring in polystyrene.’® 3! This can be partially addressed by splitting the surface
tension terms in Eqn. 2.2 into the dispersive and polar (H-bonding) portions:>?



W~ ZJyfysd + ZJVfo, (2.13)

where y? and y? are the dispersive and polar contributions to the surface energy, respectively.
Although both the assumptions in Eqn. 2.13, that dispersive and polar contributions to surface
energy can be separated and that the whole interaction energy can be estimated through a
geometric mean, are incorrect, this approach captures general trends in adhesive behavior for
polar and non-polar materials.?’

Further complications arise in the fact that adhesive bonds are not static and have a finite rate of
self-dissociation.’® Each bond exists within a potential well, and to dissociate must pass through
energetically unfavorable transition state with an associated barrier height referred to as the
activation energy E,.>* At any given time, the thermal energy of molecules could be sufficient
for the bond to dissociate.*> The Eyring equation relates E, to the average lifetime of the bond T,
showing that the probability of thermal dissociation decreases dramatically with increased bond
strength.>

ok E,
TP (kBT>'

where h is Planck’s constant, kg is Boltzmann’s constant, and T is the temperature. As a
consequence of the thermal dissociation of bonds, the timescale over which debonding occurs
influences the number of bonds participating in the adhesive interaction.’® For slow debonding,
thermal dissociation leads to an equilibrium number of bound molecules at the interface, while if
an adhesive is rapidly debonded more bonds will remain bound to increase the overall adhesive
interaction.

(2.14)

It is commonly recognized that transition state theory, and consequently Eqn. 2.14, can
significantly overestimate the attempt frequency for dissociation of a bond by assuming thermal
equilibrium between the ground and transition states.”® Instead, Kramer’s theory models the
dissociation as a friction-driven diffusive process, which has proven to be more accurate.> >°
Through this, the lifetime can be estimated through™

_ Lelis Eq (2.15)
=D eXp<k3T>'

where [, l;s, and D are bond-dependent constants associated with the width of the energy
minimum, the width of the transition state energy barrier, and the molecular damping,
respectively.

When a force is applied to the bond, it takes less energy to reach the transition state for
dissociation and the activation barrier height is diminished in relation to the strength of the force
applied.” This effectively decreases the bond lifetime, so the average bond will break more
rapidly when a force is applied. This relationship can be expressed by the Bell-Evans model,
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where the average force to break a bond is logarithmically related to the velocity u at which the
bond is stretched:>®

k;T Mult
e =470 (1) o

where A is the bond activation length and M is the polymer spring constant. Single molecule
force spectroscopy measurements have successfully used Eqn. 2.16 to estimate 7 and E, for a
chemical bond by measuring the bond breaking force at various loading rates.*!> > These
experiments have also revealed a characteristic onset velocity, defined by the point at which the
energy stored in the bond over its average lifetime exceeds thermal energy.

2.2.2 Polymer deformation

For a force to be applied to a bond, the polymer molecule involved in the bond must have the
same force acting upon it. Consequently, the polymer will stretch, and energy will be stored in
the elastic deformation of the polymer.>® Lake and Thomas were some of the first to recognize
this principle, proposing a model where the polymer acts like a spring and each constituent
monomer unit will store an equal amount of energy Uy, as the ill-fated bond before rupture.>
Therefore, the total energy stored in the polymer chain is nU,,,q, Where n is the number of
monomer units, and the fracture energy Uy peure is given by:*®

Urupture = nUpona- ( 2.17 )

Importantly, Eqn. 2.17 predicts that the fracture energy, or relatedly adhesion, will increase with
increasing polymer molecular weight.

However, the stretching of a polymer molecule itself is highly nonlinear. When a polymer is
stretched, energy is stored in the bending of bond angles as well as the stretching of the bonds
themselves.®® A common model for polymer stretching is the Freely Jointed Chain model, which
treats the polymer as a chain of n rigid segments of length [, (Kuhn length).®!

Ax =L, [coth (F—“f) - "Bi]. (2.18)

kT Fly
Here Ax is the extension of the chain, and L. is the contour length of the chain (L. = nl}). Eqn.
2.18 works well for small, entropic deformations, but at large strain the bonds themselves will
deform.%? To account for segment deformation, one can use the modified Freely Jointed Chain

model, where each segment is treated as an elastic spring of spring constant Kgegmene. This
yields the equation:®?

Ax = [coth (1) — k27 (LC +_"F ) (2.19)

Ksegment
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which more accurately models the enthalpic deformation of polymers.®? More recent progress
has seen the development of models that directly describe bond stretching and bending
potentials, providing a more detailed picture of polymer deformation.®*

2.2.3 Multiscale adhesion models

Contact mechanics models can relate experimentally measured parameters (force, crack length,
contact area) to the energy release rate of a material. Sections 2.2.1 and 2.2.2 presented models
for the strength of individual molecular bonds and individual polymer deformation. The
challenge now lies in connecting phenomena across these two length scales and finding methods
of calculating a continuum energy release rate from discrete molecular forces. An early method,
proposed by Griffith in 1921, estimated the fracture energy of glass by dividing the molecular
bonding energy (covalent bond strength) by the area occupied by each atom, giving an effective
surface energy of the crack.%> As noted by Griffith, this approximation neglects the fact that
bonding energy is function of separation, and assumes that all molecules are participating in
bonding. Lake and Thomas made a similar argument in 1967, extending Griffith’s approach to a
polymer system with N polymer chains per unit volume, that each fracture at energy nUp,nq
according to Eqn. 2.17.> By estimating the number of chains that are active across the fracture

plane as X = %NL, where L is the average end-to-end distance of the polymer chain, one

obtains:>?

Grracture = ENUpona- (2.20)

This relationship has been validated numerous times in literature,> 5% 66 67 although since X itself

is related to n the scaling is suggested be closer to Grrgerure € V.8 © While Lake-Thomas
theory (Eqn. 2.20) was originally devised for cohesive fracture through the bulk of a polymer, its
principles can be generalized for an adhesive interface, although Ggrgeryre # G due to the
influence of the opposing material at the interface in G. However, at an adhesive interface it is
often difficult to know X, especially when dealing with dynamic interactions, limiting the ability
to estimate G a priori from Eqn. 2.20 without further knowledge of the surface bond density.

Another important feature of adhesion measurements is that adhesion is often shown to increase
with the velocity at which testing occurs.’® 7% 71 At higher velocities (> 1 um/s), this can often
be attributed to viscoelastic effects,’? but the amplification of adhesion with velocity occurs even
at extremely slow velocities of around 1 nm/s or in cases where viscoelasticity cannot explain the
observed phenomena.?® Schallamach noted this fact in 1953 through the study of the temperature
dependence of sliding friction velocity, and inferred that the breaking of adhesive bonds occurs
through an activated process, such as that described in Eqn. 2.14.7% In contrast to a static bond
model that only depends on the distance between the two molecules, the activated bond failure
process leads to an average bond rupture force that increases with velocity (Bell-Evans theory,
Eqn. 2.16),>° and consequently at higher velocities more bonds will participate in the adhesive
interaction at any given time.?®
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To take this into account, Chaudhury estimated the average survival time, t, of each bond as a
function of loading rate Mu:%

F= (kBT>ln (AZ';T) (2.21)

By then calculating the average energy required to break each bond (U = %M (ut)?) and

multiplying by the number of bonds per unit area (Z) one obtains:>% ¢

o= ()= ()] (222)

Eqn. 2.22 provides an explicit and experimentally useful method of relating strain energy release
rate as a function of testing velocity to the bond lifetime (and therefore activation energy) and
density of bonds, and the scaling predicted by Eqn. 2.22 has been experimentally validated with
a variety of chemistries and measurement schemes.*®: - 7* However, the use of a Hookean
polymer spring constant complicates the use of this model, as the unphysical constant value
precludes estimation from known polymer stretching models and M must therefore be fitted from
experimental data to obtain the highest accuracy in the other fitted parameter. Attempts to
include more realistic polymers stretching models yield equations without discrete solutions,?®
and have yet to be widely adopted.

Further attempts to address this shortcoming have been aided by simulations and finite element
analysis, where systems of equations incorporating widely accepted models for chemical bond,
polymer chain, and elastic body deformation can be solved to track adhesive failure.*> 7> 76 Of
note is the work by Yang, Huang, and Liechti, who combined a Lennard-Jones potential of
chemical bond stretching, modified Freely-Jointed Chain model for polymer chain deformation,
and nonlinear model for the distortion of the energy barrier by applied force to track damage
evolution at an epoxy/silica interface and relate it to experimental measurements.>* 77 The
predictions of Yang et al. are broadly similar to those of Eqn. 2.22.

2.2.4 Complicating factors

2.2.4.1 Surface roughness

Surface roughness is a hidden factor in every adhesion measurement.® Most adhesive interactions
rely upon intimate contact to form any attraction, and thus any change to contact area will affect
adhesive strength.>* Model surfaces are generally assumed to be perfectly smooth, thus leading
to molecular contact at every point within the contact region. Surface roughness alters this —
changing the true contact area from the macroscopically apparent area.”> For hard surfaces,
roughness will often decrease the contact area, resulting in lower adhesion than expected (Fig
2.4, top).>* However, soft surfaces (or adhesives applied as liquids) can fill in the gaps created by
asperities, leading to an increase in true contact area as shown in Fig 2.4, bottom.?
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Stiff surface

Soft surface

Figure 2.4 Effect of roughness on contact area. Schematic demonstrating how roughness can alter the
true contact area between stiff (top) and soft (bottom) surfaces. Roughness will tend to decrease the
contact area between stiff surfaces, but increase the true contact area for soft surfaces.

For wetting equilibria, the effect of roughness on the apparent (macroscopic) contact angle of a
liquid on a rough solid surface can be accounted for through the use of the Wenzel equation:8

(1 + cosOupparent) = P(1 + c0SO4rye), (2.23)

where 0,pparent and 0y are the macroscale and microscale contact angles, respectively, and ¢

is the ratio between the true and the apparent contact areas. The contact angle 8 itself can be
related to the surface energy of the liquid (y;) and solid (y,) through the Young equation:?®

Vst +vicosf =y, (2.24)

where y,; is the interaction energy between the solid and liquid phases. While the Wenzel and
Young equations are useful in considering the effect of roughness,® it is difficult to measure the
true contact area of each sample. Attempts have been made to quantify the roughness factors ¢
for common substrates, but they’re naturally highly sensitive to the exact preparation of the
specimen.’®

More elegant attempts to quantify the effects of roughness have come by attempting to ascertain
the true contact area by modeling asperities on the surface.” Notably, the groups of Robbins and
Persson leveraged the idea that many surfaces exhibit roughness in a self-affine manner over
several length scales to predict a load-indentation relationship that accounts for surface
roughness. 88! Through this, the applied force was found to scale exponentially with indentation

depth F « exp (52)’ where &, is a reference length on the order of the surface roughness.?* %2
0

Due to the complications inherent in accounting for surface roughness, it’s generally considered
prudent to control surface roughness when measuring adhesion to reduce variability. This can be
done by either deliberately roughening the samples through sanding or chemical treatment,’® %3
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or by fabricating samples to minimize roughness.?® Minimizing surface roughness is particularly
crucial when trying to measure short-range molecular interactions or relate molecular
interactions to macroscopic forces, as roughness can alter or obscure the molecular forces one is
trying to examine.’! 8 Furthermore, multiscale adhesion models do not currently account for
surface roughness effects, and so minimizing surface roughness is a crucial step towards
validating those models.®

Surface roughness is often characterized through rms (root-mean-square) average deviation value
over a line profile, essentially giving the average peak and valley height over the profile. The
gold standard for low-roughness surfaces is muscovite mica, which cleaves into atomically flat
surfaces of < 0.1 nm rms roughness, but is chemically inert.%® 87 Graphene can also naturally
present an ultraflat surface, with films reported with roughness as low as 0.19 nm rms.?*
Mechanical polishing and annealing can produce silicon wafers with roughness nearing 0.5 nm
rms over macroscale areas.®® Polymer films can be readily spincoated to 0.2 — 1 nm rms
roughness, with optimized coating conditions on a flat substrate.?’” Metallic films are routinely
evaporated to give rms roughness values of 0.6 — 1.8 nm, but recent advancements in the
technique of template stripping have enabled the production of metallic films down to 0.2 nm
rms.*- %0 The template stripping technique will be discussed at length in Chapter 3.

2.2.4.2 Viscoelasticity

Polymers are dynamic molecules — relaxations are frequently observed for polymeric materials,
leading to time-dependent changes in adhesion. Viscoelasticity is by far the most well-studied.
Viscoelastic dissipation arises from viscous fluid-like flow over long time scales, which causes
energy loss during loading and unloading of the material.”! Viscoelasticity is commonly modeled

by the empirical equation:3? %2

G=Go(1+(2)). (2.25)

Here v* and n are empirical parameters describing the intrinsic velocity due to material
relaxation and the scaling constant, respectively. Viscoelastic effects tend to amplify the
adhesion of a system, leading to much higher adhesion than would be expected from surface
effects alone.”>* Given that viscoelasticity leads to an increase in adhesion with testing velocity,
it can easily convolute effects driven by activated bond rupture at an interface. It can help to
disentangle these separate phenomena by measuring at slower speeds (< lum/s) where
viscoelasticity is small.”> Viscoelastic dissipation can be minimized by using thin films and stiff
materials, reducing the amount the material can stretch overall.”% %3

2.2.4.3 Poroelasticity
Time dependent changes in adhesion can also arise from fluid flow into or out of a material,
known as poroelasticity.”* > Many polymers absorb some amount of fluid when submerged,

which causes them to expand and swell in relation to the amount of absorbed fluid. When a force
compresses the swollen material, the fluid is pushed out of the compressed region. However, the
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confined pores the fluid must travel through slows down the fluid’s movement, leading to a
resistance to drainage that dissipates over time.”® For thin polymers this resistance can be
modeled by assuming a Hertzian relationship between contact radius a and indentation depth §:%°

F =2 (£ (8502 - ) + 2190, (2.26)

8H K

. _ ds . : . . , : . o
Here § = —— is the indentation rate, H is the film thickness, 7 is the dynamic viscosity of the

solvent, and k is the permeability of the film. Eqn. 2.26 can be broken up into two terms,
where the former represents the elastic contribution to the force and the latter is the
contribution due to fluid flow. This model has been validated for the indentation
(compression) of thin hydrogels,” % but a similar phenomenon exists during adhesion, where
a suction-like force is generated when fluid returns to the dehydrated region as the samples
are put under tension.”* While only a handful of studies have probed the relationship
between poroelasticity and adhesion,? %1% ]Jogically the adhesive force due to fluid infusion
could be (simplistically) modeled by inverting the sign on the second term in Eqn. 2.26:”

Sna*
Ffluid infusion = %( TIKa ); ( 2.27)

where a negative force indicates adhesion (tension). Eqn. 2.27 predicts that poroelastic
suction forces would increase with retraction velocity but would decrease sharply as contact
area approaches zero, which can help distinguish it from other time-dependent effects.

2.2.4.4 Contact aging

Contact aging refers to the improvement in solid-solid adhesion that occurs as surfaces are left in
contact for longer periods. The adhesive strength of soft materials is often observed to increase
with contact (dwell) time.!°! While there is still debate over the mechanisms involved, it is often
believed to occur through rearrangement of the polymer molecules near the interface to improve
the contact area and chemical interactions that are formed.!??-!%* Contact aging is challenging to
study mechanistically, since it is difficult to observe what occurs in a buried interface. It is well-
known that contact aging can be related to the molecular mobility of the material,'*? and contact
aging is usually modeled as a power-law dependence of adhesive strength with time, where the
fitted exponent can be compared to other systems for insight.® 1% A related phenomenon
involves diffusion of polymer chains across a polymer-polymer interface,!’! but is beyond the
scope of this thesis.
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3  Template-Stripped Ultra-Smooth Aluminum Films (0.2 nm
RMS) for the Surface Forces Apparatus *

3.1 Abstract

We present a method for the 0 2 4
fabrication of ultra-smooth (0.2 Adhesive
nm RMS), aluminum substrates

through template stripping (TS). . T";“,S's“"f; ';',‘,’,’,’,“' 20 T
The method relies on the use of Oxide poor Al film ooé
mica as a template in ) T3
combination  with  thermal Mica template 3
evaporation of Al at high (> 10 20
nm/s) rates under vacuum (< 0

1x107 Torr). As a reactive metal, -4.0

Al is usually not considered a

viable option for TS off oxide Figure 3.1. Schematic depicting a summary of Chapter 3:
templates. However, under these Peeling of evaporated aluminum film from mica in water reveals
conditions the adhesion between an ultra-smooth surface. Right: Atomic Force Microscopy images
the Al film and mica is poor, of template-stripped and as-evaporated (inset) films.

enabling the removal of the template without any mica residue. We verify the absence of mica
using atomic force microscopy, X-ray photoelectron spectroscopy, and contact angle
measurements. We establish the suitability of these films for surface forces measurements. The
multiple bean interferometry in transmission yields high quality fringes allowing for the
measurement of force-distance curves. The adhesion the films to mica is significantly higher than
the adhesion of thermally evaporated Al (0.9 nm RMS). Preliminary results suggest that the TS-
Al surface display higher corrosion resistance. The fabrication method will enable important
experiments on this widely used material.

1 This chapter was previously published as “van Engers, C. D.; Lamberty, Z. D.; McGuiggan, P. M.; Frechette, J.,
Template-Stripped Ultra-Smooth Aluminum Films (0.2 nm RMS) for the Surface Forces Apparatus. Langmuir
2021, 37, 6556-6565" and is adapted with permission from all co-authors.
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3.2 Introduction

Muscovite mica has been widely used to study surface forces at the solid-liquid/solid-air
interface due to its atomically smooth surface.’” Mica, however, sees limited use in real-world
applications, and it is therefore important to extend the number of substrates viable for
roughness-sensitive surface forces studies. A range of alternative systems have been
investigated, including Au, Pt, Fe, SiO; and SiN.%% 19-111 For example, Au has been used as a
conductive substrate to study charging dynamics of nanopores.'!? Here, we address the ongoing
need for ultra-smooth, contamination-free aluminum for surface forces measurements.

Measurements of adhesion, friction, and other surface forces such as structural forces in liquids
can be obscured by surface roughness, particularly when surface features are close in size to the
length scale of the interactions of interest.?> 13116 For example, adhesive interactions may be
completely negated by surface topography, hampering correct interpretation of adhesion or
surface energies of different materials.!'> 7 Fabricating sufficiently smooth substrates to
perform such measurements becomes particularly challenging when the roughness features
required approach the molecular limit (~ 0.28 nm, the diameter of a water molecule).?®

Template stripping has been widely used to fabricate ultra-smooth substrates with sub-nm RMS
(root mean square)-roughness, and has enabled surface forces studies on conducting
substrates.!'® For example, Au surfaces with an RMS roughness of 0.2 nm (10 x 10 pm?) have
been fabricated through template stripping after thermal evaporation of Au at low rate (0.01
nm/s) on a heated mica substrate (100 — 150 °C, 4 x 10 torr).!"” Such low RMS roughness
values enabled surface forces measurements, such as first the direct measurement of confinement
induced charge inversion between a dielectric and a conductor.'?°

Aluminum (Al) is one of the most widely-used metals, finding uses in transportation,
construction, packaging, and in many every-day house-hold items and electronics, with an
estimated global production of 60 million metric tons in 2018.'2! Al substrates with sub-nm
roughness (down to 0.6 nm RMS) have been developed through direct physical vapor deposition
techniques, however RMS roughness values on the order of molecular dimensions have yet to be
achieved.'?*!% The combination of state-of-the-art deposition techniques with template stripping
could yield substrates with roughness on the order of the size of small molecules, suitable for
surface forces measurements.

Template stripping is a multi-step process involving: (1) the deposition of a metal on a smooth
template, (2) the application of an adhesive backing layer to the exposed side of the metal
surface, and (3) the removal of the metal from the template (see illustration in Figure 3.2). The
success of template stripping relies on a balance between poor adhesion and good wetting of the
metal to the substrate, and has thus been mostly used to fabricate noble metal surfaces (Ag, Au),
using oxide substrates (mica, Si/Si0Oy), since noble metals adhere poorly to the commonly used
oxide substrates.?® Recently, McPeak et al. reported template stripping of Al from native-oxide
covered Si(100), resulting in films with RMS roughness down to 0.6 nm, using high evaporation
rates (15 nm/s) at low pressure (< 1 x 1076 torr).!2® They hypothesized that the use of high rates
during evaporation creates a dense Al-plume that depletes reactive gas-phase oxide species
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(mainly H>O) in the chamber. As a result, the metallic Al-film exhibits greatly reduced adhesion
to the oxide substrate and can be template-stripped.

Because it is smoother, mica is often preferred over native-oxide-covered silicon for preparing
smooth thin films via template stripping. Mica has a layered structure with strong, covalent in-
plane bonds, while inter-plane interactions are governed by van der Waals forces.®” The structure
allows cleavage of atomically smooth samples that are monocrystalline over large (> 1 cm?)
arcas. However, due to its cleavable nature, Rossetti ef al. found that flakes of mica remain on
the surface when template stripping titanium from mica substrates.!?” The presence of mica
residue would greatly hamper any surface forces measurements and it is therefore important to
ensure all of the mica template is removed.

Here we present a method to fabricate ultra-smooth (~ 0.2 nm RMS) Al thin films through
template stripping from a mica substrate. The method is suitable for highly sensitive surfaces
force measurements with techniques such as the surface forces apparatus (SFA) or colloid probe
atomic force microscope (CP-AFM). The fabrication method relies on the use of freshly cleaved,
single crystal mica in combination with thermal evaporation of the Al at a high rate (= 10 nm/s)
under high vacuum (< 1 x 1077 torr). The use of mica as an atomically smooth template allows
for the fabrication of a featureless Al surface, whilst the high evaporation rates ensure complete
removal of the mica (see Figure 3.2). We also studied the aluminum films directly deposited on
mica via thermal evaporation (R-Al). Measurements on the exposed Al side served as a point for
comparison and control experiments for the template stripped Al (TS-Al) surfaces.
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1. Evaporate Al on mica template 2. Adhere backing layer 3. Strip from template

4 \ (- \ )
High vacuum / high rate Glue

Smooth Al

Rough Al film, oxide poor

Poor vacuum / low rate

Figure 3.2. Workflow for template stripping. (1) Al is evaporated onto freshly cleaved mica templates.
(2) The Aljmica stack is removed from the evaporation chamber and glued down onto a substrate. (3) The
mica is peeled from the Al|glue|substrate stack under water, revealing a smooth surface. Bottom: when the
pressure during evaporation is high/the rate is low, the Al film adheres strongly to the mica surface,
shifting the cleavage plane away from the Aljmica interface.

We use tapping mode AFM to characterize the Al surfaces. The template-stripped side of
the film (TS-Al) has an RMS roughness of 0.2 nm (over 2 x 2 um? and 5 x 5 pm?), approaching
molecular dimensions, whereas the opposite as-deposited “rough” side (R-Al) has an RMS
roughness of 0.9 nm over the same area. We use X-ray photoelectron spectroscopy (XPS) and
contact angle measurements to show that no mica remains on the surface of the template-stripped
Al samples and provide an in situ optical validation method for determining the same. In
addition, we validate the use of our Al films for surface forces measurements with the SFA. We
show that the films are of sufficient optical quality such that the fringes of equal chromatic order
(FECO) in the SFA can be analyzed using state-of-the-art 4x4 optical transfer matrixes and we
rely on the FECO to measure force-distance curves in a salt solution. Finally, we use adhesion
measurements (vs mica) and preliminary corrosion measurements in aqueous 5 mM NaCl
solution to highlight the quality of our template stripped films (TS-Al) compared to as-deposited
ones (R-Al).
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3.3 Experimental Methods

3.3.1 Materials

HNO3 (68%, BDH), ethanol (200 proof, Pharmco), H>O> (30%, Fisher), H2SO4 (95.0%, J. T.
Baker), phenyl phosphonic acid (PPA, 98%, Sigma Aldrich), NaCl (99.0%, Fisher), muscovite
mica (Ruby, ASTM V-1/V-2, S&J Trading), and EPON Resin 1004F (Miller-Stephenson) were
purchased and used as is. For evaporation materials, we use Al pellets (99.999%, Kurt J. Lesker),
Cr plated Tungsten rods (99.9%, Kurt J. Lesker), and Ag shot (99.999%, Alfa Aesar) as received.
We use tungsten (W) evaporation boats (0.015” and 0.010” deep, Kurt J. Kesker) for Al and Ag,
respectively.

3.3.2 Sample Preparation

We use a Kurt J. Lesker Nano 38 resistive heating thermal evaporator, equipped in its standard
configuration with a quartz crystal microbalance (QCM, 6 MHz Cr/Au, Inficon) for measuring
evaporation rate and film thickness. We prepare samples in a low-particulate environment
(ESCO laminar flow cabinet, ISO Class 4 cleanroom environment). Unless noted otherwise tools
and glassware are cleaned using the following protocols. Tools (stainless steel) are treated with
CHCIs, IPA, and nitric acid (1:10 HNO3:H>O). Glassware is cleaned by immersion in piranha
solution (1:3 = H2O2:H2SO4).

3.3.3 Thermal Evaporation

We prepare template stripped Al (TS-Al) samples on hemi-cylindrical quartz lenses (diameter ~
10 mm, radius of curvature 10 mm — 25 mm), following the general template stripping scheme
laid out by Chai and Klein.!"” First, we cleaved mica until thin (3 — 6 pm), monocrystalline
sheets are obtained.!?® We kept the time between cleaving the first mica sheet and loading the
sheet-covered base plate into the evaporation chamber as short as possible, usually ~ 45 minutes.
Al is evaporated (using a new boat for each evaporation) at a base pressure of < 1 x 107 torr,
evaporation rate of > 13 nm/s under continuous rotation of the substrate holder at ~ 40 rpm.
Typically, a layer of 30 — 45 nm Al is evaporated by quickly opening/closing the shutter. Note
that upon exposure to the lab atmosphere, a thin layer of amorphous Al2O3 immediately forms on
the exposed surface due to its reactivity with O>. The TS-Al and R-Al originate from the same
batch, that is an Al-covered mica substrate is either used as-is Al-side up (R-Al) or glued Al-side
down and stripped (TS-Al). Ag was evaporated at a base pressure of < 1 x 1077 torr, evaporation
rate of ~2 — 4 nm/s under continuous rotation of the substrate holder at ~ 40 rpm.

3.3.4 Imaging

AFM data was recorded using a Bruker Dimension 3100 atomic force microscope (Bruker Nano,
Santa Barbara, CA) in tapping mode and analyzed using Gwyddion 2.52.'%° For processing the
AFM data we align the line profiles using a 1% degree polynomial (linear slope) and subtract the
background using a 3™ degree polynomial for both the x and y directions.

21



3.3.5 X-ray photoelectron spectroscopy (XPS)

XPS data were obtained using a PHI 5600 instrument equipped with a Mg Ka flood source
(1253.6 eV). Scans were taken at a source power of 300 W, with a pass energy of 23.5 eV, and
0.025 eV/step. Spectra were deconvoluted using commercial software (CASA XPS) and
processed using a Shirley background. The binding energies for the Al(2p) and Si(2p) peaks
were calibrated by aligning the C(1s) peak to 284.8 eV.

3.3.6 Contact angle measurements

Contact angle measurements were performed using a FTA125 goniometer (First Ten Angstroms)
using 2 pL sessile drop of water. Contact angles on mica- and on Al-covered quartz lenses were
measured before and after functionalization with phenyl phosphonic acid (PPA). The surfaces
were functionalized through immersion in 1 mM aqueous PPA solution overnight, followed by
rinsing with water and drying in a stream of N».

3.3.7 TS-Al (Template stripping of Al)

To fabricate the template stripped samples (TS-Al), we remove the Al-covered mica sheets from
the base plate and glue them onto hemi-cylindrical quartz lenses using a thermoplastic resin,
EPON 1004-F at ~ 180 °C. After reaching room temperature, we immerse the sample in water in
a glass petri-dish. Water facilitates the removal of hydrophilic substrates during template
stripping.3* After peeling off the mica template we observe the temporary appearance of an
opaque haze on the Al surface. The samples are removed from the dish and carefully dried under
a steam of Na. Finally, the samples are heated on a hotplate at 90 °C for 10 minutes to remove
surface-bound water and grow the native oxide.

3.3.8 Rough Al surfaces (R-Al)

We prepare the R-Al samples by gluing an Al-coated mica sheet onto a hemi-cylindrical lens
using EPON 1004-F so that the Al-side faces upward. We performed adhesion and corrosion
measurements between a mica-coated sample and either an TS-Al-coated sample or an Al
sample exposing the as-deposited (“rough”) side of the Al film (R-Al).

3.3.9 SFA measurements.

We use an SFA 2000 (SurForce LLC) equipped with a CCD camera (Andor Zyla 5.5
sCMOS),? using a spring constant of 2076 + 33 Nm'!. We analyze the interference data using
home-written code based on both Heuberger’s and Schwenzfeier’s methods.!3! 132 The latter uses
4x4 optical transfer matrixes and incorporates the birefringence, absorbance, and thickness of
films (e.g. metals) within the interferometer. For an experiment using TS-Al and mica, the
interferometer consists of: [Glue | Al | medium | mica | Ag | Glue] and for the R-Al and mica
experiment, the interferometer consists of: [Glue | mica | Al | medium | mica | Ag | Glue]. Here
the italic notation denotes the semi-infinite layers and the medium is either water, air or is
omitted when in contact. In all experiments, the thickness of the Al layer were 30 — 45 nm. The
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fringe number and spacing is largely determined by the optical thickness of the mica, whereas
the fringe shape is determined by the complex refractive index and thickness of the metal layers.
For optical dispersions of the metal layers we used the values reported by Rakic et al..!3® For the
mica we used the value reported by Kienle et al.’3*

For adhesion experiments we followed the procedures by Christenson.®® We employed JKR

contact mechanics using Wyap = 2Fgqn/3mR,¢; to obtain the work of adhesion.** F, , is the

pull-off force, and R,, = (R R,)"? is the effective radius of curvature for which R; is the radius at

the surface of each of the lens assemblies at the contact spot and is measured in sifu from the
FECO with the surfaces out of contact. We repeated the adhesion measurement three times per
contact spot and probed multiple spots. We did not control for thickness of the EPON 1004-F
layer supporting the Al, which may affect the governing contact mechanics. '3’

Surface forces between TS-Al and mica surfaces were measured in a ~2 mM aqueous LiCl
solution. 40 pL of the solution was injected while the surfaces were in contact to form a large
droplet between the surfaces. The surfaces were then separated and left to equilibrate for 1 hour
before any measurements. Surfaces forces were measured quasi-statically using a micrometer
motor. Typically, five FECO images were taken prior to the next motor step and averaged for
analysis. Forces are calculated by multiplying the difference between the measured displacement
and the motor displacement by the cantilever spring constant. The same protocol was followed
for separate surface forces measurements between two mica surfaces in the same salt solution to
determine the mica surface potential.

Corrosion measurements were performed as follows. First, the SFA chamber was purged with
dry N for 1 hour. Next, the surfaces were brought into contact and the (compressive) force was
increased to ~5 mN. Subsequently, the N source was closed, and 35 pL of 5 mM aqueous NaCl
solution was injected between the surfaces. To reduce evaporation of the NaCl solution, we
injected 3 mL water into the bottom of the SFA chamber. We then recorded the interference
fringes to monitor the corrosion of the Al film.

Comparison to Derjaguin-Landau-Verwey-Overbeek theory.!36 137

We modeled the force-distance curve as a superposition of a long-range repulsion caused by the
overlap of the electrical double layer and a short range van der Waals attraction. We followed
our prior method for the prediction for the double layer repulsion.!3® 3% Briefly, we solved
numerically the non-linear Poisson-Boltzmann equation between flat plates for either the
constant charge or constant potential boundary conditions to obtain the pressure in the gap
between the surfaces, followed by an integration to obtain the interaction energy at a given
separation. The non-retarded van der Waals interaction energy were calculated for flat plates
using a Hamaker constant (3.1 x 1071 J) obtained from the pull-off measurements. The
Derjaguin approximation was then used to convert the calculated interactions (electrostatic and
van der Waals) between flat plates to the one between crossed-cylinders.!® In comparing to
DLVO theory, the measured forces were fitted for the Debye length and surface potentials.
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3.4 Results & Discussion

3.4.1 Surface Characterization

The results from the AFM height measurements demonstrate the reduction in roughness due to
the template stripping process (Figure 3.3). The RMS roughness of the TS-Al sample is 0.17 nm
(measured over 5 x 5 um?, with a peak-to-valley distance of 1.44 nm, see Figure 3.3A), is much
lower than what has been reported previously, and is similar to RMS roughness values reported
for template stripped Au employed.!!® 120- 122125 The RMS roughness of the R-Al samples is
higher at 0.91 nm, indicating similar improvement in the decrease in surface roughness to those
reported by others (see Figure 3.3B).!'® For reference, Levine er al. prepared films using a
similar method to what we use for R-Al here.'?* They reported 0.8 nm RMS for as-prepared Al
films on mica evaporated at high rate (> 10 nm/s). In addition, the AFM height profile for the
TS-Al sample shows no indication of the presence of any mica left on the surface, in contrast
from reports of Rosetti ef al. for template stripping of Ti using mica substrates.'?” However, even
though we inspected multiple locations on multiple samples, AFM only shows a small area of the
entire sample surface (here 5 x 5 um?). Further investigation is necessary to assess if mica is
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Figure 3.3. AFM height measurement showing the surface profile of the Al surfaces. (A) Template
stripped side (TS-Al), RMS = 0.17 nm (5 x 5 um?). (B) Line profile of black dashed line in A. (C) As-
prepared “rough” side (R-Al), RMS = 0.91 nm (5 x 5 um?). (D) Mica reference, where due to the
atomically smooth surface of the mica basal plane, the AFM does not pick up any features. Scale bars are
all 2 pm.
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absent from the TS-Al samples.

XPS of a TS-Al sample also does not show any indication of the presence of mica on the Al
surface. We compare the Al(2p) and Si(2p) XPS spectra for both a TS-Al sample (red crosses)
and a mica reference (blue dots) in Figure 3.4. Muscovite mica is a layered aluminosilicate with
the chemical formula KSi3zAl3010(OH),,%” and thus the mica reference shows a prominent Al(2p)
peak corresponding to AI’* at a binding energy of ~ 75 €V and a Si(2p) peak corresponding to
Si** at ~ 103 eV. Using the same scan parameters, we do not detect any Si(2p) signal on the TS-
Al sample, confirming the absence of mica. For the TS-Al sample the Al(2p) signal is split into
two peaks corresponding to the metallic Al° and oxidized AI** states. This split is expected since
exposure of the Al to ambient laboratory air causes the formation of a native oxide layer.

e Mica
X TS-Al

108 106 104 102 100
Binding energy (eV)

Figure 3.4. XPS spectra of TS-Al (red crosses) and mica reference (blue dots). (A) Spectrum of the
Al 2p region, showing the AI*" oxidation state at ~ 75 eV and the Al° state at ~ 72 eV. Mica shows only
the expected AI’* peak, whereas TS-Al shows the metallic state as well. (B) Spectrum of the Si 2p region.
Mica shows the expected Si** peak, whereas no Si is detected for the template stripped TS-Al sample.
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Removing the mica template under water facilitates the template stripping step. Water lowers the
interfacial energy at both the mica-medium and Al-medium interfaces. Upon exposure to water
the Al surface immediately oxidizes, liberating H> gas which is visible as an opaque haze on top
of the Al surface. If the adhesion between Al and mica is too high (if the evaporation rate is too
low, < 10 nm/s in our experiments), the separation during the underwater template stripping step
occurs not at the Al-mica interface, but between two mica crystal planes. In these cases, the
resulting samples will be (partially) covered with mica, rather than Al, and no opaque surface
haze is observed. Therefore, we suspect that H, generation serves as an in situ indicator of the
successful removal of the mica template. In some cases, we even observe that the generation of
H> gas generates sufficient pressure to drive the lifting of the mica sheet during template
stripping. However, in most cases, we find it necessary to gently lift the edge of the mica
template until it separates from the Al. Note that we were also able to remove the mica template
in air. However, this resulted in a lower template stripping success rate. Since stripping in water
has the added benefit of providing an immediate in sifu indicator of success, all TS-Al samples
were prepared by template stripping in water.

We use surface functionalization with phenyl phosphonic acid (PPA) to confirm that H»
generation during stripping is an indicator of the presence of a TS-Al film (Figure 3.4).
Phosphonic acids are known to be stable towards hydrolysis on Al/AL,Os, but not on Si/SiO,.!4%
141 ' We thus expect PPA to bind to the TS-Al surface but not to the mica. We first measure the
contact angle of water on freshly cleaved mica sheets and on solvent-cleaned Al pellets before
and after an overnight immersion in 1 mM PPA. We measure a contact angle of < 5° on both
samples prior to functionalization. After functionalization, the contact angle on mica remains at
< 5°, whilst it increases to 40 — 60° on the Al pellets. On partially stripped TS-Al/mica samples
the contact angle is initially < 5° across the entire sample. After functionalization, the areas
which showed the haze due to H» generation have a contact area of 45 + 6°, whereas on the
haze-free areas contact angles remain unchanged (< 5°), see Figure 3.5. Selective contact angle
modification provides strong evidence for the opaque haze being correlated to oxidation of the
Al surface and an in situ indicator for successful removal of the mica template.
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Figure 3.5. Macroscopic in situ verification of the presence of TS-Al on the sample surface. (Top) A
simple way to determine whether the mica template is successfully removed, is through the observation of
bubbles on the surface. H, evolution is visible due to the oxidation of the Al upon removal of mica in
water. (Bottom) Successful template stripping is confirmed through selective functionalization of
Al/ALO;. After overnight immersion in an aqueous solution of 1 mM phenylphosphonic acid (PPA) the
contact angle (CA) of water on the template stripped surface has increased due to the formation of a self-
assembled monolayer. On the mica-covered Al surface the CA remains < 5°, the same as for both surfaces
prior to functionalization (not shown).

Several factors contribute to reducing the adhesion of the Al film to the mica substrate. These are
(1) the evaporation rate (= 13 nm/s); (2) the time between cleaving of the mica templates and
their loading into the evaporator (< 45 minutes); (3) the chamber pressure (< 1 x 107 torr); (4)
the thicknesses of the glue layer and mica template. The latter likely relates to mechanical
stresses in the system, whereas the first three factors all relate to the relative amount of
impurities - which we expect to be mainly H>O, O, and surface K>COs3 (from reaction of K on
the mica surface with atmospheric COz). In reaction with metallic Al, these impurities likely
form metal-oxides, which we believe cause higher adhesion to the mica substrate through
interactions between permanent dipoles. In the case of a purely metallic film we expect only
dispersion and induced-pole interactions, as is the case when template stripping noble metals
using mica as template.

Increasing the evaporation rate reduces the number of impurities in the film by leaving less time
for wall-adsorbed species (in equilibrium with gas-phase species) such as O, and H>O to desorb
and react with the film. This is a well-known phenomenon known as “gettering”, where the
evaporation of a reactive metal causes a significant drop in chamber pressure (we observe this as
well). Limiting the time between cleaving the mica substrates and loading these into the chamber
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similarly reduces the time for airborne species from the laboratory environment to adsorb to the
mica. By using at the lowest chamber pressure possible we limit the number of impurities present
prior to evaporation.

We therefore recommend low melting point metals (such as Al, Pb, Zn) to be template stripped
using this technique, since they can be evaporated at high rates. Au can be evaporated at low
rates, since it does not react with chamber impurities. However, even when template stripping
Ag, higher evaporation rates have been recommended'?S. For high melting point metals such as
Fe, Kurihara’s group has shown sputtering directly onto mica can be used to fabricate smooth
substrates, likely owing to the small grain sizes obtained at low homologous temperatures (the
ratio Tsubstrate/Tmelt)lll’ 142,

It is necessary to heat the TS-Al surface after template stripping to prevent corrosion of the
samples. Oxidation of the freshly exposed Al surface by water creates a low density oxide layer
which renders the Al film labile to corrosion.!4* 144 AFM data recorded on a TS-Al surface that
was not heated after template stripping shows many small holes, which we associate with etch
pits. The presence of these pits suggests that the surface oxide formed in water does not prevent
further detrimental surface oxidation (corrosion). Heating the sample facilitates drying and forms
a denser/more stable surface oxide layer absent of etch pits, as shown in Figure 3.3. Annealing
of the R-Al samples occurs during the gluing step on the lens, we do not observe pits on the R-Al
samples (Figure 3.3). We note that McPeak ef al. used UV-Ozone for this purpose after removal
of the Si/SiO; template in air.!#®

On occasion we observe that after removal from the evaporation chamber our Al films become
less reflective and show a corrugated surface. We believe that this is due to de-wetting of the
film, caused in part by the poor adhesion of the Al film to the mica and in part by the stress
caused by the volume change of the Al-surface upon oxidation due to exposure to the ambient
atmosphere. This loss in reflectivity and corrugation is most pronounced for our thinnest ~ 30 nm
Al films and occurs slowly over time, prompting us to glue the Al-coated mica sheets on the
hemi-cylindrical lenses immediately after removal from the evaporation chamber. Corrugation
can be easily prevented by depositing thicker (e.g. 100 nm) films or adding thin layer of a noble
metal after the Al deposition. Al films showing a corrugated surface were not used for further
experiments.

3.4.2 Surface forces measurements

3.4.2.1 Interferometry

In the SFA, the separation between surfaces is calculated from multiple beam interferometry. As
a result, high quality FECO that are well-described by theory are usually necessary to acquire
and interpret most data with the SFA. In particular, when replacing an Ag mirror with Al the
intensity of the FECO decreases. Therefore, in addition to requiring smooth Al films, most
experiments with the SFA require a narrow range of Al thicknesses to obtain high quality FECO.
Some SFA-studies also require a precise and in situ knowledge of the thickness of the TS-Al, for
example in corrosion studies.
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We first demonstrate that the TS-Al films lead to high quality transmission FECO, that is,
FECO with good signal-to-noise ratio that are in good agreement with predictions from 4x4
optical transfer matrixes. The experimental FECO for a TS-Al film are shown in Figure 3.6A.
We use the 4x4 matrix method to extract the layer thicknesses of the optical stack. Figure 3.6B
and 3.6C show the best fit to the interference spectrum at the center point. The birefringence of
the mica layer causes splitting of the interference fringes, captured by the model. For the FECO
in Figure 3.6, the optimal fit for the Al thickness is 41.6 nm. When using the SFA in
transmission mode with Al, this thickness represents an upper limit that can be used, the
transmitted intensity from thicker films is too low and the data cannot be analyzed. We note that
this limitation does not exist for setups in reflection. For the Ag layer we obtain an optimal fit for
a thickness of 25 nm, which is 10 nm lower than the thickness reported by the QCM on the
thermal evaporator, where the difference may be due to the placement of the sample in the
evaporator (sample position with respect to the QCM), oxidation during storage, or gluing. In
addition, Schwenzfeier et al. report a thickness reduction of the Ag layer of ~20%, likely due to
oxidation.!*? The mica is birefringent with a reported birefringence of An = 0.0035-0.0052 and
we used 0.0035 for the fit.!*® The mica thickness used in the fit was obtained through separately
measuring the thickness of symmetric mica sheets from the same crystal. We did not attempt to
model the oxide layer thickness. Overall, the good agreement between the calculation and
experimental data shows that the optics of the TS-Al layer are well-described by state-of-the-art
optical models for multiple beam interferometry. Therefore, the TS-Al films are suitable even for
experiments where the Al thickness needs to be determined in situ.
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Figure 3.6. Interferometric data recorded in the Surface Forces Apparatus, and results from fitting
the interference spectrum. (A) Fringes of equal chromatic order (FECO) resulting from light passing
through an interferometric filter consisting of: template stripped Al | mica | Ag. (B) Profile (blue dots) and
fit (red line) corresponding to the white line in A. (C) Filter composition corresponding to the fit in B.
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3.4.2.2 Force-distance curves.

We measured the interaction between the TS-Al surfaces and mica in 2 mM LiCl to demonstrate
that the TS-Al surfaces are suitable for force measurements in the SFA. Figure 3.7 shows the
force as a function of surface separation where multiple experimental curves are overlaid. As
expected, we observe a long-range electrostatic repulsion followed by a jump-in instability at a
separation of 2 — 3 nm. After jump-in, the FECO shows flattening of the surfaces in the contact
region (lower inset of Figure 3.7). We compare our measurements to predictions from DLVO
theory, as shown as lines in Figure 3.7. The measured Debye length of 6.1 nm correspond to a
concentration of 2.25 mM LiCl which is in good agreement with our experiments. We obtain a
surface potential for the TS-Al of 1, = —90 mV when using a mica surface potential of
Wmica = —150 mV obtained from separate mica-mica experiments. For comparison, under
similar conditions the surface potential of sapphire surfaces is between Y4, = —13 and —43
mV.147- 148 The measured potential here is significantly more negative than our values. Reports
for the surface potential of alumina surface is also significantly less negative (reaching positive
values for alumina particles).!#- 10 It is important to note that our TS-Al films are not sapphire
surfaces nor pure alumina. Based on the fit to the predicted FECO intensity (Figure 3.6) we
suspect that the oxide layer is quite thin and perhaps the metallic nature of the underlying Al
surface leads to more negative surface potentials.
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Figure 3.7. Force vs surface separation measured between TS-Al and mica surfaces. Black
lines show DLVO predictions for 2.25 mM LiCl salt with Yy = —150mV and 3, =
—90 mV. The Hamaker constant used is (3.1 X 10719 J) and was determined from the pull-out
forces (121 £ 9 mN/m). The solid and dashed curves correspond to solutions to the Poisson-
Boltzmann equation for constant potential (solid line) and constant charge (dashed line)
boundary conditions for both surfaces, respectively. The upper-right inset shows forces near
contact, where attractive jumps into contact are denoted by arrows. Different colored points
correspond to individual approaches. Representative FECO for this TS-Al/mica contact after the
jump in is shown in the bottom left inset.
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3.4.2.3 Adhesion

Adhesion is governed by both the interfacial energy and contact area between two surfaces.”® We
thus expect to measure a higher adhesion for the TS-Al films with mica based on its lower RMS
roughness. In addition, the TS-Al films are exposed to the ambient atmosphere only after
stripping, just prior to the experiment. We therefore expect the interfacial energy to be equal or
higher than that of the R-Al films, which are exposed to the ambient atmosphere from the
moment the samples are removed from the evaporation chamber.

Adhesion measurements were performed between the two different Al samples and acid-treated
mica in dry Na. The TS-Al and R-Al samples are always coated with aluminum at the same time
to minimize any coating differences which might occur during evaporation. For the work of
adhesion between TS-Al and mica we measure 325 + 64 mJm?2, whereas for the work of
adhesion between R-Al and mica we measure 56 + 8 mJm™2. For comparison, Christenson
measured 260 - 340 mJm™ for the work of adhesion between two acid treated mica surfaces
using the same method.®¢ We attribute the large difference between TS-Al and R-Al mainly to
the difference in surface topography and slight differences in preparation procedure. The low
roughness of the TS-Al samples we expect the measured work of adhesion to be approaching the
(theoretical) limit for contact in air between two atomically smooth surfaces composed of these
materials.®> !> However, more experiments are needed to determine the adhesion force between
these surfaces, in particular the role played by the native oxide layer. These experiments
highlight an additional advantage of the TS process: the formation of metal films that are less
prone to contamination. The values of adhesion energy measured are more illustrative of the
difference in quality between the TS-Al and R-Al samples, rather than representing
thermodynamic measures of the work of adhesion between Al and mica. In addition, these
measurements were performed on rather thin, ~ 30 nm Al films, which started to show cracks
after repeated measurements on the same contact spot (visible as 1 — 3 thin dark lines in the
FECO).

3.4.2.4 Corrosion Experiments

Crevice corrosion is a form of corrosion that may occur in confined regions where lowered
transport rates result in the formation of aggressive media.!*! Recently, Valtiner’s group used the
SFA to directly visualize crevice corrosion and corrosion inhibition of Al in 5 mM aqueous NaCl
solution in real-time and with high resolution.!>? Their work shows that the SFA technique is
uniquely suited to study crevice corrosion due to the ability to monitor film thickness changes in
the region where the two surfaces are in contact in real-time.

Using the SFA, we performed preliminary measurements of crevice corrosion by monitoring the
FECO intensity over time of TS-Al and R-Al samples that are in contact with mica and
immersed in 5 mM aqueous NaCl solution. Figure 3.8 shows the FECO intensity of both
experiments over time. The results for TS-Al are shown on the left and the results for R-Al are
shown on the right. The panels B and C show the FECO at different time points. Initially (t =
Oh), the surfaces are in contact in dry N> after which we apply a compressive force of ~ 5 mN
followed by the injection of a 5 mM aqueous NaCl solution. We monitor the corrosion process
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through the change in intensity of the FECO, and in Figure 3.8 we show images of the same
FECO taken 1 h and 6 h after the injection of the aqueous solution. Through the flattened area of
the left-most fringe on each of the FECO images a line has been drawn which corresponds to the
position of the line profile on the right panel. The area shown in red, normalized by the average
intensity of the reference band (in blue) at the bottom of the FECO images, is used to generate
the contour plots at the bottom (Figure 3.8 D-E). The bottom contour maps (D and E) show the
FECO intensity of the line profile as a function of time. The reference band is a direct measure of
the intensity of the lamp and does not pass through the interferometer.

‘A TS-Al _ RAl
NSRS & = &
=1

Position (um)

Position (um)

Position (um)

550 560 570 Intensity (arb.)
Wavelength (nm)

550 560 Intensity (arb.)
Wavelength (nm)

S
Y

Y
Position (um) U
g &8 8
o o o

~N
o
<}

o
o
-3

0.12 0.25 0.5 10 2.0 4.0 X . . 0.5

Time (h) \_ Time (h)

Figure 3.8. Interferometric study of corrosion of Al surfaces immersed in 5 mM NaCl of template
stripped (left, TS-Al) and as-prepared Al (right, R-Al). (A) Schematic showing the incoming (Io) and
transmitted (Ir) light through the interferometric filter. As the Al layer corrodes and thins, the transmitted
intensity increases. (B,C) FECO spectra taken at different time points. At t = 0 h, the surfaces are in dry
N>. Subsequently, 5 mM NaCl has been injected between the surfaces and has been left fort=1h and t =
6 h, respectively. As time progresses etch pits appear in the R-Al film and the film starts to thin, causing
the FECO intensity to increase. The side panels at each FECO spectrum show an intensity plot taken
across the vertical line in the figure. (D,E) FECO intensity across the red dashed line normalized by the
reference intensity band in blue is shown as function of time. Plot intensity has been internally
normalized to facilitate viewing. The intensity of TS-Al film remains nearly constant, whereas for the R-
Al film it strongly increases over time.
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An increase in intensity corresponds to a decrease in film thickness, which we attribute to the
corrosion of the Al films. Both TS-Al and R-Al samples show some increase in intensity in the
entire contact region over time (Figure 3.8 D-E), but the R-Al films exhibit sharp increases at
the edge of the contact zone. Figure 3.8 shows less change in intensity of the TS-Al samples
than of the R-Al, implying that the TS-Al samples are more stable towards corrosion than the R-
Al samples. We studied multiple sample sets and found that the TS-Al always corrode slower (if
at all) than the R-Al samples. However, the corrosion rate and location where the film thinned
varied, sometimes starting at the edge of the contact region, and other times further outside of the
contact. With both TS-Al and R-Al, we observed corrosion largely outside the region of contact,
in contrast to what has been reported by Valtiner’s group for Al, but not for Ni.!*> 133 The reason
for this difference is not clear and will require further study. However it is possible that the films
used in Valtiner’s study were rougher as they evaporated their films at slow (< 0.3 nm/s) rates
and the reported roughness for such films can be higher than reported here (e.g. 1.1 £ 0.2 nm
RMS for 0.2 nm/s).!? It is also possible that there are differences in the native oxide layer of the
TS-Al and R-Al or that differences in the grain sizes on the smooth side (TS-Al) and as-
deposited side (R-Al) due to mica templating. More detailed investigations of the effect of
roughness on corrosion will be the subject of future studies.

3.5 Summary

In summary, we introduced a novel method for the fabrication of ultra-smooth (0.2 nm RMS)
aluminum thin films that are suitable for the measurement of surface forces with molecular
length scales. The method relies on the use of high vacuum (< 1 x 107 torr), high deposition
rates (= 13 nm/s), and limiting the pre-deposition exposure time of the mica templates to
ambient atmosphere. The surfaces are free of mica residues, which can be determined in situ
when the mica template is removed under water due to the generation of H» gas at the Al surface.
We demonstrate the suitability of the TS-Al for measurements in the SFA.

In particular, these measurements demonstrate that reducing the roughness of Al film from a
RMS of 0.9 nm to a RMS of 0.2 nm has an important effect on the surface and interfacial
properties. The lowered roughness could enable unambiguous interpretation of surface forces
and adhesion, and could enable the measurement of short-range forces such as those electrostatic
forces at high salt concentration, or forces due to liquid structure. The preparation procedure also
ensures that samples can be prepared and safely stored while minimizing risks of contamination
of the Al surface.

The observation that R-Al samples corrode faster than TS-Al samples implicates sub-nm
roughness as an important factor which needs to be controlled against when studying the
corrosion of Al. When compared to thermally evaporated (and rougher, RMS = 0.9 nm) Al films,
the adhesion of the template stripped films in contact with acid-treated muscovite mica is up to
six times higher. Finally, measurements of the surface forces between TS-Al and mica showed
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good agreement with DLVO theory for a surface potential of the TS-Al films in 2mM LiCl of -
90mV and a Hamaker constant of 3.1x102° J, demonstrating the suitability of TS-Al for surface
forces measurements.

Throughout we performed measurements in the SFA in transmission mode, using Al films of 30
— 45 nm in thickness, which requires stringent control over the deposition times at the high
deposition rates used here. However, SFA experiments can easily be performed in reflection
mode which allows for thicker films (e.g. 100 nm). Our fabrication method provides a route for
force measurements on a substrate that is widely used both in multiple technologies.
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4 Cooperative Tridentate Hydrogen-Bonding Interactions
Enable Strong Underwater Adhesion?

4.1 Abstract
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of DGEBA-Tris with mica or aluminum in N> and in water. Right: proposed
cooperative hydrogen bonding mechanism behind the strong underwater
adhesion of DGEBA-Tris.

quantitatively ~ relating
the macroscale adhesive
strength to cooperative
hydrogen-bonding
interactions remains challenging. Here, we investigate whether tridentate alcohol moieties
incorporated in a model epoxy act cooperatively to enhance adhesion. We first demonstrate that
incorporation of tridentate alcohol moieties leads to comparable adhesive strength with mica and
aluminum in air and in water. We then show that the presence of tridentate groups leads to
energy release rates that increase with an increase in crack velocity in air and in water, while
materials lacking these groups do not display rate-dependent adhesion. We model the rate-
dependent adhesion to estimate the activation energy of the interfacial bonds. Based on our data,
we estimate the lifetime of these bonds to be between 2 ms and 6 s, corresponding to an
equilibrium activation energy between 23kpT and 31kgT. These values are consistent with
tridentate hydrogen bonding, suggesting that the three alcohol groups in the Tris moiety bond
cooperatively form a robust adhesive interaction underwater.

1 This chapter was previously published as “Lamberty, Z. D.; Tran, N. T.; van Engers, C. D.; Karnal, P.; Knorr Jr.,
D. B.; Frechette, J., Cooperative Tridentate Hydrogen-Bonding Interactions Enable Strong Underwater Adhesion.
ACS App. Mater. Interfaces, 2023, 15 (29), 35720-35731.” and is adapted with permission from all co-authors.
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4.2 Introduction

Multidentate hydrogen-bonding moieties are promising functional groups for strong and water-
resistant adhesives.?! Multidentate bonds are thought to be more stable than their monodentate
counterparts, as multidentate interactions are kinetically and entropically favored due to the
coordination between multiple adjacent binding groups.'>* Well-studied multiple adjacent
hydrogen-bonding groups in adhesion include catechols (Dopa)'*® and ureido-pyrimidinone
(UPy),'*¢ both of which were proven to maintain strong interactions underwater. Multidentate
hydrogen-bonding moieties also interact strongly with a wide range of surface chemistries.’’
Single-molecule’! 157 and macroscale!®: 1°¢ measurements support the hypothesis that adjacent
alcohol groups work cooperatively to stabilize and strengthen adhesive contact, helping to resist
displacement by interfacial water.!’® Yet, a quantitative relationship linking the cooperative
bonding dynamics to strong macroscale adhesion remains elusive.'*®

Recent work with the tri-alcohol molecule tris(hydroxymethyl)amino methane (Tris) shows the
potential of these moieties for enabling strong underwater adhesion.®* 5% These tridentate groups
are particularly well-suited for epoxies as they can be readily reacted into the polymer backbone
through the amine linkage. Stronger-bonded and water-tolerant epoxies are essential for
structural adhesive and composite applications.”> 6% ¢! Tran and co-workers showed that a
simple surface pretreatment with Tris buffer improved dry and hot/wet aged lap shear strength of
diglycidyl ether of bisphenol A (DGEBA) epoxy-bonded aluminum to a level comparable with
their best polydopamine surface treatments.’> DGEBA is a well-studied and commonly used
epoxy adhesive!® and thus serves as a suitable model backbone. Next, they incorporated Tris
groups directly in the backbone of DGEBA (Tris—-DGEBA, see Figure 4.2) and demonstrated
lap shear strength after water aging that rivaled the strength of a silane pretreatment benchmark
but without the need for the extensive surface pretreatment.!>® Furthermore, they demonstrated
that this improvement was not seen in epoxies functionalized with monodentate or bidentate
alcohol groups, even when accounting for the hydroxyl concentration within the epoxy.!>® These
prior studies motivate the need to uncover the importance of cooperative hydrogen bonding in
adhesion generally, and due to its industrial importance as a structural adhesive, of Tris-
containing epoxies specifically.

C§>/\o O © o/\x/\N’\l/\o O O O/\<(5

Figure 4.2. Oligomer structure. Structure of the Tris-modified DGEBA (DGEBA-Tris) oligomer.
DGEBA sections are shaded in blue, and the Tris moiety is marked in yellow.
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Relating macroscopic adhesion measurements to intermolecular forces can be both
experimentally and theoretically challenging, even in the limit where adhesive contact is caused
by breaking interfacial bonds (and not bulk viscoelasticity). One approach that has been
successful involves quantifying the rate dependence of crack propagation on the strength and
stretch of chemical bonds in adhesive contact. The finite bond lifetime from chemical kinetics
leads to a bond dissociation force that increases with the loading rate on an individual bond,
described through the Bell-Evans model.>> Macroscopically, the process is averaged over many
bonds throughout the contact region, leading to rate-dependent adhesion that scales with
[In(w)]?, where u is the stretching velocity of the interfacial bonds during crack propagation.®
Moreover, the equilibrium bond lifetime 7, which itself is related to the bond activation energy
E, through Eyring’s equation, leads to a transition from a rate-independent to a rate-dependent
debonding force as the detachment velocity increases. By determining this characteristic
transition velocity, it is then possible to determine 7 (and thus E,) for bonds formed in adhesive
contact. This general methodology has been employed to characterize the adhesion of covalent
bonds in a PDMS-silanized glass interface,%’ the role of electrostatic interactions in hydrogel—
hydrogel adhesion,*® and highly entangled hydrogen-bonding networks between oxidized PDMS
and silicon.’® * In this work, we hypothesize that we can determine if cooperative hydrogen
bonding is present in DGEBA-Tris by characterizing and modeling how adhesive strength
depends on the rate of crack propagation.

Here, we investigate the mechanism by which the incorporation of Tris groups in the backbone
of DGEBA epoxies improves underwater adhesion. We use a model epoxy adhesive consisting
of two DGEBA groups joined by a single Tris moiety, DGEBA-Tris (Figure 4.2). We first
report on the dependence of the strength of DGEBA-Tris/mica contact on the rate of crack
propagation*’ in air. We compare the adhesion of cured and uncured DGEBA-Tris to mica to
other DGEBA epoxies that do not contain the Tris group. We then measure adhesion between
thin films of DGEBA-Tris oligomers to mica in air and water using the surface forces apparatus
(SFA).13® We further test the adhesion of DGEBA-Tris to aluminum in air and water to
demonstrate the application to industrially relevant substrates. Finally, we model® the
dependence of the adhesive energy on the rate of crack propagation to obtain the threshold
velocity above which adhesion is rate-dependent. From this critical velocity, we obtain estimates
of interfacial bond lifetimes that we can use to test the hypothesis that cooperative hydrogen
bonding is responsible for the strong adhesion in air and in water of DGEBA-Tris epoxies.

4.3 Connecting Crack Propagation Velocity to Chemical Bond Kinetics

Consider the interaction between two macroscopic surfaces, as illustrated in Figure 4.3a, where
adhesion is dominated by bonds formed between the interacting surfaces in contact. A crack of
length ¢ exists between the two interacting bodies at the edge of the contact region. As a tensile
force F is applied, the bodies are pulled apart and the crack propagates at the interface between
the materials, while adhesive forces act to hold the bodies together and resist crack motion. The
location of the crack is determined by the balance between elastic energy and the energy release
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rate G, which comprises interfacial bonds and dissipative phenomena that oppose the crack
motion.’” If we zoom in around the crack tip (Figure 4.3b), individual chemical bonds of
activation energy E, and number density X act to hold the surfaces together. These bonds must
be broken for the crack to advance. If each bond is attached to the bottom surface by a polymer

of spring constant M and stretched at a velocity Vsueteh, the loading rate on each bond is Z—i =
de
E)
Evans theory tells us that the energy dissipated in breaking each bond depends on the loading
rate, and many such bonds must be broken simultaneously to extend the crack. Chaudhury
extended the Bell-Evans theory to macroscale contacts by summing up the energy dissipated
during the breaking of a multitude of bonds to obtain the relationship given in Eqn. 4.1 between

G and the crack velocity®
Y kgT Muit\1?
B _ (= 4.1
(G = Go) <2M) [( 2 )ln <nkBT)] ' D

In Eqn. 4.1, G, is the threshold (rate-independent) energy release rate, A is a characteristic length

scale for the bonds, and n is the number of bonds per chain. Note that Eqn. 4.1 only applies in
Mult

nkgT

MVstreten- We approximate Vgperen = U = —, where u is the velocity of the crack. The Bell—-

the limit where the > 1 or when the thermal energy of the bonds is lower than the

equilibrium energy barrier for bond dissociation.?> In the slow crack velocity limit (11\:1%/1; K1),
B

the thermal energy dominates, and the energy release rate is by definition G = G,. Finally, the

lifetime of a bond 7 in Eqn. 4.1 can be estimated using Eyring’s equation®

_h
 kgT

Eq

exp <—) , (4.2)

' kT

where /4 is Planck’s constant, kg is Boltzmann’s constant, and 7 is the temperature. Recently,
more rigorous models have been developed that are in qualitative agreement with Eqn. 4.1, but
require additional details for their implementation.”* While Eqn. 4.1 can be applied to any type
of interfacial bond, the onset of rate dependence is highly dependent on t and, by extension, E,,.
For an individual hydrogen bond, E, ~ 10kgT.?® % As a first-order approximation, for
cooperative hydrogen bonds, we expect E, to scale with the number of hydrogen bonds, N,
acting cooperatively such that E, = N x 10kgT. In the case of Tris and tridentate bonds, N = 3
and E, = 30kgzT, which leads to a bond lifetime of 7 = 1 s and the onset of rate dependence of
adhesion at a threshold velocity of u ~ 0.5 nm/s. Therefore, we expect rate-dependent behavior
in the nm/s regime to correspond to cooperative tridentate hydrogen bonding. In contrast, for
monodentate hydrogen bonding, the threshold velocity would be u# ~ 1 m/s. This rate dependence
should occur in both air and in water if cooperative bonds can be formed but should be absent in
epoxy analogs that lack Tris groups. Figure 4.3¢ demonstrates the expected dependence of G
with the crack velocity obtained from Eqn. 4.1 for two nominally identical materials (same
number of sites and polymer spring constant). While the threshold velocity occurs at ~0.5 nm/s
for tridentate hydrogen bonds (E, = 30kgT and T = 1 s), this transition would not occur until 1
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m/s for a monodentate bond (E, = 10kzT and 7 = 10~ s). For all but the fastest measurements,
adhesion from single hydrogen bonds will be rate-independent.
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Figure 4.3 Relationship between interfacial bonds and adhesion. (a) Diagram of two adhesive
surfaces in contact. F is the force on the two bodies, £ is the length of the crack, and u = d#/dt is the
velocity of the crack. (b) Enlarged schematic of the interface near the crack tip illustrating the interfacial
bonds between the two surfaces. 2 is the surface density of bonds, E, is the bond activation energy, and
M is the polymer spring constant. (¢) Predictions from Eqn. 4.1 for the dependence of G vs crack velocity
contrasting individual and multidentate hydrogen bonds. For T = 1 s (green), the rate-dependent transition
occurs at ~0.5 nm/s, while for T = 1 s (red), the transition occurs at ~1 m/s.
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4.4 Materials and Methods

4.4.1 Materials

HNO; (68%, BDH), ethanol (200 proof, Pharmco), H>O2 (30%, Fisher), H2SO4 (95.0%, J. T.
Baker), tetrahydrofuran (THF, >99.5%, Supelco), ethyl acetate (99.9%, Fisher), muscovite mica
(Ruby, ASTM V-1/V-2, S&J Trading), silver pellets (99.999%, Alfa Aesar), aluminum pellets
(99.999%, Kurt J. Lesker), DGEBA (Hexion Inc. EPON Resin 825), EPON Resin 1004 F
(Hexion Inc.), and 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris, >99.9%, Sigma-Aldrich)
were purchased and used as received. Deionized (DI) water (>18.2 MQ cm resistivity) was
obtained from an EMD Milli-Q Integral Water Purification System.

4.4.2 Synthesis of DGEBA-Tris Oligomers

2-(Bis(1-hydroxy-2-(4-(2-(4-(oxiran-2-ylmethoxy)phenyl)propan-2-yl)phenoxy)ethyl)amino)-2-
(hydroxymethyl)propane-1,3-diol diglycidyl ether of bisphenol A-—tris(hydroxymethyl)amino
methane, DGEBA—Tris) oligomers were synthesized through nucleophilic epoxide ring opening
of the epoxy DGEBA oligomers by Tris amine groups, as reported previously.!>® In brief,
DGEBA monomers and Tris (2:1 stoichiometric ratio) were dissolved in ethanol (5.6 M
DGEBA, 2.8 M Tris) at 78 °C under constant stirring for 18 h to allow the Tris molecules to bind
two DGEBA groups through the amine linkage, forming the DGEBA—Tris oligomer. Afterward,
the oligomers were diluted to 180 mM in ethanol for storage.

4.4.3 Preparation of Self-Arresting Crack Samples

Large muscovite mica sheets (~2 cm x 6 cm, 10-30 um thickness) were cleaved in a laminar
flow cabinet and cut into rectangles comprising mostly of a single crystal. The sheets were then
rinsed with 5 mL of an 8 pLL. HNO3/50 mL H>O solution to exchange K" ions from the mica
surface with H and then blow-dried with N». Oligomer or polymer solutions were created that
had an equal concentration of 34 mM DGEBA units in THF (e.g., 17 mM DGEBA-Tris with 2
DGEBA units per oligomer). Then, 500 pL of solution was spin-coated onto the HNOs-treated
mica sheets, followed by heating for 1-2 h at 100 °C under vacuum to remove residual solvent.
Meanwhile, thick mica base sheets (~150 ¢cm? area, ~1 mm thick) were freshly cleaved and
rinsed with 20 mL of HNOs solution before drying as before. After the oven-drying was
complete, the oligomer-/polymer-coated mica sheets were placed polymer-side down on the mica
base sheets and the two sheets were firmly pressed together. Multiple epoxy-coated sheets were
affixed to the same base sheet and then cut apart to size. A steel block was placed on each
sample to provide additional weight during annealing in an oven for 1 h at 80 °C under vacuum.
Afterward, uncured samples were removed to be tested, while samples to be cured remained in
the oven as the temperature was ramped over a period of 2 h to 150 °C under a gentle flow of N,
followed by curing at 150 °C for the requisite curing time (6 or 18 h).
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4.4.4 Preparation of Surfaces for SFA Experiments

The preparation of mica surfaces is described in detail in our prior work.?¢ Details are mentioned
here for clarity. Single-crystal muscovite mica sheets (3—8 pum) were cleaved in a laminar flow
cabinet and placed on a larger mica backing sheet. A thin layer of silver (~50 nm) was then
thermally evaporated onto the exposed side of the mica sheets (using a Kurt J. Lesker Nano 38
thermal evaporator). The mica surfaces were then glued to the SFA disks using a uniform layer
of EPON epoxy (~5 um) deposited onto the hemi-cylindrical quartz lenses (radii of curvature ~
2 cm). To obtain a uniform EPON layer, the glue was first dissolved in an ethyl acetate solution
that was then spin-coated on a disk. After spin-coating, the glue was melted by heating the lenses
on a hotplate at 225 °C and a cleaved sheet of mica was placed silver-side down on the lens.
After cooling, the mica lenses were immersed in a weak HNOs solution (8 pL HNO3/100 mL
H>0) to exchange K* ions from the mica surface with H". In all SFA experiments, one of the
mica surfaces was coated with the DGEBA-Tris oligomer. For oligomer-coated lenses, a
solution of 17 mM DGEBA-Tris oligomer in ethanol was spin-coated onto the H" mica lenses
and then annealed in a vacuum oven at 80 °C for 6 h to remove excess solvent. Ultra-smooth
aluminum surfaces were fabricated according to our previously published procedure®® by
templating thermally evaporated aluminum films with mica and then removing the mica template
in water.

4.4.5 Atomic Force Microscopy Imaging

Atomic force microscopy (AFM) data were recorded using a Bruker Dimension 3100 atomic
force microscope (Bruker Nano, Santa Barbara, CA) in tapping mode and analyzed using
Gwyddion 2.52. For processing the AFM data, we align the line profiles using a first-degree
polynomial (linear slope) and subtract the background using a third-degree polynomial for both
the x- and y-directions. Root-mean-square (rms) roughness values were calculated over a 5 pm X
5 um area using Gwyddion’s built-in statistical functions. AFM imaging was performed on both
as-prepared (dry) samples and samples that had been soaked in DI water overnight, to reproduce
the conditions in SFA experiments.

4.4.6 Ellipsometry

Ellipsometry measurements were performed with an Accurion Nanofilm EP3 single-wavelength
(532 nm) variable-angle imaging ellipsometer with a 20x objective. DGEBA-Tris oligomer
films were deposited onto clean silicon wafers using the same procedure as for SFA samples,
except for the K ion exchange step. We assume that the oligomer thickness is (on average)
identical to that of the films deposited on the mica sheet for SFA experiments. For each sample,
first, the angle of incidence was varied to find the Brewster’s angle and then the reflectance of
the sample was measured at angles around the Brewster’s angle. Accurion’s EP4 software was
then used to analyze the measured data, and both the refractive index and thickness of oligomer
films were varied to fit the reflectance data. A film thickness of 115.4 £ 1.5 nm with a refractive
index of np = 1.582 was obtained from ellipsometry. The refractive index value for the
DGEBA-Tris oligomer was then used for the analysis of the SFA interferometric data.
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4.4,7 Surface Tension

Surface tension measurements were conducted with a Dataphysics OCA 15EC contact angle
goniometer. The fluids investigated were 18.2 MQ cm H>O that was either in contact with
DGEBA-Tris films or only in a glass beaker (control) for 24 h. A 25 pL drop was hung from a
clean stainless-steel needle with an OD of 0.51 mm. Measurements were performed in laboratory
air. Images were taken continuously over 100 s, during which no noticeable change in surface
tension occurred. Image analysis and surface tension calculations were performed by
Dataphysics” SCA software.

4.4.8 Adhesion Measurements through Self-Arresting Crack Propagation

Peeling by crack propagation and arrest was performed with a procedure inspired by previously
reported methods*® 47 on a modified Zeiss Axiovert 135 inverted microscope equipped with a
translating stage. The method relies on peeling apart two adhered surfaces by bending the upper
(more flexible) sheet and monitoring the subsequent propagation of the peeling front (crack). The
crack will advance and eventually arrest once mechanical equilibrium is reached between the
elastic bending of the sheet and the adhesive forces resisting separation. All the self-arresting
crack measurements were conducted between two mica base sheets adhered together with a thin
layer of epoxy prepared as described above. Adhesion measurements started by prying apart the
two mica sheets at one end with a needle, followed by inserting a 1 mm diameter glass rod as a
spacer in the gap created by the needle. The glass rod creates a crack at the epoxy—mica interface
that grows and arrests once equilibrium between the bending and surface forces is achieved.
Then, we advanced the glass rod and monitored the associated crack propagation. As the glass
rod moved to peel the mica sheet, the crack length was imaged using a 5x objective and a 555—
565 nm band-pass filter to observe the interference patterns produced by the crack opening.
Acquisition time began at 10 fps for each measurement but gradually slowed to 1 frame per 5
min over the course of an experiment as the rate of crack propagation slows down. To quantify
the crack length, the edge of the crack was assumed to be approximately the location of the first
visible constructive interference fringe. For each measurement, a location ~3 mm from the
previous crack front was located with the camera and then the spacer was rapidly pushed by 3
mm to move the crack into view. Each time the glass rod was moved to advance the crack, the
crack length was measured for several hours as it advanced and returned to its steady-state
length. This process was repeated several times on each sample by continuing to advance the
crack further. The crack velocity was calculated by first smoothing the raw crack length as a
function of time over using a first-degree Savitzky—Golay filter and then interpolating the data to
a continuous function to eliminate the effects of the variable sampling rate. Dividing the
interpolated function into 1000 logarithmically spaced points allows for fitting crack position vs
time to a line using the 60 nearest neighbor points in time and calculation of the instantaneous
crack velocity as the fitted slope. The thicknesses of the mica top sheets are measured through
multiple-beam interferometry!'®? by evaporating ~50 nm films of Ag onto both sides.
Measurements were repeated at least five times on each sample and with at least two separate
samples.
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4.4.9 SFA Measurements

Surface force measurements were performed with an SFA 2000 (SurForce LLC, see
Supplementary Information Figure S4.11) with an Andor Shamrock spectrometer and CCD
camera (Andor Zyla 5.5 sCMOS). Technical aspects of the SFA are given elsewhere, and only
the aspects specific to our experiments are described here.?® SFA measurements were performed
between disks arranged in a cross-cylindrical configuration, which is equivalent to a sphere-
plane geometry. One of the surfaces is mica, and the other is mica coated with a DGEBA—Tris
oligomer. The separation between the surfaces was obtained using multiple-beam
interferometry.!6? Spectral data are converted into surface separation using the fast spectral
correlation algorithm.?%: 13! A microstepping motor was used to control the motion of the lower
surface, which was mounted on a cantilever spring with a spring constant of 2238 + 44 N/m. The
optical constants of the mica and silver were taken from the literature,!3* 13* while the refractive
index of the DGEBA-Tris oligomer was measured using ellipsometry. Mica thickness was
measured by conducting separate calibration experiments with mica pieces of the same
thickness. Because of reswelling and minor stretching in the film during retraction, the film
thickness changes when the surfaces are in contact with an applied load (tension or
compression). Therefore, to determine the contact radius, we converted the shape of interference
fringes at any given time and extract the edge of the flattened region of the profile. The edge of
contact is defined by the slope of the profile, with any slope below 0.5 nm vertical change per 1
um horizontal change in the profile designating contact between the surfaces. The radial velocity
u, was then found by analyzing the rate of change of contact radius over time. The instantaneous
value of u, was estimated by calculating the slope of a vs 7 for the 10 nearest neighbor points at
the time of interest.

After assembling the disks in the SFA, the system was allowed to equilibrate under a gentle flow
of dry nitrogen for at least 1 h with all equipment running prior to any measurements. For each
adhesion measurement, the surfaces were brought into contact quasi-statically using individual
steps with a drive velocity of ~28 nm/s for 0.5 s followed by a 4.5 s pause. Once contact
between the surfaces was made (D = 0, visually seen as a sudden slowing of fringe movement),
the samples were compressed at the same quasi-static velocity for an additional 800 s to reach a
dwell force of 5 mN (F/R ~ 0.3 N/m). Afterward, the surfaces relaxed while in contact for a
dwell time of 5-20 min. After dwell, a constant pre-determined motor velocity (between 5 and
75 nm/s) was used to separate the surfaces until detachment (jump out). For each experiment,
adhesion between the DGEBA-Tris oligomer-coated surface and mica was first measured in air
twice before adding water. Water was then introduced by injecting 50 pL of DI water between
the surfaces to form a capillary meniscus. To reduce the effect of evaporation, an additional 3
mL of water was injected into the bottom of the SFA chamber. After injection, the samples were
left to equilibrate in water for at least 1 h before further measurements. Depending on the motor
velocity, it took between 5 and 30 min to separate the surfaces. After each contact, the radii of
curvature of the surfaces were measured at two orthogonal orientations and the geometrical mean
was reported, R = (R,R,)"/?. Then, the relative position of the two disks was changed to be able
to repeat the measurements on a new spot. Three different samples were investigated, with 8—17
independent spots per sample. Motor velocity was calculated for each retraction by calibrating
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the sample movement to the applied voltage on the motor when the samples reached a force-free
regime.

4.5 Results & Discussion

4.5.1 Characterization of the DGEBA-Tris Oligomer Films

We characterized the surface roughness of the DGEBA-Tris films using AFM after the
annealing step (as-deposited), as well as after the samples were submerged in water overnight
(Figure 4.4). AFM imaging of the annealed films reveals a featureless surface with a low rms
roughness of 0.27 nm (2.21 nm peak-to-valley) over a 1 uym x 1 um area. Similarly, imaging of
DGEBA-Tris films that were soaked in DI water overnight showed a surface that remains
smooth and featureless but with an rms roughness of 1 nm (9.23 nm peak-to-valley). The
increase in rms roughness is consistent with the small degree of swelling observed in SFA
experiments.

Figure 4.4 Characterization of DGEBA-Tris using AFM. (a) AFM image of a representative area on
the surface of an as-deposited DGEBA-Tris film, showing an rms roughness of 0.27 nm. (b) AFM image
of the surface of a DGEBA-Tris film that has been soaked in water overnight. The surface is featureless
with a roughness of 1.0 nm rms.
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Bulk DGEBA-Tris films are insoluble in water. We also investigated if some small amount of
DGEBA-Tris might dissolve in water and become surface active, which in turn could affect
adhesion. To do so, we immersed 4 cm X 4 cm sheets of mica coated with the DGEBA-Tris
oligomer films in a small amount of DI water for 24 h at room temperature. We then measured
the surface tension of the water using a pendant drop tensiometer and obtained 72.5 + 0.08
mN/m, indistinguishable from that of clean water.

4.5.2 Tridentate and Monodentate Adhesion in Air

To determine if cooperative bonding is important in the adhesion of DGEBA-Tris, we compare
its adhesion with mica to analogs without the Tris moiety. The first control is the primarily
monomeric DGEBA of an average molecular weight (MW) of 355 g/mol, hereafter referred to as
DGEBA-355. Since DGEBA-355 is a liquid at room temperature, it is cured for 18 h at 150 °C
to form a solid film. The second control is a glassy DGEBA polymer with an average of 5.5-6
repeat units per chain; this material has an average MW of 1750 g/mol and is referred to as
DGEBA-1750. DGEBA-1750 samples were also further cured at 150 °C for 18 h. The last
control is a test of the experimental protocol itself; here, we do not employ any adhesive and
characterize the interfacial crack propagation during the separation of two mica sheets (no
intervening oligomer or polymer layers). As none of these materials contain Tris groups, we do
not anticipate them to exhibit rate-dependent adhesion.

Our primary tridentate material is oligomeric DGEBA—Tris (Figure 4.2), where each molecule
contains exactly one Tris group. Oligomeric DGEBA~-Tris is a glassy solid with a T, of 31.7 °C.
To better compare with our control materials, we also investigate DGEBA—Tris that has been
cured at 150 °C for 18 h. Curing DGEBA-Tris will also increase the average chain length,
leading to a higher polymer spring constant.

For all experiments, the thin mica top sheet is coated with a thin (~100 nm) oligomer/polymer
film and then bonded to a thick mica base sheet (Figure 4.5). We propagate a crack through the
epoxy/mica base sheet interface and monitor the crack growth and velocity over time as the
crack returns to its equilibrium length £,. We choose to use self-arresting crack propagation to
characterize the probe adhesion across orders of magnitude in crack velocities in a single
experiment. Representative crack length versus time curves for each epoxy is shown in Figure
4.6a. When peeling mica from mica, DGEBA-355, and DGEBA-1750, the crack rapidly extends
and reaches its equilibrium length within 1-2 s. That first second of motion, indicated by the
gray shaded area, is dominated by dynamic effects including air resistance, but afterward, the
crack length remains nearly constant. In contrast, for oligomeric DGEBA-Tris samples, we
observe continual crack motion over several hours, which gradually slows down as the crack
nears its final length. Similar long-term crack movement is observed for cured DGEBA—Tris
samples, although extension halts after about an hour.
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Figure 4.5 Diagram of interfacial crack propagation measurements. Schematic of the geometrical
configuration for interfacial crack measurements, where £ is the crack length, % is the height of the
spacer, and d is the thickness of the mica top sheet. Note that the thin epoxy layer (blue) is ~100 nm thick
and is extremely thin relative to the mica top sheet thickness (10-30 pum) (not to scale).
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Crack velocity (m/s)

Figure 4.6 Crack growth and adhesion dynamics. The materials shown are bare H™ mica (orange
triangles), oligomeric DGEBA—Tris (green circles), DGEBA—Tris cured for 6 h (purple crosses) or 18 h
at 150 °C (blue squares), and DGEBA-355 (yellow stars) and DGEBA-1750 (red diamonds), both cured
for 18 h at 150 °C. The opposing surface for all materials is a thick H" mica sheet. (a) Crack length
normalized by the final measured crack length value (¢, dashed line) as a function of time after the
movement of the spacer. The crack propagation in the first second (shaded region) is dominated by air
resistance. (b) Scaled rate-enhanced adhesion vs crack velocity on a logarithmic scale. The black dotted
line shows fit to oligomeric DGEBA—Tris data (R* = 0.997)

The length of the crack is controlled by the force balance between the bending moment on the
mica top sheet and the adhesive forces holding the materials together. For rigid materials, this
force balance can be expressed by the equation®’
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G = —— (4.3)

Here, p is the shear modulus of the top mica sheet (u = 25 GPa, Poisson ratio v = 0.21),!3% d is
the thickness of the top mica sheet (measured independently, ~10-30 pm), and /4 is the fixed
height of the spacer. We then used the measured crack length as a function of time to calculate

the crack velocity u = Z—f and the corresponding G (u) for each sample. Once we reach a crack

velocity of < 1 nm/s, we consider the crack to have stopped and measure the final value of £ =
£, at least 1 h after this point. The value of #,is taken to correspond to G, the threshold energy
release rate. For most samples, the crack stops within 15 min. However, oligomeric DGEBA—
Tris samples required us to wait longer (several hours) to reach an equilibrium crack length, and
even then, small changes in the crack length continued for at least one day.

We investigated if the energy release rate increases with crack velocity and if the rate
dependence for DGEBA—Tris follows the scaling expected for the breaking of interfacial bonds
described by Eqn. 4.3. Specifically, Eqn. 4.3 predicts a linear relationship between (G — G,)*/?
and In(u). As illustrated by Figure 4.6b, oligomeric DGEBA-Tris films have a strong
enhancement in adhesion with crack velocity, for a crack velocity above 5 nm/s. Moreover, the
increase in energy release rate with crack velocity follows the scaling predicted by Eqn. 4.1.
Similarly, adhesion of cured DGEBA-Tris films also increases with crack velocity but only for u
> 50 nm/s. Cured DGEBA-Tris films reliably show an increase in the onset velocity for
adhesion-enhancement but have higher variability than oligomeric DGEBA-Tris samples
(Supplementary Information Figure S4.12). In contrast, the adhesion of mica, DGEBA-355, and
DGEBA-1750 does not increase with an increase in crack velocity after the first second of
motion (<10 pm/s).

The fact that adhesion of DGEBA-Tris films increases with crack velocity but none of the

controls do strongly suggests that the increase in the energy release rate is due to the presence of

Tris groups. Moreover, the linear relationship between (G — Gy)*/? and In (Z—i), as predicted by

Eqn. 4.1, supports the hypothesis that the increase in adhesion is due to the breaking of
interfacial bonds. Finally, the shift to higher threshold velocity between oligomeric and cured
DGEBA-Tris suggests an increase in the effective polymer spring constant, M, with curing.®®

We extract an estimate of the interfacial bond lifetime, 7, from the dependence of the energy
release rate on the crack velocity for oligomeric DGEBA-Tris using Eqn. 4.1. In addition to the
bond lifetime, the spring constant of the oligomer (M) and the surface bond density (X) are also
unknown, but only two of the three parameters can be obtained independently from Eqn. 4.1. All
the other constants are known and displayed in Table 4.1. Once X and M are known, we can
obtain t from the intercept of the data shown in Figure 4.6b (R? is between 0.96 and 0.997 for
each curve). Fortunately, an upper limit on £ and a lower limit on M will bound 1. To obtain a
lower bound for M, we estimate the force—extension relationship of a single DGEBA—Tris
oligomer using the modified freely jointed chain model combined with literature values for
similar materials (see Supplementary Information Section 4.7.3).5% 62, 163-165 The stretching
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caused by entropic forces is a lower bound, with Mentopic > 0.008 N/m. The upper bound would
be a high extension limit dominated by the segment elasticity of the carbon backbone, giving
Meiastic = 5 N/m. While these two numerical values are limiting cases, we suspect that the
majority of the energy stored in the chain occurs in the high extension regime. To determine an
upper bound for X, we rely on the known structure of mica. For the upper bound, we can assume
that all the surface oxide groups on mica are taken by the —OH in the DEGBA—Tris oligomer,
leading to a density of ~1.4 x 10! #/m? 37 165 167 The lower theoretical bound for the number
density of bonds with the mica surface is zero.

Table 4.1. Parameters used in Eqn. (4.11) and values obtained from fitting the data in Fig. 4.6b

and Fig. 4.10.
T 2 G, z M T E,
°C  nm J/m? #/m? mN/m s kgT
B?nfhng <14x10°®  >g8®© 0.002—0.6  23—29
Dry 20 (0.18 ®@| 0.23 + 0.04 “‘Ets
Lake- 5.0x107  73.0+0.8@ 0.060 + 0.002 26.6 + 0.03
Thomas
Bounding
limits | < 1:4x10°® >80 0.08—-6 27-31
Underwater| 20 (0.18®@ 0.012 @
Lake- 5.0x107  19+4© 3+1 303 + 0.6
Thomas UX - - =Y

(a) From 28168169 (b) from®” 166:167 (¢) from 3% 62 163165 () fitted, and (e) calculated in SI section 4.7.7.

Based on the upper limit on X and the lower limit on M, the bond lifetime is between 0.002 s <1
< 0.6 s. A bond lifetime on the order of milliseconds to seconds is orders of magnitude higher
than what would be expected for individual hydrogen bonds. As a comparison, the lifetime of a
single hydrogen bond is estimated to be O(ps — ns).!>® 7% The long bond lifetime is consistent
with cooperative hydrogen bonding. Using Eyring’s equation (Eqn. 4.2), the equilibrium
activation energy of the bond is estimated to be 23kzT < E, < 29kgT. We refine these bounds
further using the Lake-Thomas theory to obtain an estimate of ¥ = 5.0 x 10!7 #/m? (see
Supplementary Information Section 4.7.4). °° Using the Lake-Thomas value for X gives T =
0.060 = 0.002 s and E, = 26.6 £ 0.03kgT, with error bounds calculated through the standard
error of the data.

To put these values for E, in context, if the three Tris alcohols acted independently of each other
during debonding, the number of bonds per unit area would increase threefold as a single Tris
group will have three individual bonds with the mica surface. However, the lifetime would be
that of a single hydrogen bond, of O(ns), corresponding to activation energies of ~10kzT. In
contrast, if the three hydroxyls act cooperatively and must debond from the surface at once, a
simple addition of the individual activation energies for each —OH group will give E, = 3kgT
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corresponding to T = 1.7 s. These estimates for the simultaneous (cooperative) detachment of
three hydrogen bonds are very close to the values we obtained in our experiments.

4.5.3 Underwater Adhesion Measurements

We then characterize the adhesion of films of DGEBA—Tris oligomer in water using the SFA.
The geometry of these measurements approximates a sphere-on-flat contact, as shown in Figure
4.7. With this technique, we simultaneously measure the surface separation D (or indentation
depth ), contact radius a, crack velocity (u), and force F. Force values are normalized by the
radius of curvature R to obtain an interaction energy. The geometry at the crack tip is analogous
to the one in the self-arrested crack measurements. We focus on interactions between oligomeric
DGEBA-Tris and mica or aluminum due to the pronounced increase in adhesion with crack
velocity measured in air. In contrast to previous work with DGEBA—Tris that studied the water-
induced degradation of adhesive bonds that were formed in air,'*® here we both form and break
the adhesive bonds underwater.

Glass lens Ag mirror

Figure 4.7 Diagram of SFA configuration. Schematic of the geometrical configuration for SFA
adhesion measurements, where F is the force between the disks, a is the contact radius, and 6 is the
indentation depth. Not to scale.

We first characterize the interactions between the DGEBA-Tris film and mica as the surfaces
approach and make contact. For samples in a dry N> atmosphere, no forces are measured until
attractive forces cause a spring instability and jump into contact. In contact, the DGEBA—Tris
film thickness is measured to be 61-75 nm, the variability coming from different experiments.
During the approach in water, we first observe a long-range repulsive force starting at ~80 nm
away from contact (Figure 4.8a), attributable to electrostatic double-layer repulsion (see
Supplementary Information Section 4.7.5).2% This is followed by a steep repulsion, which we
ascribe to contact (and compression) with the swollen DGEBA-Tris film. The surfaces are
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compressed until we reach the set point of /R = 0.3 N/m (~5 mN), and use the separation at this
set point to define contact in water (zero separation). By convention, we assign positive signs for
compressive forces and negative signs for tension (adhesion). In water, the first contact with the
swollen DGEBA-Tris occurs 5-15 nm away from contact in dry N>. Based on these values and
the thickness of the dry films obtained from interferometry measurements before water was
added to the system, we estimate the degree of swelling in water to be 17 + 10%. Once the force
set point of 0.3 N/m is reached, the films return to their initial dry thickness. We attribute this
change in film thickness to the removal of most of the water in the film within the contact region
during compression. Prior to detachment, the surfaces are kept at F/R = 0.3 N/m for 5 min.
During this dwell period, the thickness of the DGEBA—Tris changes only by 0-2 nm, and the
final thickness is reached within 200 s of dwell.
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Figure 4.8 Forces during approach and retraction in adhesion measurements. (a) Measured force
(normalized by the radius of curvature) vs surface separation D for three different samples approaching
contact in water. Zero separation is set at the onset of the steric repulsion. Cartoons indicate the processes
that occur during the approach, from right to left: electrostatic double-layer repulsion; contact with
swollen film; deswelling and elastic compression of film. (b) Retraction force (normalized by the radius
of curvature) vs change in film thickness in dry nitrogen (gray squares) and water (blue circles) at
comparable velocities (23—26 nm/s). The top x-axis is added to show the underwater film indentation
depth (8) for swollen films (blue circles only), where zero is defined as the swollen film thickness as was
done in the x-axis in (a).
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Adhesion between the surfaces builds up in contact during compression and dwell. During dwell,
the contact area increases continuously, consistent with a buildup of adhesive interactions. After
5 min of dwell, the surfaces are pulled apart at a constant drive velocity until detachment, which
occurs through a jump-out instability. In N2, adhesive failure occurs at less than 3% strain, while
in water, the film does not stretch beyond the equilibrium swollen thickness during retraction.
Failure appears to be adhesive, but we cannot rule out the possibility of some small transfer to
the other surface.!”! After detachment, we do not observe significant changes either in the
surface profile or in the contact region if we make subsequent contact at the same spot,
consistent with adhesive failure. We did, however, notice that the pull-off force would decrease
if we measured adhesion multiple times at the same spot, likely due to some damage or changes
in the surface. Therefore, contact spots were changed for each measurement.

Adhesion in dry N2 and water, as characterized by the adhesive strength (Fc, pull-off force), is
surprisingly similar (Figure 4.8b). We utilize the JKR relationship in the limit of an elastic half-
space (see Supplementary Information Section 4.7.6 for applicability) to relate the critical strain
energy release rate G, to the pull-off force through% 4

—=§nGC. (4.4)

Eqn. 4.4 is only valid at the point of adhesive failure where G = G, by definition. The DGEBA—
Tris films investigated here are highly confined, a/h ~ 90, and in this limit, Eqn. 4.4 can lead to
errors of up to 30%.!3% 172 We assume that the error is similar across samples because they all
have relatively the same degree of confinement as well as comparable glue and mica thicknesses.
A complex analysis of the multilayered system compliance would be necessary to precisely
correct for confinement in the SFA. 13172

The adhesion of DGEBA—Tris oligomers in water is as strong as that in dry N> (Figure 4.9). In
N2, G, = 0.19 £ 0.01 J/m? for contact between DGEBA-Tris and mica, while in water, it is G, =
0.23 + 0.05 J/m?. This is remarkable since, typically, underwater adhesion is much weaker than
that in air because of lower van der Waals interactions.?® !7* Surface enrichment of Tris groups in
water could help make up for the weakened van der Waals forces, and swelling of the film could
facilitate contact area in water. We further investigate the adhesion of DGEBA-Tris oligomers
with ultra-smooth aluminum films.?® These films have a natural ALOs layer on the surface,
which should give them a higher density of hydrogen-bond-accepting groups than mica.!”*
Adhesion of DGEBA-Tris films with aluminum also remains strong underwater with G, = 0.18
+ 0.03 J/m? in Nz and G, = 0.23 + 0.03 J/m? in water. The similarity in adhesion may indicate
that we are more limited by the density of Tris moieties than by hydrogen-bond-accepting groups
on the opposing surface.
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Figure 4.9 Adhesion of DGEBA-Tris with mica or aluminum in N; and in water. Average critical
energy release rate for the adhesion of DGEBA—Tris oligomers to mica or aluminum surfaces in dry N or
in water. No loss of adhesion is seen when contact is made in water. Retraction velocities were 23-35
nm/s for contact with mica and 5—10 nm/s for contact with aluminum.

To investigate the rate-dependent adhesion in water, we extract the instantaneous radial velocity
during debonding from the interference fringes. The radial velocity u, = —da/dt is nearly
constant during most of the retraction; then, as we approach the pull-off force, the radial velocity
increases rapidly until the surfaces jump out of contact. To obtain u, . at pull-off, we rely on
da/dt calculated over the last 1 pm change in contact radius. We then obtain an estimate for G,
by assuming that the only rate-independent interactions are those caused by van der Waals forces
(see Supplementary Information Section 4.7.7). By using the Lifshitz method for estimating non-
retarded Hamaker constants,”® known parameters for mica and water,?® 3¢ and refractive index
and dielectric permittivity for the oligomer from ellipsometry measurements and literature,'”
respectively, we estimate the van der Waals adhesion of DGEBA-Tris oligomer and mica in
water to be 12 mJ/m?. This estimated G, is much lower than the smallest measured G. (79
mJ/m?). Therefore, an error of O(1) on this estimate will not impact the magnitude of the G, —
G, term.

55



As for measurements in air, adhesion between DGEBA—Tris oligomers and mica is stronger as
the crack velocity increases (Figure 4.10a) and follows the scaling expected for the breaking of
interfacial bonds (Eqn. 4.1). The values of /G — G, are larger in water than in air, partially
because the weaker van der Waals contributions in water render G, an order of magnitude
weaker in water. The slope of \/G — G, Vs In(u) is slightly higher in water than in air, and the
intercept occurs at a slower velocity. The discrepancy in geometry and errors, for example, due
to confinement, in the measurement of u, . and G¢ in the SFA could explain this difference.
Given the critical nature of the failure in the SFA, it is more challenging to capture u, . than the
stable # measured through self-arresting crack propagation. It is also possible that swelling of the
epoxy film and surface enrichment of Tris groups could enhance adhesion compared to the dry
case and will be the subject of future investigations.
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Figure 4.10 Rate dependence of energy release rate reveals cooperative H-bonding in air and water.
(a) Difference between the measured critical strain energy release rate, G, and the energy release rate Go
as a function of the crack velocity (u). Interfacial crack propagation water with the SFA is shown as blue
symbols (different colors/shapes indicating separate samples), where G = G. and u = u,.. Self-arresting
crack measurements in air are shown as green lines. The dashed line indicates a fit of measurements in
water (R* = 0.72) to Eqn. 4.1, while the dotted line shows the aggregated fit to self-arresting crack
measurements in air. (b) Schematic illustrating the proposed cooperative debonding mechanism where
cooperative hydrogen bonds have a significantly longer bond lifetime and contribute strongly to
underwater adhesion where the adhesive strength depends strongly on crack velocity.

We follow the same approach as for the measurements in air to obtain estimates of the bond
lifetime for the adhesion measurements between DGEBA-Tris and mica in water. Using the
same limiting values of £ and M listed in Table 4.1, we estimate the bond lifetime in water to be
between 0.08 s < 1 < 6 s, leading to an equilibrium activation energy of 27kgT < E, < 31kgT.
Using the Lake—Thomas value of X yields, Tt =3 £ 1 s and E, = 30.3 = 0.6kgT. These values,
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while higher, are remarkably similar to the measurements in air, especially given differences in
geometry, environment, and experimental protocol. We thus conclude that similar binding
kinetics occur in water and in air, and the values suggest that tridentate H-bonding contributes to
adhesion in both cases.

Our observations are in qualitative agreement with prior work on cooperative debonding in
adhesion. In particular, several single-molecule studies have obtained lifetimes of O(ms) for
multidentate hydrogen bonding in Dopa and between UPy groups.’” 37 169 These force
microscopy experiments showed stronger hydrogen-bonding interactions when multiple —OH
groups are involved, and that cooperativity substantially increases the lifetime of the bond. Here,
we see an analogous effect but in macroscale adhesion measurements.

The proposed cooperative debonding mechanism is illustrated in Figure 4.10b. The measured
adhesive strength and its dependence on crack velocity cannot be obtained by the debonding of a
larger number of individual (and independent) hydrogen bonds. One possible explanation as to
why the Tris moieties lead to cooperativity could be that anchoring of an individual (or two)
—OH group(s) in the Tris moiety restricts the movement of the third group on the surface. The
hindered mobility on the surface could encourage rapid rebinding and longer effective bond
lifetimes for the whole moiety. A similar mechanism has been suggested by molecular dynamics
simulations of Dopa molecules interacting with alumina surfaces in water.!’® This enhanced
binding affinity could help explain the ability of Tris-modified epoxies to maintain their
adhesion strength in the presence of water.®> For individual hydrogen bonds, interfacial water
will compete for surface binding sites and interact with hydroxyl groups in the adhesive,!” 177 178
shifting the binding equilibrium and drastically lowering the number of adhesive hydrogen-
bonding interactions and thus the total adhesive force of the system.!” 17 However, if the
tridentate bonds are more strongly anchored to the opposing surface, the binding equilibrium
would be less disrupted by interfacial water, allowing a higher number of Tris groups to remain
bound and maintaining the adhesive strength.!>® Additionally, computational studies have shown
that the adsorption of catechols to a hydrated interface and subsequent displacement of
interfacial water is energetically favorable.!®% 81 A similar mechanism could allow Tris groups
to form adhesive bonds even in the presence of interfacial water. However, the ability to form
tridentate interactions could be strongly dependent on the density of hydrogen-bonding sites on
the opposing surface, with less dense surfaces not allowing for three interactions within the reach
of the three arms of the Tris moiety.!8

4.5.4 Alternative Mechanisms

We also rule out bulk dissipation in the form of viscoelasticity or film stretching as a possible
cause for the increase in adhesion with crack velocity. The observed rate dependence occurs at
velocities that are slower than those typically observed for bulk viscoelastic dissipation. The

n
widely used semi-empirical model for viscoelastic rate dependence, G = G, (1 + (vl) ),

attributes an increase in adhesion to dissipation during extension, and thus higher values of G are
typically correlated with increased extension during detachment.**- 7° Instead, the opposite trend
occurs in our SFA measurements: at higher loading rates, lower extension is seen, even though G

57



increases. Overall, we see minimal extension (<8 nm) in our films and therefore expect that bulk
dissipation in the film is negligible. The SFA measurements also allow us to confirm the validity
of Eqn. 4.3 for our peeling measurements. Eqn. 4.3 assumes that there is minimal deformation
in the film during detachment and that the substrate is rigid. With a similar film thickness, our
SFA measurements reveal <8 nm of stretching in all cases, and the fracture appears to be
interfacial. Any deformation in the film is clearly minimal in comparison to the bending of the
top sheet, and thus the bending can be modeled as the flexure of an elastic plate.

4.6 Summary

Adhesion of model epoxy oligomers modified with tridentate hydroxyl groups (DGEBA—-Tris)
with mica was investigated in air and in water. We showed that the critical strain energy release
rate of DGEBA-Tris epoxies scales with the crack velocity according to Chaudhury’s rate-
dependent fracture model,* and that control experiments with epoxies that do not contain the
Tris moiety showed no dependence on adhesion with crack velocity. Our data suggests that
adhesion involving DGEBA-Tris films is due to long-lived interfacial interactions by Tris
groups. We also found that the pull-off force of DGEBA-Tris and mica was maintained in the
presence of water (F/R = 0.94 + 0.3 N/m in water vs 0.89 + 0.16 N/m in N, for comparable
detachment velocity). DGEBA—Tris also showed sustained adhesion with aluminum films in air
and water. In addition, adhesion in water also increases with an increase in detachment velocity.
By placing conservative limits on molecular parameters, we estimate that the lifetime of these
interfacial bonds is between 0.002 and 0.6 s in air and between 0.08 and 6 s in water,
corresponding to a bond activation energy of between 23 and 29 kzT in air and between 27 and
31kgT in water. These lifetimes and activation energies are consistent with three hydrogen bonds
working cooperatively to form a single, robustly bonded group that resists displacement by
interfacial water. We propose that the enhanced lifetime of this bond is responsible for its strong
underwater adhesion. These findings provide quantitative insight into the connection between the
molecular physics and macroscale adhesion of epoxy adhesives containing multidentate
hydrogen-bonding moieties and suggest a mechanism via which the use of such groups could be
used to overcome the detrimental impacts of interfacial water on adhesion in real-world
applications.

4.7 Supplementary Information
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4.7.1 Diagram of Surface Forces Apparatus (SFA)

To
spectrometer

Mica-covered
cylindrical
glass lenses

Motor |
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Double-leaf cantilever

k =2238 N/m

i White light in

Figure S4.11. Diagram of SFA. Diagram detailing the configuration of the SFA used for these
measurements. One hemi-cylindrical lens is mounted on a double-leaf cantilever, while the other
is fixed to a stationary top mount. A microstepping motor allows for positioning of the bottom
lens to apply forces. A water drop is injected between the surface to form a capillary and
submerge the contact region. Extensive diagrams of the SFA can be found elsewhere in
literature.'*° Diagram is not to scale.

4.7.2 Variabilty in adhesion of cured DGEBA-Tris

Crack velocity (m/s)

Figure S4.12. Variability in adhesion dynamics. Scaled energy release rate vs crack velocity
for bare H* mica (orange), oligomeric DGEBA-Tris (green), DGEBA-Tris cured for 6 h
(purple) or 18 h at 150 °C (blue), and DGEBA-355 (yellow) and DGEBA-1750 (red), both
cured for 18 h at 150 °C. Cured DGEBA-Tris reliably exhibits enhancement of adhesion with
crack velocity with a higher onset velocity than for oligomeric DGEBA-Tris.
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4.7.3 Calculation of oligomeric spring constant
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Figure S4.13. Estimated force-extension relationship for a DGEBA-Tris oligomer. Force vs
estimated fractional extension (Ax/L.) for a DGEBA-Tris oligomer, using Eqn. S1 with [, =
0.78 nm, n = 2.83, and K;,;,; = 5 N/m. The lower asymptote corresponds to a minimum entropic
spring constant of 8 mN/m, while large extension is dominated by bond deformation, giving an
upper limit of K¢

In order to estimate the force-extension relationship for the complex DGEBA-Tris
oligomer, we compare segments of the DGEBA-Tris molecule to the stretching behavior of
chains in literature. While several models for the force-extension relationship of a polymer
exist,®? we choose to use the modified-Freely Jointed Chain (m-FJC) model due to plethora of
literature employing this model and reporting parameters for various polymer chemistries. The
m-FJC is given by:®?

Ax = [coth (£ — k2] (LC +_"F ) (845)

kgT Flg Ksegment

In this model Ax is the extension of the chain, [ is the Kuhn length of each segment in the chain,
L is the contour length of the chain, n is the number of Kuhn segments, and Kgegmen; is the
stiffness of each segment. The aromatic section of the DGEBA molecule can be estimated to
have [, = 0.87 nm and K, omatic ® 960 N/m by comparison to the stretching similar polymers
in literature.!®3 The linear aliphatic section of the DGEBA-Tris molecule is estimated to have
li #0.72 nm and Kyiphatic ® 7.6 N/m by similar comparison to alkane and PEG chains in
literature. 33 157- 164. 165 © A gimple weighted average approximates the chain as 2.52 segments of
[, = 0.78 nm, giving L. = 1.97 nm, and adding the stiffness of each segment in series gives
Kiotar = 5 N/m. Using these values, the estimated force-extension relationship of the oligomer is
shown in Fig. S4.13. At low extension, the oligomer is predicted to stretch entropically with a
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minimum spring constant (dF/dx) of 8 mN/m. At large values fractional extension, the
deformation of bonds becomes significant with the spring constant asymptotically approaching
Kiotar ® 5 N/m. The effective spring constant M of the oligomer must fall between these
limiting values. We note that the prediction a priori of a force-extension relationship, especially
for a complex oligomer, is challenging. However, these limits represent extreme conditions, and
the estimates of M from other studies give values on O 0.1 N/m, well within our range.

4.7.4 Estimation of chain density through Lake-Thomas theory

Lake-Thomas theory states that the number of chains crossing a plane can be
calculated through>

#of.chainszl ’8_71 LN, (54.6)
unitarea  2,[37m
Here N is the chain number density and [, and n are the Kuhn length and number of Kuhn

# of chains

segments, respectively, for the chain. We approximate that X = at the fracture

unit area
plane, and then use the values of [, and n found in Section 4.7.3 with N ~ 8.72x102¢

chains/m? to obtain ¥ = 5.0x10" Tris groups/m%.'®? This assumes that all Tris groups at the
interface are bound and thus likely overestimates X, which therefore underestimates 7 and
E,. As we are attempting to ascertain if E, is of (X10kpT) or of O(30k3T), underestimating
E, to be between 23 kzT - 31 kgT does not alter our conclusions.

4.7.5 Analysis of double layer repulsion

In SFA experiments when samples are brought together in water a long-range
repulsive force is measured before contact is made. These long-range forces measured at
separation > 80 nm are consistent with double layer repulsion. The force decays
exponentially with an increase in surface separation (Fig. 4.8a) and a Debye length of k™! =
24 + 3 nm. The ionic concentration of the solution can be estimated from the Debye length
as 1.6x10* £+ 0.2x10* M, assuming a symmetric 1:1 electrolyte.”® This is a higher
concentration than the © 10° M expected for DI water in equilibrium with atmospheric COx,
suggesting that there could be additional ionic species from sample preparation steps or the
DI water or multivalent ions present. We can also compare our data to the force expected for
the interaction between electrostatic double layers using the non-linear superposition and

the Derjaguin approximation: 2

F _les (kB
7= K |64mee,

€c

T\? ec Ymica ec YpGEBA-tris
¢ ¥mica ¢ roGuhATINS — ) S4.7
) tanh( 2,7 )tanh( 2k, T ) exp(—«D) ( )
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Here F is the force, R is the radius of curvature of the sample, D is the separation between
the surfaces, e is the elementary charge, €€ is the dielectric permittivity of the medium (i.e.
water), and Y,,icq and Y4, are the surface potentials of the mica and DGEBA-Tris surfaces,
respectively. By using a previously measured value of ¢,,;., = —150 mV,?® we estimate the
surface potential of the DGEBA-Tris film to be Ypgrpa—tris = —31 £ 5 mV.

4.7.6 Use of JKR equation

The Johnson-Kendall-Roberts (JKR) equation relates the force to the contact area for in
the contact of a sphere-on-flat geometry.*

1
3 = 43; (F + 3nGR + (6nGRF + (3nGR)?)z. (54.8)

Here a is the contact radius, F is the force, R is the radius of curvature, E* is the reduced elastic
modulus of the sample, and G is the strain energy release rate. The JKR relation is applicable in
the limit of soft, large radius of curvature, and highly adhesive materials that don’t interact
outside of contact. Both Tabor and Maugis developed parameters describing the transition from
the JKR limit to the opposing regime, described by the Derjaguin-Muller-Toporov (DMT)
equation.*! The Tabor parameter is given by:!*

1

u= (ﬂ) (54.9)

%23
E*“zy

where z, is the equilibrium surface separation. If u >> 1, the samples will be in the JKR limit.
With z, estimated as 0.2 nm, and effective modulus of the system E* = 6 GPa,'*, and our
lowest adhesion energy of G = 79 mJ/m?, u = 69. Even with z, = 1 nm, the RMS roughness of
our DGEBA-Tris films after 24 hours in water, 4 = 14 and the condition is still satisfied.

The Maugis parameter is given by:*!

209
1= 2%
16mGE*?\3
9R

where gy, is the yield stress of the material. The JKR limit is reached as A — oo, but values of 4 >

(54.10)

5 give only small deviations from the JKR equation.*! If we approximate g, ~ 1.03 ZE,‘“ the
0

previously used values of z, give 4 = 80 and A = 16, respectively. Both values are indicative of
JKR-like mechanics.

The final assumption of the JKR equation, that there is no interaction outside of the
contact region, is violated by the electrostatic repulsive forces that we measure on approach (c. f.

electrostatic

Fig. 4.8). However, as these forces are at a maximum d ~ 1 mN/m, while the adhesive

forces are at minimum 370 mN/m at pull-off, we expect deviation from JKR due to electrostatic
repulsion to be small.
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4.7.7 Estimation of G in water

To estimate the rate-independent strain energy release rate in water we first assume that all
rate-independent interactions are due to van der Waals forces. In this system, interactions of
DGEBA-Tris with mica across water as well as the interaction of the underlying mica substrate
with water across the thin DGEBA-Tris film. The energy of this interaction is given by:?®

A A
Goaw = = [ — 2] (S4.11)
In this equation, A;3, is the Hamaker constant of material 1 interacting with material 2 across
medium 3, where 1 is DGEBA-Tris, 2 is mica, and 3 is water. D is the separation between the
DGEBA-Tris film and the opposing mica surface, while H is the thickness of the DGEBA-Tris
film. The Hamaker constants can be estimated using Lifshitz theory.?8

.3 £1—E3) (E2—¢3 3hve (nf-nf)(n3-n3)

A ~ ShaT (252) (252) + 55 PSP B P ($4.12)
In this equation, kp is Boltzmann’s constant, T is the temperature (20 °C), &, is the dielectric
permittivity of material 1 (DGEBA-Tris), h is Planck’s constant, v, is the electronic absorption
frequency (assumed to be 3x10' s!), and n, is the refractive index of material 1. We use
literature values for the dielectric permittivity of mica and water,? 3¢ the measured value of the
refractive index of DGEBA-Tris (see methods section in main text), and an estimate of the
dielectric permittivity of DGEBA-Tris from literature.!”> These parameters are summarized in
Table S4.2. For a contact D = 0.2 nm, Eqns. S4.11 and S4.12 estimate that G4, = 12 mJ/m?2.

Table S4.2. Parameters used in Eqn. S4.11 and S4.12 to calculate G, 4y .

b
n; Aq32 Az13 H

oC sl ] ] nm

1.85x10%° 0.23x10- 70

20

20 3x10% 16 6.2 80 1.582 1.60 1.333

(a) From 7, (b) from 28,
4.7.8 Poroelastic flow during retraction

Following the procedure of Delavoipiere et al, the force due to fluid flow into or out
of a porous material during compression or extension can be modeled as:

Fu = = (29) (84.13)

T 8H\ K
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Here F is the force on the indenter, a is the contact radius, § is the indentation depth, & is
the indentation rate, H is the film thickness, 7 is the dynamic viscosity of the solvent, and k
is the permeability of the film. By using measured values of a and 8, we can estimate the force
due to fluid infusion for various values of n/k and compare them to the measured forces at
various retraction velocities. Fig S4.14 shows that for commonly used values of n/k (purple,
n = 8.9x107* Pa s and k = 1 nm?),” the estimated force due to fluid infusion is negligible.
Only when 1/k is increased by over 6 orders of magnitude (orange, Z = 1.8x10?%! Pa s/m?) is the
force significant in comparison to the measured forces (blue, green, and red points), and
decreases sharply near pull-off as a decreases. Qualitatively, our measured forces do not agree

with this model, and the unreasonable values of /x needed to produce forces in the range of our
measurements indicates that fluid infusion is unlikely to affect our measured forces significantly.
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Figure S4.14. Estimated fluid-infusion force during retraction in water. Force normalized by
radius of curvature for estimated force due to fluid infusion during retraction using Eqn. S4.13,

with literature values for % = 8.4x10 Pa s/m? (purple) and extreme values needed to model
indentation curve Z = 1.8x102! Pa s/m? (orange). For § > 7.2 nm (Gap thickness < 1 nm), & is
below our measurement sensitivity and is therefore not plotted. Data is overlayed onto the
measured curves for the three different retraction velocities with Vinoror = 11 nm/s (blue), Vaoror =
24 nm/s (red), and Vmor = 71 nm/s (green), to facilitate comparison. Even if unreasonable
values of 77/k are used, the estimated porous infusion force decays near pull-off due to sharp
decreases in a.
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5 Temperature, cure, and velocity dependence of adhesion yields
insight into interfacial behavior of multidentate hydrogen bonding
adhesives.

5.1 Abstract

Adhesives containing
multidentate hydrogen
bonding moieties are
gaining prominence for
their ability to adhere
strongly  underwater.
Previous studies
attributed their _
remarkable underwater st 9, . . ]
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multiple adjacent  Figure 5.1. Schematic depicting a summary of Chapter 5: Left:
attachment points within a  negative natural logarithm of the threshold velocity for adhesion
moiety  stabilizing the amplification of DGEBA-Tris vs the reciprocal of temperature, showing
bond, enabling more the anticipated linear dependence. Right: proposed mechanism by which
robust adhesion  increased thermal energy leads to more rapid dissociation of cooperative

underwater. However, as  hydrogen bonds.

adhesion involves

multiple coupled phenomena, isolating the contribution of individual bonds to the adhesive
strength is challenging. Therefore, additional studies are needed to understand the mechanisms
behind the strong underwater adhesion of multidentate hydrogen-bonding moieties. Here we
investigate adhesion of a model epoxy modified by the addition of tridentate hydrogen bonding
moieties (DGEBA-Tris). We report on the effect of curing, debonding temperature, and crack
velocity on the adhesive strength of the DGEBA-Tris/mica interface. As expected, at a given
temperature the energy release rate increases with crack velocity above a characteristic threshold
velocity. We observe very large change in the threshold velocity across the parameter space
investigated. The threshold velocity increases by two orders of magnitude upon curing, likely
due to a decrease in the polymer stiffness associated with increasing molecular weight. For cured
samples, increasing the temperature from 9 — 60 °C leads to an increase in the threshold velocity
by two orders of magnitude. The increase in threshold velocity with an increase in temperature
follows an Arrhenius dependence revealing a bond activation energy of 14 + 2 x1072° J (35 +
4 kgT at 20 °C). The bond energy and associated temperature dependence suggest that adhesion
is dominated by cooperative tridentate hydrogen bonds, and that adhesive fracture of these bonds
proceeds through an activated process.
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5.2 Introduction

Structural adhesives are routinely required to operate at extreme temperatures in the aerospace
and transportation industries.33 133-186 The effect of temperature on fracture strength has been
investigated for a wide range of polymer properties — including molecular weight,’! glass
transition temperature,'®” ductility,® rheological behavior,'®® shrinkage stress during cure,'® and
even moisture ingress!?’. Additionally, adhesives are commonly tested through accelerated aging
at elevated temperatures,®® 1°° thus understanding the behavior of adhesives at increased
temperatures is important for the design of stronger and more robust adhesives. Adhesives
containing multidentate groups enhance interfacial strength of existing adhesives, particularly in
harsh, underwater environments.!>® 15% 1 It is believed that multidentate groups are more
energetically and sterically stable at an interface, and therefore are able to bind even in the
presence of water.!>* 138 159 However, relying upon these dynamic interfacial bonds necessitates
that we improve our understanding of their interfacial bonding mechanism, especially in
connecting the specific multidentate moieties to macroscale adhesive strength.

Recent advances in connecting molecular and macroscale adhesion have come through modeling
adhesive fracture as a chemical reaction-like process, where the bonds must pass through an
activated transition state to rupture. Schallamach laid the groundwork for this theory, showing
that the sliding velocity of rubber follows an Arrhenius-like dependence on temperature.”® Later
innovations by Chaudhury and others came by connecting the strength of an individual bond to
the rate at which force is applied to the bond through a polymer chain, and then summing up the
individual bond energies to yield an adhesive strength.?* 3% ¢ These theories predict that
adhesion should scale with [In(u)]?, where u is the velocity at which the bonds are stretched,
and that a characteristic threshold velocity u, exists, below which adhesion does not depend on
the bond stretching velocity. The validity of these models have been demonstrated for covalent,®
electrostatic,”® and hydrogen bonds.” 77 However, these models necessitate detailed knowledge
of polymer stretching potentials or bond density, which can be difficult to obtain experimentally.
As a result, researchers have searched for a way to probe chemical bond strength in adhesion
while holding bond density and polymer elasticity constant. Investigating adhesion and threshold
velocity as a function of temperature is one possible approach, as chemical reaction rates are
known to be sensitive to temperature.!*?

We previously investigated adhesion of a model underwater epoxy adhesive, DGEBA-Tris
(diglycidyl ether of bisphenol A—tris(hydroxymethyl)amino methane), composed of a commonly
used structural epoxy backbone (DGEBA) and a tridentate hydrogen bonding moiety, Tris (Fig.
5.2). Our studies demonstrated that Tris groups are capable of maintaining their adhesive
strength even when the bond was formed in water. We furthermore showed that the adhesion
energy of DGEBA-Tris increased with crack velocity as predicted by Chaudhury’s model®’
above a characteristic threshold velocity, and that this dependence was consistent with an
activation energy of 23kgT < E, < 31kgT, where kg is the Boltzmann constant and T is
temperature. Our measured activation energies suggested that DGEBA-Tris forms cooperative
tridentate hydrogen bonds with mica in both air and in water and we hypothesized that these
cooperative bonds were responsible for the remarkable underwater adhesion of DGEBA-Tris. If
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cooperative bonding does occur in DGEBA-Tris adhesives, we would expect a shift in adhesion
with temperature, similar to that observed by Schallamach. For example, we would expect the
threshold velocity u,, i.e. the crack velocity above which adhesion increases, would shift to
larger values with an increase in temperature. This threshold velocity is highly sensitive to the
adhesive chemistry, molecular weight, and even measurement conditions, and thus measurement
of changes in u, will provide insight into the behavior of the adhesive near the interface.

HO OH OH

Figure 5.2. Structure of DGEBA-Tris Polymer. Chemical structure of the adhesive, showing the
DGEBA units (blue) and the tris moiety (yellow).

Here we investigate the adhesion of cured DGEBA-Tris with mica over a range of debonding
temperatures using self-arresting crack propagation measurements. We first cure DGEBA-Tris
oligomers to quantify the effect of polymer cure on the magnitude of the adhesive strength to
mica surfaces and its dependence on crack velocity. We then control sample temperature
between 9 °C and 60 °C and repeat the adhesion measurements to mica. From the experimental
data we extract the intrinsic energy release rate (G,) and the threshold velocity. Using these
values, we relate the dependence of u, on temperature to the bond strength, confirming that
DGEBA-Tris bonds to mica through cooperative tridentate interactions and that interfacial
fracture occurs through an activated process across the temperature range investigated.

5.3 Theoretical Background

Following the derivation in Chapter 4, consider the interaction between an adhesive and an
adherend, where chemical bonds at the interface between the two materials act to hold the system
together. A crack of length £ exists between the two materials. As a tensile force F is applied, the
crack will tend to propagate further along the interface, separating the surfaces. However, to do
so the chemical bonds at the interface must be broken, leading to an energy that resists
detachment G, the strain energy release rate.

The interface is composed of individual chemical bonds of strength E, and density Z. In an
adhesion measurement the bond can be stretched as the material is loaded, thereby storing energy
and resisting detachment, up until the point where the bond dissociates. However, due to random
thermal dissociation of the bonds, most bonds will dissociate long before they reach an energy of
E,. If the bond is pulled slowly (relative to the average bond lifetime), the typical bond will
randomly dissociate before a substantial amount of force is applied. However, if the bond is
rapidly stretched a larger amount of energy can be stored before the bond ruptures.>
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If we model each bond as being attached to the adhesive by a polymer chain of spring constant
M, the average energy Ugyg4 stored in each bond before it breaks is Ug,g = %MAxavg. The

average elongation at rupture, Ax,,4, can be further found through Ax.,g = Vtrercn?, where
Vstreten 18 the velocity at which the bond is stretched. If we approximate Vpercn as the velocity

dl .
of the crack u = e the average energy stored in the bond before rupture becomes Uyyg =

%Mur. Chaudhury modeled this concept by extending the Bell-Evans theory to macroscale
adhesion:®

6~ = () [(57)m ()] )

Here G, is the threshold (zero velocity) strain energy release rate, kg is Boltzmann’s constant, T
is the temperature of the system, A is the characteristic bond length scale, and n is the Lake-
Thomas amplification factor, relating to the length of the polymer chain.

Eqn. 5.1 predicts that G increases beyond the value of G, above a threshold velocity defined as®®

— nkgT 5.2
Uo = Mat’ ( )

Below u =u,y, G = G, and G does not depend on velocity. The dependence of uy on M is
theorized to cause upward shifts in u, with increasing molecular weight, because the polymer
spring constant M decreases as the chain length increases.®> ® Furthermore, increasing molecular
weight may increase n as more intrachain bonds will be deformed during the stretching process,
thereby increasing the energy storage within the chain.® >° These two effects combine to require
far greater deformation of a longer polymer chain to obtain the same force on the interfacial
bond, thus necessitating higher velocities for adhesion amplification.

The bond lifetime itself can related to E, through Eyring’s equation:®

__h Eq (5.3)
TP (kBT>'

where h is Planck’s constant. In addition to the strong dependence of 7 on E, discussed in
Chapter 4, 7 is affected by the temperature at which measurements are performed, as shown in
Fig. 5.3 for a bond of E; = 1.2x1071° J. At higher temperatures, the bonded atoms have higher
thermal energy and are thus more likely to overcome the bond energy barrier and dissociate at
any given time, thus the average bond lifetime is lower.
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Figure 5.3. Theoretical variation in bond lifetime with temperature. Effect of temperature on the
bond lifetime calculated through Eqn. 5.3 for an activation energy of E, = 1.2x1071% J (30 kgT at 20
°C).

By combining Eqns. 5.2 and 5.3, one can determine the temperature dependence of u,:

E, RMA
_ — Zfa 54
In(uy) e + In (n(kBT)Z)' ( )

Though the final term in Eqn. 5.4 has a dependence on In (%), this term varies negligibly over

the range of 0 — 60 °C. Therefore, for interfacial fracture involving an activated chemical
process, Uy should vary approximately logarithmically with 1/T over this range of temperatures.

5.4 Materials and methods

5.4.1 Materials

HNO3 (69%, Fisher), ethanol (200 proof, Koptec), tetrahydrofuran (THF, >99.5%, Supelco),
RBS-35 detergent (Thermo Fisher), muscovite mica (Ruby, ASTM V-1/V-2, S&J Trading),
DGEBA (Hexion Inc. EPON Resin 825), and 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris,
>99.9%, Sigma-Aldrich) were purchased and used as received. Deionized (DI) water (>18.2 MQ
cm resistivity) was obtained from an EMD Milli-Q Integral Water Purification System.

5.4.2 Synthesis of DGEBA-Tris Oligomers

2-(Bis(1-hydroxy-2-(4-(2-(4-(oxiran-2-ylmethoxy)phenyl)propan-2-yl)phenoxy)ethyl)amino)-2-

(hydroxymethyl)propane-1,3-diol diglycidyl ether of bisphenol A-—tris(hydroxymethyl)amino
methane, DGEBA-Tris) oligomers were synthesized as previously reported,?” 1°° by opening of
the epoxide ring in DGEBA oligomers through the Tris amine group. A 2:1 stoichiometric ratio
of DGEBA:Tris was dissolved in ethanol at 78 °C and stirred for 18 h to allow the reaction to
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complete. The resulting DGEBA-Tris oligomers were diluted to 180 mM in 4:1 ethanol/THF,
then stored at 5 °C until use.

5.4.3 Preparation of Self-Arresting Crack Samples

Specimen preparation begins by cleaving large, thick muscovite mica sheets (~2 cm X 6 cm, 10—
30 um thickness) in a laminar flow hood, then cutting them into a single-crystal rectangle. Each
sheet is rinsed with 5 mL of 8 uLL HNO3/50 mL H2O solution to replace the surface K" ions with
H* ions, then blown off with N>. For DGEBA-Tris samples, a 67 mM spincoating solution of
DGEBA-Tris oligomers is prepared by diluting the storage solution with THF, then sonicating to
mix. Oligomer films are spincoated on to mica sheets with 500 uL of the 67 mM spincoating
solution at 3000 RPM for 60 s. Oligomer coated mica sheets are then immediately placed in an
oven at 80 °C under vacuum for 1 h to remove residual solvent. Meanwhile, a large, thick mica
base sheet (~150 cm? area, ~1 mm thick) is freshly cleaved, rinsed with 20 mL of 8 uL
HNO3/50 mL H>O solution, and dried first with nitrogen and then on a hot plate at 150 °C for >
10 min. After annealing the oligomer coated mica sheets, the samples are removed from the oven
and gently placed (oligomer side down) on clean sections of the dry mica base sheet, while both
mica sheets were warm to facilitate contact. Both sheets are firmly pressed together, and a
squeegee was used to remove any remaining air bubbles before cutting the samples to size. One
edge of the thinner sheet is lifted up slightly to facilitate opening after cure, then a steel block
was placed on the sample and the sample was returned to the oven at 100 °C under constant N»
flow for 1 h, before a slow ramp up to 200 °C (25 °C / 30 min). DGEBA-Tris samples were cured
at 200 °C for 4 hours before removal from the oven to cool. EPON samples were fabricated in an
identical manner, except for spincoating with a 47 mM EPON 825 (one DGEBA unit per
molecule) in THF/ETOH solution, then curing at 220 °C for 48 h.

5.4.4 Attenuated Total Reflection Fourier Transform Infrared Spectroscopy

ATR-FTIR was performed with a Bruker Vertex 80 spectrometer using a DLaTGS detector and a
diamond ATR crystal (Bruker A225). Spectra are collected as an average of 100 scans over 4000
— 400 cm™! with 2 cm! resolution. A blank (air) background is subtracted from each scan, and an
asymmetric least-squares smoothing algorithm is performed to correct for tilted baselines.
Samples for FTIR study are fabricated by dropcasting 100 — 400 uL of oligomer stock solution
onto a clean silicon wafer, allowing the solution to air dry, then curing in the oven following the
same annealing and ramp-up procedure as for self-arresting crack samples, until the desired
curing time and temperature is reached. For each sample, spectra are taken at a minimum of two
locations, and at least two different samples are tested for each curing time/temperature.

5.4.5 Stylus Profilometry

Stylus profilometry was performed with a Dektak 11A, calibrated with a 0.902 um step height
reference sample. To determine film height, epoxy adhesives are spincoated onto clean silicon
wafers with one side masked using adhesive tape, then cured using the same procedure described
in Section 5.4.3. After curing, the tape is gently removed, revealing a step-edge of epoxy film.
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The silicon wafers are taped onto the profilometer stage and the stylus is lowered onto the bare
silicon surface. A 1-2 cm scan is performed such that the stylus lifted onto the epoxy film step,
recording the step edge height. The data was leveled by extrapolating the tilt of the substrate
through the remainder of the profile.

Determining mica sheet thickness through stylus profilometry is only possible for mica sheets
glued onto the base sheet. Otherwise air gaps or unwanted bending of the sheet is present. First,
the stylus is lowered onto the upper sheet, then a scan was performed in the same manner as
above, except for dropping the stylus off of the mica sheet to record the step edge. The mica
thickness is determined by subtracting the height of the substrate immediately after the step edge
from the height on the innermost measured section of the upper sheet (away from any damage on
the sheet edge). Sheet thickness is measured for at least four locations on each sample and
averaged for use in calculations.

5.4.6 Self-Arresting Crack Measurements

Peeling through self-arresting crack propagation is performed through a procedure based upon
previously reported methods.* 47 A homebuilt peeling apparatus is employed (see Section 5.5.2)
to monitor the crack position via top-view camera (FLIR) affixed to a microstepping motor
(Newmark Systems) to allow movement along the axis of crack motion. The sample is
illuminated with light passed through a 555 - 565 nm bandpass filter, allowing the crack position
to be visualized through crack-opening interferometry. The samples are placed on top of either a
hot plate (Thermo Scientific) for tests at T = 20 °C or onto a steel chamber connected to a
recirculating ice water bath for tests at T < 20 °C. Samples are held down by steel blocks and
left to equilibrate at the desired temperature for at least 1 hour before measurements begin. For
cooled samples, the apparatus is placed in a sealed chamber under continuous nitrogen purging
to keep the humidity under 20%, preventing condensation on the sample. Temperature was
measured using a type J thermocouple (McMaster-Carr) glued onto the measurement stage and
an associated thermocouple reader (Digi-Sense).

The self-arresting crack measurements are performed on samples consisting of a thin, pliable
mica sheet glued on top of a thicker mica base sheet by a thin layer of epoxy adhesive. When a
glass capillary (I mm diameter) is inserted as a spacer between the two sheets, a crack forms as
the more flexible sheet is lifted upwards. This crack will advance until mechanical equilibrium
between the elastic bending of the upper sheet and the adhesion is reached. Subsequently, we
rapidly advance the spacer by 3 mm, which instantaneously shortens the crack length, then
monitor the crack position as it returns to its equilibrium length, ending at least 1 hour after
visible motion ceases. Image acquisition rate begins at 20 frames per second for each
measurement, then gradually and continuously slows by iteratively increasing the delay between
images by a factor of 1.01 for each subsequent image. This results in a frame rate of roughly 1
frame per second after an hour of acquisition. This measurement is repeated several times on
each sample by repeatedly advancing the crack. The crack velocity is calculated by smoothing
the crack length vs time data using a first-degree Savitzky—Golay filter, then locally fitting a line
through the 60 nearest neighbor points to determine the instantaneous slope of the curve. Mica
top sheet thickness is determined via stylus profilometry (Section 5.4.5) where possible,

71



however stylus profilometry proved unreliable for samples that had been entirely removed from
the base sheet. In these cases the mica thickness was determined using a digital micrometer,
which resulted in a much larger uncertainty in the thickness value and subsequently larger error
bounds in G.

5.5 Results and Discussion

5.5.1 Characterization of polymer cure through ATR-FTIR Spectroscopy

The progress of the curing reaction was monitored through ATR-FTIR spectroscopy. As an
epoxy cures, nucleophilic groups react with the epoxide rings within the molecule through an
esterification reaction, opening up the rings and extending the polymer chain.!®® The epoxide
ring has a characteristic asymmetric vibration mode that appears at 915 cm!, and observing the
disappearance of this peak allows one to monitor the curing progress.!** Figure 5.4a shows that
the FTIR spectra of uncured DGEBA (yellow) has a strong peak in the vicinity of 915 cm’,
attributed to the epoxide ring vibration. As the polymer is cured at 220 °C, this peak decreases in
prominence (16 h of cure, orange) until it largely disappears by 48 h of cure (red). By this point
the polymer has solidified into a rigid film, further confirming its cure. Figure 5.4b shows the
FTIR spectra of DGEBA-Tris in the same region, where the uncured DGEBA-Tris oligomers
(purple) show the same epoxide peak around 915 cm™!. As the film is cured at 200 °C, this peak
decreases in intensity (2 h: blue; 4 h: green). The curves after 4 h of cure are similar to those
after 24 h of cure at 220 °C, suggesting that the curing reaction is largely complete after 4 h.
Additionally, there is no visible browning after 4 h of cure at 200 °C, which becomes
problematic during cures at higher temperatures or longer times.
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Figure 5.4. ATR-FTIR spectra in the epoxide stretch region of DGEBA and DGEBA-Tris over
varying cure times. (a) Infrared spectra of uncured DGEBA (yellow) and DGEBA cured for 16 h
(orange) and 48 h (red) at 220 °C. (b) Infrared spectra of uncured DGEBA-Tris (purple), and DGEBA-
Tris cured for 2 h (blue) and 4 h (green) at 200 °C, and 24 h at 220 °C (grey). Dashed line vertical line
indicates the characteristic asymmetric vibration peak of an epoxide ring at 915 cm™. Spectra are shifted
vertically for clarity.
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5.5.2 Apparatus for temperature-controlled peeling

Performing self-arresting crack propagation measurements at temperatures other than room
temperature requires the development of a experimental set up with temperature control, as
previous setups performed tests without temperature control on an inverted microscope.?”> 46 To
heat samples reliably, an apparatus was built around a hot plate sample stage (Fig 5.5a), allowing
for precise control of the sample temperature. Samples were held down using steel blocks to
prevent horizontal motion, while a pair of steel rods attached to a micrometer were utilized to
move the glass spacer (Fig 5.5b). The camera and associated optics were affixed to a
microstepping motor, allowing for translation of the camera frame without affecting the sample.
Tests revealed that the temperature at the hot plate surface and at the top of a mica sample
reliably differed by no more than 1 °C over the range of interest and remained stable for hours
once equilibrated.

Cooling of the sample is achieved by replacing the hot-plate sample stage with a water-tight steel
chamber (Fig 5.5¢), which itself is connected to a recirculating ice water bath, providing a
constant flow of 0 °C water in and out of the chamber. The samples are then mounted on top of
the chamber, allowing for good thermal contact with the reservoir without directly exposing the
samples to water. After equilibration, the sample platform surface reliably reached 8 — 9 °C. To
prevent condensation, the entire apparatus is then enclosed in a sealed box under a constant
purging of Na2. Dishes of desiccant were also placed near the samples and the manipulation of the
sample was kept at a minimum to minimize intrusion of ambient humidity. Experiments were
only conducted at less than 30% relative humidity (measured at 20 °C), at which point no
condensation was observed on (or around) the samples.
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Figure 5.5. Experimental setup. (a) photo of the experimental apparatus for heated tests, showing the
translating motor attached to the microscope, camera, and light source, as well as the hot plate and
sample. (b) close up photo of the sample, showing the spacer bending the top mica sheet upwards,
creating a crack. (c) photo of the setup for cooled experiments, where the sample is placed on a cooled
steel platform connected to a recirculating ice water bath (not shown). The entire apparatus is enclosed in
a sealed chamber under a constant flow of N to prevent condensation.

5.5.3 Effect of temperature on crack length and adhesion

We rely on self-arresting crack propagation to probe the adhesion of cured DGEBA-Tris to mica
sheets. Self-arresting crack propagation enables us to probe adhesion over a wide range of crack
velocities and temperatures.?” As a control, we also characterize the adhesion of cured DGEBA,
which does not contain multidentate hydrogen bonding groups. Samples consist of a thin (51.5 +
5.5 nm) layer of adhesive cured between two mica sheets. A crack of length £ is formed at the
epoxy/mica interface when the upper (more pliable) mica sheet is lifted by a glass spacer (Fig.
5.6). Movement of this spacer causes perturbation of the crack, and the movement of the crack
can be observed as the crack returns to its equilibrium length.
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Figure 5.6. Diagram of experimental geometry. Schematic illustrating the key parameters influencing
the crack motion. £ is the instantaneous crack length, h is the height of the glass spacer rod, d is the
thickness of the top mica sheet, and u is the crack velocity. Not to scale.

Figure 5.7a shows representative crack length vs time curves during the debonding of DGEBA-
Tris after various cure times in comparison to control materials. For DGEBA and mica/mica (no
intervening adhesive), there is significant crack motion within the first second, but the crack
quickly reaches its equilibrium length and halts at around 1 s after the initial movement. The
short-time rate-dependent adhesion could be due to air resistance as the crack opens. However,
for oligomeric DGEBA-Tris the crack continues to move over a significantly longer time, as
shown in Chapter 4. Adhesion decreases as the crack velocity decreases, and the crack eventually
stops at its equilibrium length. As DGEBA-Tris is cured the crack halts at shorter times, yet
crack motion is still observed for longer periods than in control materials.

Figure 5.7b shows that the crack velocity dependence of adhesion charges with debonding
temperature for fully cured DGEBA-Tris. At 9 °C, the crack continues to move for 10 - 15 s. As
the temperature increases to 21 °C the crack motion halts earlier, at around 2 — 10 s. Further
increase in the debonding temperature to 40 °C or 60 °C shows continued decreases in the time it
takes for motion to halt. In fact for T > 40 °C it is difficult to visually distinguish the movement
of DGEBA-Tris from that of the other rate-independent pairs.
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Figure 5.7. Crack propagation dynamics of DGEBA-Tris and DGEBA films. (a) Crack length
(normalized by equilibrium crack length) vs time for DGEBA-Tris at 21 °C as a function of cure, ranging
from uncured (red circles), 6 h of cure at 150 °C (purple diamonds), 18 h of 150 °C cure (blue triangles),
and 4 h of 200 °C cure (green squares). Also shown are controls of DGEBA after 15 h of 150 °C cure
(yellow stars) and mica/mica (no intervening adhesive, grey x’s). Dashed line indicates £ = £,. All data
excepting DGEBA-Tris, 4 h 200 °C cure was originally presented in Chapter 4. (b) Crack length
(normalized by equilibrium crack length) vs time for fully cured DGEBA-Tris as a function of
measurement temperature, including 9 °C (blue circles), 21 °C (green squares), 40 °C (purple triangles),
and 60 °C (red diamonds). Also shown is fully cured DGEBA at 60 °C (orange crosses). Dashed line
indicates £ = £.

The length of the crack is directly controlled by the balance between the bending moment
applied to the top mica sheet and the adhesion of the polymer that resists crack opening. This
balance can be expressed as:*’
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_ 9#d3f2 (5.5)
24¢% 7

where G is the strain energy release rate, u is the shear modulus of the top mica sheet (taken to

be p =25 GPa),the Poisson ratio is v =0.21'3%, h is the spacer height, and d is thickness of the

top mica sheet. By knowing the spacer height and mica thickness, G can be determined directly
through measurements of £.

After the crack comes to rest, the equilibrium value of the crack length is used to determine the
intrinsic strain energy release rate, G, through Eqn. 5.5. Figure 5.8 shows the measured values
of G, for the adhesion of cured DGEBA-Tris to mica as a function of temperature. At ambient
temperature (21 °C, green squares), G, = 0.28 + 0.05 J/m?, which is slightly higher (p-value
=0.06) than the measurement in Chapter 4 of G, = 0.23 £ 0.04 J/m? for DGEBA-Tris oligomers
adhering to mica. This small increase in adhesion may result from improved contact between the
adhesive and mica as the polymer melts during the cure process.
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Figure 5.8. Equilibrium adhesion values for DGEBA-Tris and DGEBA films. Equilibrium values of
the strain energy release rate vs sample temperature for DGEBA-Tris at 9 °C (blue circles), 21 °C (green
squares), 40 °C (purple triangles), and 60 °C (red diamonds), and for DGEBA control at a range of
temperatures (orange crosses).
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In addition, G, increases with debonding temperature for the cured DGEBA-Tris (p-value =
0.007). For glassy polymers, an increase in adhesion with temperature is common, particularly as
a material nears its glass transition temperature. The increase is typically attributed to increased
chain mobility as well as dissipation or plasticity within the polymer.® 3! 187 Similarly, the elastic
modulus of DGEBA decreases by around 25% from 9 — 60 °C.!'®> Therefore, softening of the
adhesive could contribute to the increase in G . Finally, Thermogravimetric Analysis of cured
DGEBA-Tris after exposure to laboratory air for > 1 week showed a 14% loss in mass at 60 °C.
The loss was attributed to evaporation of absorbed water from the polymer!®® 7 While DGEBA-
Tris adheres in the presence of water (see Chapter 4), water will likely lower the van der Waals
forces, the main contributor of G,.2® Thus G, may increase with temperature due to a loss of
absorbed water within the polymer.
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Figure 5.9. Effect of curing on the dependence of adhesion on crack velocity. Scaled increase in strain
energy release rate vs crack velocity for uncured DGEBA-Tris (red), DGEBA-Tris after 6 h of cure at 150
°C (purple), 18 h of 150 °C cure (blue), and 4 h of 200 °C cure (green). The adhesion of mica to mica
(without intervening adhesive) is shown in grey as a control. All measurements performed at 21 °C.
Uncured, 150 °C cure, and mica data were originally presented in Chapter 4.

As shown in Figure 5.9 adhesion increases with velocity for all the DGEBA-Tris adhesives
investigated (different degree of curing, debonding temperature), but not for controls (mica,
grey) unless much higher speeds are reached. The slow, continuous crack propagation observed
with DGEBA-Tris is caused by an amplification of adhesion by the crack velocity, as discussed
in Chapter 4. For oligomeric DGEBA-Tris (red), G increases over the entire measurable range of
velocities we can capture with our experimental setup. As DGEBA-Tris is cured (6 h 150 °C,
purple; 18 h 150 °C, blue; 4 h 200 °C, green), G only begins to increase after a certain onset
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velocity. As the material is cured further a large increase in the onset velocity is observed from
around 50 nm/s to around 1 um/s, accompanied by a decrease in the slope of G vs crack velocity.
At even higher rates (50 — 100 um/s), G increases faster with crack velocity. Note here that the
highest crack velocities are obtained at the beginning of the experiments (crack starts moving
quickly, then slows), and there are more uncertainties in our measurements due to difficulties in
accurately measuring the velocity at high speeds.

The increase in onset velocity with increased degree of curing for DGEBA-TTris is likely due to
the increase in molecular weight of the polymer upon curing. In Eqn. 5.2 two terms could be
directly affected by molecular weight — n and M. The Lake-Thomas amplification factor, n, can
be interpreted as the number of bonds in the polymer chain that are stretched as the interfacial
bond is pulled.?® Therefore, n would naturally increase with increasing chain length, although a
roughly 80-fold increase would be needed to explain the shift in threshold velocity from the
oligomeric to fully cured (4 h, 200 °C) adhesive. The polymer spring constant, M, would
logically decrease with curing, as force required to stretch a chain is inversely related to the
contour length of the chain.®? Decreasing M would also increase u,, and the 80-fold decrease
needed to explain the data may be warranted if the chains stretch purely entropically before the
bond is broken. A combination of these two effects can also account for the measured trend with
more moderate changes to M and n. Finally, a decrease in E, of around 4 kzT could also explain
the shift of u, to higher velocities, which may be possible if tridentate binding is hindered in
cured DGEBA-Tris. The exact role of these individual parameters cannot be determined from
Fig. 5.9 alone, but all of them are consistent with curing.

To further investigate the role of bond strength on the threshold velocity, we measured the
velocity dependence of cured DGEBA-Tris adhesion across a range of temperatures (Fig. 5.10).
As the debonding temperature increases from 9 °C (blue) to 21 °C (green), a subtle increase in
the onset velocity occurs, from around 300 nm/s to around 700 nm/s. Yet when the temperature
is further increased to 40 °C (purple), the onset velocity jumps to above 10 um/s. As temperature
increases, G is also seen to rapidly grow almost immediately above the onset velocity, in
particular for the measurements at 60 °C (red). In fact, the rate-dependent adhesion of cured
DGEBA-Tris at 60 °C is difficult to distinguish from that of DGEBA at 60 °C (orange). At 60 °C
the crack halts after around 0.7 s for both materials, and therefore any differences at velocities
above u, may occur to quickly to be captured by our camera.
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Figure 5.10. Effect of measurement temperature on adhesion and velocity dependence. Scaled
increase in strain energy release rate vs crack velocity for cured DGEBA-Tris (4 h 200 °C cure) at 9 °C
(blue), 21 °C (green), 40 °C (purple), and 60 °C (red). Also shown are DGEBA at 60 °C (orange), and H"
mica at 21 °C. Arrows indicate approximate locations of the threshold velocity, determined by the point
where adhesion increases significantly over the equilibrium value.

The increase in threshold velocity with debonding temperature is hypothesized to be caused by a
thermally-induced decrease in bond lifetime. As shown in Fig. 5.3, T is expected to decrease by
over 2 orders of magnitude between 9 °C and 60 °C solely due the contribution of increased
thermal bond dissociation, which would lead to an increase in u, inversely proportional to the
decrease in T. We next seek to test this hypothesis by extracting u, from the measured data. We
first determine G, by averaging values of G after the apparent crack velocity drops below our
resolution, around 1 nm/s. We next locate the point where G — G, > 0.5 mJ/m?, where an
increase in adhesion could be clearly differentiated from the noise in the experimental data.

If the measured adhesion is due to activated bond scission at the interface, In (u,) should scale
1
T
uy does behave according to Eqn. 5.4, with —In(u,) decreasing at higher temperatures. Linear
regression of the data in Fig. 5.11 yields E, = 14 + 2 x1072° J (R? = 0.74), equivalent to E, =
35+ 4 kT at 20 °C. While this estimate is higher than those obtained in Chapter 4 for uncured
DGEBA-Tris adhesion with mica (23 — 31 kgT), it remains close to the estimated value for
cooperative tridentate hydrogen bonding interactions (= 30kgT). Possible errors associated with
the different methods of estimating E, could play a role as well — a slight overestimate of G, in
Chapter 4 or and underestimate of u, in the present work would align these values. Furthermore,
the present value of E, does not rely upon estimates of M or n, and thus is less reliant upon

approximately linearly with ( ), as predicted by Eqn. 5.4. Figure 5.11 shows that the estimated
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assumptions about the polymer stretching behavior. Finally, the polymer studied here is expected
to be significantly more cured, and entanglement could affect the ability of moieties to form
cooperative interactions.>®
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Figure 5.11. Effect of debonding temperature on threshold velocity. Inverse temperature vs negative
natural logarithm of the threshold velocity. Temperatures shown are 9 °C (blue circles), 21 °C (green
squares), 40 °C (purple triangles), and 60 °C (red diamonds).

Despite the strong correlation between the data in Fig. 5.11 and the predictions of Eqn. 5.4,
other mechanisms may also contribute to the observed increase in u, with temperature. Eqn. 5.2
predicts that u, is inversely proportional to M. While polymer force-vs-elongation behavior is
not expected to change significantly with temperature over this range, a shortened bond survival
time could lead to polymer stretching that is largely entropically dominated, resulting in a
reduction in M at higher temperatures.!®® 1°° Similar effects could occur from bulk softening of
the material at higher temperatures,'®> and would require single-molecule study to disentangle
further. Finally, the fracture of epoxies is known to transition to stick-slip motion at higher
temperatures, which could make u, appear to be higher than that predicted through Eqn. 5.4.8
Stick-slip motion was sometimes observed during peeling, particularly around defects within the
sample. These measurements were excluded from analysis, but defects occurring near the final
crack position could be difficult to detect. Nevertheless, while these effects may contribute to the
observed trend in Fig. 5.11, they are unlikely to dominate the effect of temperature on the bond
failure rate.

We thus conclude that the adhesion of DGEBA-Tris to mica occurs via tridentate hydrogen
bonds with E, of O(30kzT), in agreement with the findings in Chapter 4. These findings rule out
a decrease in E, as a mechanism for the increase in threshold velocity with curing seen in Fig.
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5.9, suggesting that increased molecular weight is primarily responsible for the two-orders of
magnitude increase in u, after cure. We further see that interfacial bond fracture dynamics
follow an Arrhenius-like dependence, which is commonly used to describe chemical reaction
rates.!®? This provides a direct connection between the dynamics of a chemical bond at an
interface and the overall adhesive strength of a system.

This has additional implications for the durability of adhesives relying upon multidentate bonds
at elevated temperatures, as the longevity of the cooperative bond drastically decreases at higher
temperatures. Since cooperative bonding is believed to be behind the remarkable water resistance
of multidentate adhesives,'* 158 their ability to adhere underwater may be diminished at elevated
temperatures. The shift in threshold velocity with increasing temperature or molecular weight
may further impact the long-term aging and creep behavior, as the loss of adhesion amplification
at low velocities eliminates a possible mechanism for arresting interfacial cracks.

5.6 Conclusion

The adhesion of model DGEBA epoxy adhesives with tridentate hydrogen bonding groups (Tris)
to mica was studied as a function of degree of cure and measurement temperature. We confirmed
that the adhesion of DGEBA-Tris scales with crack velocity over a wide range of conditions
according to Chaudhury’s model,” and observed the presence of a characteristic threshold
velocity, above which adhesion increases with crack velocity. While the zero-velocity threshold
strain energy release rate exhibited only minor increases with cure and temperature, the threshold
velocity increased by two orders of magnitude with both curing and with an increase in
temperature of 40 °C. The increase in u, with cure was attributed to increased molecular weight,
with a softer polymer chain transferring less force to the interfacial bond. The shift in u, with
temperature followed an Arrhenius-like dependence with an activation energy of 14 + 2 x1072°
J (35 % 4 kgT at 20 °C), which further validates the hypothesis that DGEBA-Tris bonds to mica
through cooperative tridentate hydrogen bonds. The temperature dependence of u, occurs due to
the increased thermal dissociation rate of interfacial bonds at elevated temperatures, necessitating
higher velocities to see an improvement in adhesive strength. These results have implications for
our understanding of how multidentate bonds function at an adhesive interface particularly at
non-ambient temperatures and provide new avenues for connecting chemical bond dynamics to
macroscale adhesive strength.
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6 Summary & Outlook

The ability to design and optimize future adhesives relies upon our ability to relate the chemical
structure of an adhesive to its performance on a macroscopic scale.?’” While great progress has
been made in understanding structure-property relationships in the bulk of an adhesive, 3¢ %3
much remains unclear about the relationship between interfacial chemistry and macroscale
adhesion.%® 200- 201 This knowledge gap particularly impacts structural adhesives, where the stiff
bulk of the adhesive makes them especially sensitive to interfacial bond strength.?’!: 202 To
address this gap, this dissertation implements theories and methods to probe the chemical
behavior of a model epoxy adhesive modified with tridentate hydrogen bonding function groups.
As part of these investigations, we further developed techniques to mitigate confounding
experimental factors, allowing us to conduct sensitive interfacial measurements.

In Chapter 3, we developed and demonstrated a method of producing ultra-smooth aluminum
films through evaporating onto a mica template, followed by removal of the mica template in
water. We first characterized the deposited films through Atomic Force Microscopy, revealing an
extremely low RMS roughness of 0.2 nm. We then confirmed that the surface was composed of
aluminum/aluminum oxide through X-ray photoelectron spectroscopy and contact angle
goniometry after self-assembled monolayer deposition. We next demonstrated the use of these
films, showing that they are suitable for interferometry and have a nearly 6-fold increase in
adhesion with mica over rougher aluminum surfaces. We further investigated the electrostatic
double-layer around aluminum surfaces in LiCl solution and additionally measured improved
corrosion resistance of smooth aluminum films, demonstrating the crucial role surface roughness
has on accurately measuring interfacial phenomena.

In Chapter 4 we investigated the adhesion of a multidentate hydrogen bonding epoxy adhesive
(DGEBA-TTis), with promising applications in improving the water resistance of structural
adhesives. We first established that the DGEBA-Tris epoxies exhibited a strong increase in
adhesion with crack velocity, which was shown to scale as predicted by a model for thermally-
activated bond scission at an interface. We next showed that the adhesion of DGEBA-Tris to
mica and aluminum was not undermined when the bond was formed in water. We further
demonstrated that the underwater adhesion of DGEBA-Tris scaled similarly with velocity to the
adhesion in air, and that the measured scaling could be explained by the Tris groups bonding
cooperatively. We discussed how the cooperative bonding of Tris groups is likely responsible for
its remarkable adhesion in water, as tridentate bonds may be able to compete for interfacial
bonding sites with water molecules.

In Chapter 5 we built upon our previous studies of DGEBA-Tris to investigate the role of
temperature and curing on the interfacial chemical bond dynamics. We first showed that the
threshold (zero-velocity) adhesion is only minorly affected by increasing molecular weight and
temperature. However, the threshold velocity increased dramatically with both increasing
molecular weight and temperature. The two orders of magnitude increase in threshold velocity
during cure was attributed to increasing polymer chain length necessitating larger extensions to
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apply the same force to the interfacial bond. The additional two orders of magnitude increase in
transition velocity when temperature was increased from 9 °C to 60 °C was related to increased
dissociation bond dissociation at elevated temperatures. The resulting Arrhenius-like dependence
of threshold velocity on temperature yielded an activation energy of 35 + 4 kgT at 20 °C, further
confirming that DGEBA-Tris adheres through cooperative tridentate bonds and that adhesive
failure occurs through an activated process.

6.1 Future directions

This thesis established that tridentate hydrogen bonding moieties, when added into a structural
epoxy, can allow the adhesive to bind strongly in water and yield strong underwater adhesive
performance. It is further shown that the increase of adhesion with crack velocity can be used to
probe the strength and mechanics of interfacial bonds, allowing remarkable insight into the
dynamics of bonds at an interface. Refinement of the demonstrated theories to employ more
accurate models, particularly for polymer stretching potentials and thermally-assisted bond
failure (reaction rates), would enable more accurate a priori prediction of adhesive strength from
molecular structure.?> 2% Notable progress on this front has been recently reported by Yang,
Liechti, and Huang, who developed a model incorporating widely-accepted polymer stretching
and reaction rate equations for the fracture of an epoxy adhesive.?* The generalization of this
model to other systems would enable multiscale adhesion studies under more complex conditions
and a broader understanding of the effects of bond strength, molecular weight, and temperature
at an adhesive interface.

The results presented in Chapters 4 and 5 introduce further questions about the role of
cooperative interactions in adhesion as well as the limitations imposed by chemical structure.
Given the remarkable underwater adhesion characteristics promoted by Tris and other
multidentate groups, such as DOPA!!- 2% or UPy, !¢ investigation of other multidentate moieties
could enable even stronger and more robust adhesives. Future investigations should focus on the
role of moiety flexibility on its ability to form cooperative interactions in order to allow for
binding to a wider variety of surfaces. Furthermore, intriguing results by Ghatak er al.>® showing
surprisingly high bond lifetimes for highly entangled systems poses questions on the ability for
cooperative interactions to form among non-adjacent groups. Studies on multidentate moieties
with a varied spacing between the individual binding sites would improve our understanding of
how more complex systems function, as well as possibly open the door for using more diverse
chemistries to improve adhesion. !

Finally, the emergence of multidentate groups to promote strong underwater adhesion raises
questions about the mechanisms by which these types of groups form adhesives bonds
underwater.!>% 29 296 Previous results by Wang and Frechette show that hydrodynamic drainage
can impede the formation of contact between adhesive and adherend,?®” 2% and spectroscopic
studies have revealed the presence of interfacial water at a buried interface.? Careful studies on
the formation of adhesive interactions will elucidate how certain chemical groups can dehydrate
an interface, and will aid in improving deposition protocol to maximize underwater adhesion.
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