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Abstract

Polymer brushes, in particular, are formed when long-chain polymer molecules are
attached at one end to an interface. When the spacing between attachment points is less
than the polymer chain’s radius of gyration, R,, the chains overlap and are forced to
stretch away from their attachment points to decrease crowding. This stretching along
the direction normal to the grafting surface is different from the typical behaviors of
flexible polymer chains in a solution and with wide application potential for modifying
interfacial properties such as wetting, adhesion and lubrication. The stability or
durability of the polymer brush layer was directly influenced by the surface coverage
which will constrain the practical application. In standard grafting-to methods, the
polymers were grafted on the surfaces by physical adsorption or covalent bonding of end-
tailed functional group and the coverage is limited by the steric obstacle of the polymer
itself during the process. In this work the force profiles of a series of moderate to high
grafting density diblock copolymer brushes prepared by the spin-coating method are
reported. Instead of accessing different grafting density regimes by changing the
molecular weight (MW) of the blocks, a single diblock was used. Two distinct
compression regimes were observed. The measured force profiles demonstrate scaling
behavior and discrepancies between the experimental data and theory are discussed. To
further explore the interactions between more highly-stretched brushes, the neutral
Polystyrene (PS) films prepared by grafting-from method was also studied using surface
force apparatus (SFA). Both the normal and shear force behaviors of the opposing

ATRP-formed brushes are presented. Excellent lubricant performance was also observed.
iv
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Overview

Chapter 1 describes the scope of the project. The main concepts about polymer brushes
and relevant theory are discussed. The pros and cons between two major types of
approaches to form polymer brushes are compared. The introduction also includes the
potential applications as well as motivation for the studied systems. In addition, the
instrumentation used to accomplish the projects is also briefly mentioned in the first
chapter and is further discussed through data analysis in the following chapters.
Chapter 2 demonstrates systematic studies of high grafting density brushes achieved by
a modified form of the generally studied "grafting-to" approach involving spin-coating of
diblock polymer chains. The steric forces between opposing brush layers as a function of
grafting density were measured using an automated Surface Force Apparatus. Different
normalization means were applied on the profiles and universal force behaviors of the
system is established. Chapter 3 reports both the normal and shear interfacial
interactions in good solvent conditions between two opposing ultra-high grafting density
polymer brushes formed by atom transfer radical polymerization. A much higher
grafting density compared to the conventional “grafting-to” was accomplished using this
synthesis method. The steric force profiles of similar MW brushes formed by both
“grafting-to” and “grafting-from” methods are compared. Within the experimental time
scale, significant hysteresis is observed in the ultra-high grafting density brushes,
demonstrating a much longer relaxation time for these conditions. The shear
performance of the ultra-high density brushes demonstrates excellent lubrication and

wear, comparable to lower grafting density brushes where hysteresis is not observed.



Chapter 4 provides additional characterization measurements and a proposed device for

future advancements.

All the references and appendices referred to are listed at the end of each chapter.



Chapter 1: Introduction

Polymer brushes are created when at least one end of the polymer chain is tethered to a
surface or interface. Tethering to the surface or interface is typically accomplished by
physical adsorption or covalent bond.[1] The movements of the polymer chains are
limited and restricted due to the confined environment and result in very different
responses or behaviors compared to the freely moving polymer chains in a melt or
solution. These differences make it possible for polymer brushes to be applied to many
fields in surface modifications, such as wetting, adhesives, stabilizers or lubricants etc.
My research topic is mainly focusing on polymers on flat surfaces and the following text
will specifically discuss this. For polymer chains on flat surfaces, three different types of
geometries are found.[2] When all or most of the polymer chains are adsorbed or attached
on the surface, the flat distribution of the polymer takes the form of a pancake like
geometry. Unlike the pancake geometry, if only one end of the polymer chain has
affinity to the surface while rest of the chains want to dangle away from the surfaces into
a medium, a mushroom structure of the polymer is formed. In this case, the size of the
freely relaxed chain is equal to the radius of gyration (Ry) of the chain with the same
molecular weight in the solution. The main criterion for a real brush-like geometry to
form is to have enough polymer surface coverage. When increasing the amount of
polymer on the surfaces, once the distance between the attached points of two adjacent

polymers chain is smaller than the radius of gyration, the polymer chains will begin to



feel pressure and are forced to stretch away from the surface to form a brush-like
structure. The extent of “stretching” will reach an equilibrium length. The most well-
known Alexander-de Gennes Model [3-5] has predicted this equilibrium length using two
approaches: Flory argument and scaling analysis. The concept of the Flory argument
suggests the energy per chain could be described by two terms, osmotic pressure and
elastic energy of the chain. The equilibrium length will be achieved when the free energy
is @ minimum. A blob model is assumed in the scaling method where the blob size is
equal to the distance between grafting points. The dependence of the equilibrium length
can be established after a series of scaling calculations. Both approaches give the same

1/3

result: L~aNo "~ where “L” is the equilibrium length; “a” is the monomer size; “N” is the

degree of polymerization; “c”” has the unit of chains per unit area.
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The A-dG model provides a useful and straightforward method to predict the behavior of
polymer brush systems. More recent theoretical and simulation work [9, 11, 12] has been
carried out to modify and improve upon the assumptions of the A-dG model and will be
further discussed in the following chapters. The key assumptions from three different
theoretical models are summarized in Table 1. For the systems I focus on in my research
work, most of the experimental data was compared with both the A-dG and the Milner-

Witten-Cates (MW C) models.

Polymer brush systems are flexibile and efficient means for surface modification and
tailoring for a broad array of applications. For example, the principle of “Smart surfaces”
is to change the properties of the surfaces by coating or grafting varied types of polymers
that are responsive to different external stimuli, such as temperature, pH value,
electrolyte and solvent quality. [13-16] The ability to tailor surface properties has opened
up even more potential applications for the use of polymer brushes as the surface
properties can be manipulated by different control parameters. Another fascinating
application of polymer brush coatings that is particularly attractive to me is the ability to
form an extra-low friction coefficient films even under high load. Back in the 1990s,
Klein et al.[17] performed a set of experiments to measure both the normal and shear
force between opposing polystyrene brush layers in toluene and found out that the
combination of polymer brushes in good solvent could effectively reduce the friction
coefficient at the sliding interface. The mechanism for friction reduction was thought to
be very similar to the human joint system. Subsequently, a large body of work has been
devoted to obtaining a better understanding of the shear performance of different brush

systems as a function of solvent conditions and confinement.[18-22] This work is



focused on both the shear and normal interactions of polymer brushes formed by two
different approaches in order to obtain a range of grafting densites. The systematic study
of their properties contributes to the fundamental understanding of the physics and design

of polymer brushes that have not previously been discussed or observed.

In addition to the force studies, the surface structure information of the brushes has also
been extracted in the project discussed in the following chapters to establish the structure-
property correlation. The main instruments chosen to accomplish the interaction and
structure measurements are the surface force apparatus (SFA) and neutron reflectivity

technique (NR).

The SFA was first developed to measure the van der Waals forces between surfaces in air
in the distance regime of 1.5-130 nm in 1969, by Tabor and Winterton[23] and later
improved upon in 1972, by Israelachvili and Tabor[24]. Based on the successful
measurements using this powerful tool, a number of different versions have been
extensively discussed and modified.[25-31] The model that has been utilized in this
project is an “Israelachvili type” Mark II SFA, a stainless box with approximately 340

mL in volume (Figure 1).

The SFA measures the force-distance profile between two cross cylinder mica sheets
supported on glass disks of ~1.5 cm radius of curvature. Forces are obtained by the
displacement of weak double cantilever spring mounted to one of the surfaces while the
distance between the two surfaces is measured directly by utilizing white-light
interferometry that gives rise to fringes of equal chromatic order (FECO). The theoretical

resolution is about 10 N in force and about 1A in distance.
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In addition to the normal force, the shear interaction can also be measured using an SFA
with an additional attachment. Both the top and lower sample mounts can be replaced by
the friction attachment as shown in Figure 2.[32] The main point of the device is the
bimorph slider which is assembled by combining two piezoelectric sheets with reversed
polarity. When a voltage is applied, one piezoelectric sheet in the bimorph assembly
contracts while the other sheet expands. The combined response of the both bimorphs to
the applied voltage makes parallel lateral movement possible. The top surface is
mounted in a “receiver”’, which has vertical springs to act as a sensor to detect the lateral

shear forces transmitted through the interface between two opposing polymer brushes.

The interface interaction measurement can also be achieved by other instruments that
operate microscopically or macroscopically. For example, the surface forces between
two opposing end-grafted poly(methyl methacrylate) (PMMA) brushes have been studied
with atomic force microscopy (AFM),[33] while the macroscopic shear performance
have been examined on poly 2-methacryloyloxyethyl phosphorylcholine (Poly(MPC))
brushes using the conventional ball-on-disk tribometer.[34] However, neither the AFM
or ball-on-disk tribometer can extract force-distance information of the normal and lateral
shear forces acting between surfaces as precisely as the SFA. The SFA provides both a
direct measurement of the surface separation and any surface deformation with a well-
characterized area of contact with high resolution in distance and force. Such capabilities

are very advantageous when studying polymer brush systems.

The neutron reflectivity (NR) technique was used to conduct complementary

measurements of polymer brush structure. NR provides details of the thin polymer film
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structure such as thickness, roughness, uniformity, and density profile of the layers
normal to the interface or surface with sub-nanometer resolution.[35] Additional features
of these measurements are the ability to probe buried interfaces due to the high
penetration of neutrons through thick samples, contrast matching techniques and/or
deuterium labeling to highlight or mask certain portions of the samples, with negligible
radiation damage. Most of the neutron measurements presented in this work were carried
out on the SPEAR reflectometer at the Manuel Lujan Jr. Neutron Scattering Center at Los
Alamos National Laboratory.[36] Further details of the instrument and fitting process are
provided in ref. 36. Details regarding the analysis methods and the experimental

concepts will be discussed in the following chapters.

As described previously, polymer brush systems have various applications in many
different fields. Klein et al. have shown potential of polymer brushes to minimize the
shear interaction between sliding surfaces, which demonstrates their great possibility to
act as lubricating layers under high load.[17] Since those pioneering studies, polymer
brushes in good solvent condition have been proven to effectively decrease the friction
coefficient compared to simply sliding surfaces in the bulk solvent. [17-20, 37]
Subsequently, charged polyelectrolyte brushes have been reported to have even better
frictional behavior compared to neutral brushes.[38-40] Methods for preparing polymer
brushes can be separated into two categories: the “grafting-to” and “grafting-from”
Methods. The main difference between the two approaches is whether the polymer brush
layer is formed after the polymer is fully synthesized or not. For the ‘“grafting-to”
approach, the fully-synthesized polymer is tethered on a surface or an interface by

preferential physical adsorption of an amphiphilic block copolymer in the selective
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solvent or by the physisorption or covalent bonding between an end-tailored functional
group of the polymer chain and the substrate. In the “grafting-from” case, the polymer is
grown directly from the surface monomer by monomer and the thickness of the film is
controlled by the polymerization time. Due to steric obstacle effects between the
polymer chains, the amount of polymer on the surface by using the “grafting-to” method
is not as much as the “grafting-from” method where the size of a monomer is
substantially smaller than the polymer chain. In this work, a novel means to increase the
amount of polymer on the surface beyond that typically obtained in a ‘“grafting to”
method was employed. Here, spin-coating from solution was utilized to substantially
increase the surface coverage of a “grafted to” brush. Details of this approach will be
discussed in the following chapter. In follow on work, the grafting-from approach was
used to access even denser polymer brush films. In addition, a further benefit of the
“grafting from” approach is that the polymer brush is covalently bonded to the surface.
Thus, these brushes provide a more durable layer to meet realistic application
requirements. Moreover, the synthesis method used in the grafting-from approach
increases the flexibility in materials selection through the length of the polymer chain and
enables more complex chain compositions and architectures to be assessed. The SFA
technique is one of the most powerful means to study both the normal and lateral
interaction as a function of separation of the opposing polymer brushes. In this work,
SFA measurements are used to establish the correlation between the various brush
parameters and their normal and shear interaction properties. However, the substrate
normally used for SFA is mica due to its molecularly smooth surface. Mica is not a

practical surface for “grafting from” systems as it is chemically inert. Moreover, it is
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easily damaged and has a high surface adhesion. The most commonly used substrate for
the polymerization methods such as “grafting from” is silica. Although mica (an
alumina-silicate) does have some surface OH sites, their number is much less than that on
silica surfaces. The amount of surface OH groups is the key for flexible surface reactivity
and makes mica and silica significantly different in general. As a result, some
modifications or substitutions for mica substrates commonly used in the SFA were

carried out to accomplish this work.

In Ruth’s SFA work,[41] mica was replaced with tube-blown glass to enable the
reactivity for the “grafting from” method through living radical polymerization. Silica
pieces a few micrometers in thickness were obtained and used as substrates for polymer
synthesis. Within the measuring area of SFA ~30 x 30 umz, the roughness of the glass
tube blown silica films was 0.5nm as measured by AFM. The uniformity in thickness of
the silica piece was less controllable and more difficult to determine using this method.
Thicker silica pieces not only decrease the resolution of the measurement but also affect
the optics. Moreover, the asymmetric configuration of the silica surfaces increases the
complexity of the data analysis. Lego et al. increased the number of OH groups on mica
surfaces by using plasma discharge in water vapor. Lego et al. were then able to
chemically bond initiators for the polymer synthesis reaction to the modified mica
surface.[42] The thickness of the initiator layer was determined by the step-height
measurement using AFM (0.7+0.1 nm). The number and the distribution of the activated
sites on mica was obtained using time-of-flight secondary ion mass spectrometry (TOF
SIMS) after the initiator were bonded on the surfaces. When increasing the plasma

treatment time, more initiators were found and the results were consistent with the
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measured increase in water contact angle. This surface modification strategy was also
used by Dunlop et al. to grow polyelectrolyte layers from mica substrates.[38] In Vigil et
al.’s work,[43] the interactions between a thin silica film deposited on mica surfaces were
measured by SFA. Electron beam evaporation was used to deposit silica from quartz
onto the mica surfaces. The roughness of the deposited silica layers was 3.7+0.5A
determined by AFM while the thickness and the refractive index were obtained from
ellipsometry. The refractive index was comparable with the bulk silica. Based on their
observation, hydrophilic silica layers was found to swell under humidity, and this
swelling increased with the relative humidity. Under the thickness range of the deposited
silica from 100A to 1000A, the swelling thickness was found to range from 2 to 20A. No
further swelling was observed between 100% relative humidity and immersion in bulk
water. In all cases, the swelling ratio was less than 2% compared to the dry silica layer
thickness. All of the strategies mentioned above are able to increase the reactivity of the
surfaces to make living radical polymerization reactions feasible from the surface, the
silica deposition method using electron beam (E-beam) was chosen for the presented

work in the following chapters.

In order to apply polymer brushes to a lubricant system, one of the major concerns is the
durability of the polymer film. One way to improve the polymer film’s durability is to
increase its surface coverage. In the next two chapters, polymer films with higher surface
coverage are achieved by modifying the conventional grating-to method as well as taking
advantages of the grafting-from method. The interfacial interactions between the
opposing brushes formed by these two approaches have been studied systematically and

the corresponding structures of the single surfaces both in air and solvated have also been
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determined. The presented work in this thesis will provide information about how
polymer brushes with intermediate to very high concentration behave and also
demonstrate their potential in shear performance of ultra-high surface coverage polymer

brushes.
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Chapter 2: Steric Forces of Tethered Polymer
Chains as a Function of Grafting Density: Studies
with a Single Di-Block Molecular Weight

Reproduced with permission from Wei-Po Liao and Tonya L. Kuhl. “Steric Forces of Tethered Polymer
Chains as a Function of Grafting Density: Studies with a Single Diblock Molecular Weight”.
Macromolecules 2012 45 (14), 5766-5772. Copyright © 2012 American Chemical Society

2.1 Abstract:

The normal force to compress opposing polymer brushes as a function of grafting
density was measured using a surface force apparatus. In contrast to conventional
methods where grafting density has been varied by changing polymer molecular weight,
in this work high grafting densities ranging from 1.4 to 7.6 mg/m” were obtained by spin
coating different concentrations of a single diblock copolymer. Measured force profiles at
low grafting density, ¢ <4 mg/mZ, were analogous to previous studies and consistent with
Milner-Witten-Cates (MWC) theoretical predictions once chain polydispersity was
accounted for. At higher grafting densities the experimentally measured repulsive
interaction energy or force showed scaling behavior where the non-dimensionalized force
curves fall on top of each other; however the behavior is distinctly different from the low
grafting density regime and cannot be modeled using theory developed for the dilute/semi

dilute regime.
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2.2 Introduction

Surface grafted polymers layers are widely used to modify interfacial properties such as
wetting, adhesion and lubrication[1-3]. Polymer brushes, in particular, are formed when

long-chain polymer molecules are attached at one end to a surface. When the spacing

between attachment points is less than the polymer chain’s radius of gyration, Rg, the
chains overlap and are forced to stretch away from their attachment points to decrease
crowding. This stretching along the direction normal to the grafting surface is different
from the typical behaviors of flexible polymer chains in a solution [4]. The resulting
brush structure depends intimately on the chain molecular weight, grafting density, and
solvent quality [5]. Because of their wide application, a large body of experimental [6-
16], theoretical [4, 17-23] and simulation work [24-30] has been carried out in order to
characterize and ultimately predict the properties of polymer brushes. = However,
polymer brushes with high grafting densities have not been studied extensively due to
experimental limitations when forming brushes; theoretical challenges in handling highly

interacting systems, and computational limitations in simulating long chain systems.

In the standard “grafting-to” method, the brush layers are prepared by physical adsorption
where the surface coverage depends on the polymer-surface-solvent interaction, but is
limited by the steric obstacle of the polymer itself during the adsorption process. The

dimensionless overlap surface density, X, is defined as Z:cngz, where O is the

experimental chain grafting density (chains/A?), and R, is the radius of gyration of a free
polymer chain in solution[26]. Thus, the chains start to overlap and interact when £>1,

and become more stretched as surface coverage increases. In this work, high coverages
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or grafting densities were obtained by spin-coating and annealing polymer diblocks of
polystyrene-polyvinyl pyridine (PS-P2VP). In a selective solvent such as toluene, the PS
layer forms a brush while the P2VP anchors the PS brush to the underlying substrate.
The PS-P2VP system has been studied extensively in both good and theta solvent
conditions. For example, the extension and compression of comparable molecular weight
(MW) to that studied here has been measured using both the surface force apparatus and
atomic force microscopy, but only for relatively low grafting densities, £<5, [7, 14, 31-
34]. For higher grafting densities, Kent and coworkers have carried out and analyzed
neutron reflectivity experiments to extract the structure of polymer brushes formed as
Langmuir monolayers from polydimethylsiloxane-polystyrene diblocks at the air/ethyl
benzoate interface [35, 36]. The highest reduced grafting density with similar MW was
9.9, and a comprehensive comparison of brush height and density of a single brush layer
was made. More recently the grafting-from approach, where the polymer brush layer is
polymerized in-situ from surface tethered initiator molecules, has been used to generate
ultra-high grafting densities[3, 5, 12, 37, 38]. For example, Ruths et al. achieved a
grafting density, £>56, with very high MW polystyrene chains using the grafting from
approach. However, explicit comparison of the measured force profiles to theory was
hampered by the large chain polydispersity, PDI>1.6. In contrast to physical experiments,
numerical studies can more easily probe high grafting densities in a controlled manner.
For instance, a detailed appraisal of brush structure and compression for a wide range of
grafting densities has been done by Whitmore and coworkers[27, 39] using self-
consistent field theory. Coarse grained molecular dynamics simulations are also

beginning to explore the high density regime[30]. However, experimental steric force
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measurements with strongly stretched brushes, £>10, formed by grafting-to method have
not yet been systematically studied. In this work the force profiles of a series of
moderate to high grafting density diblock copolymer brushes are reported. Instead of
accessing different grafting density regimes by changing the MW of the blocks, a single
diblock was used. Two distinct compression regimes were observed; one for moderate
grafting densities, £<5, and the other for £>10. The measured force profiles demonstrate
scaling behavior and discrepancies between the experimental data and theory are

discussed.

2.3 Experimental Section
2.3.1 Polymer Film Preparation:

A 50:50 polystyrene-b-poly-(2-vinylpyridine) (PS-P2VP) diblock copolymer with
molecular weight 1.14 x 10° g/mol and 1.08 polydispersity index (PDI) from Polymer
Source (Quebec, Canada) was used for these studies. Polymer film preparation was
based on procedures developed for creating high density brushes on hydrophilic surfaces
for neutron reflectivity studies[13, 40, 41]. The desired concentration (0.3-1.0 % g/mL)
was made by dissolving the polymer in toluene with continuous stirring for at least 24
hours. Just prior to use, the solution was filtered a minimum of 2 times and 1 time
through 0.45pm and 0.2um PTFE filters sequentially. Uniform polymer films were then
deposited on the desired surface by spin coating at 2000 rpm for 30 seconds. For neutron
reflectivity measurements, uv-ozone cleaned silicon or quartz substrates were used. For

SFA experiments, ~4 micron thick, molecularly smooth mica sheets were used. The mica
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pieces were cleaved to the desired thickness and placed on a freshly cleaved mica
backing sheet. After spin-coating, the deposited film was annealed under vacuum at
180°C for 48 hours. The glass transition temperature for both polymers is about 100°C.
The P2VP prefers to wet hydrophilic (oxide) surfaces while PS segregates to the air
interface[13, 41, 42]. After annealing, an equilibrium alignment of lamellae parallel to
the substrate is obtained due to preferential surface wetting and the incompatibility of the
PS and P2VP blocks. For SFA experiments, after annealing the mica surfaces with
polymer film were flipped, placed on another mica backing sheet, and a ~550A silver
layer was deposited on the other side. The coated mica surfaces were then glued, silver
side down, on to cylindrically curved glass disks using a 50:50 mixture of dextrose and
D-galactose sugar glue. Neutron reflectivity measurements simply used the annealed

films.

2.3.2 Neutron Reflectivity Measurements of Polymer Films in Air.

The structure of the annealed PS-P2VP films was verified using neutron reflectivity on
the SPEAR reflectometer at the Manual Lujan Jr. Neutron Scattering Center at Los
Alamos National Laboratory. Details of the instrument[43], measurement technique[44,
45] and fitting[13] have been previously described. Briefly, specular reflectivity

measured as a function of momentum transfer, 0, = (47[ Sin 9)/ A

, provides information
on the in-plane average coherent scattering length density (SLD) profile and can be used

to determine the concentration of atomic species at a particular depth in the material.

Visible fringes in the reflectivity profile arise from interference between waves being
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reflected from the different interfaces in the sample. From the measured reflectivity
profile, the SLD, thickness, and roughness of the layers can be determined by modeling
the SLD profile and iterating to minimize the difference between the measured

reflectivity profile and that obtained from the modeled SLD profile.

Figure 1a shows the measured reflectivity profiles of spin-coated and annealed PS-P2VP
layers in air. The data were fit with the MOTOFIT reflectivity analysis package and
nonlinear least-squares regression[46]. For the simple case of a PS-P2VP film in air,
boxes of constant thickness and SLD were used to model the PS and P2VP portion of the
thin-film polymer layer. Interfaces were smeared with an error function. The inset
shows the SLD of the corresponding line fit to the data. Well segregated layers of PS and
P2VP were observed for concentrations below 1.0% by weight, consistent with previous
literature[13, 41]. The larger roughness of the thickest film (~400A) is likely due to the
formation of small islands on the surfaces due to the film thickness exceeding the
maximum for single lamellae at this concentration. A graph of the experimental air

thickness as a function of spin coating solution concentration is shown in Figure 1b.
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Figure 1. (a) Measured neutron reflectivity profiles and scattering length density fit for
four different polymer film thicknesses in air. Profiles are shifted by an order of
magnitude for clarity. (Inset) Corresponding neutron scattering length density profiles of
the line fits to the data. (b) Comparison of the total polymer film thickness and PS
portion from NR measurements as a function of spin-coating solution concentration.
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2.3.3 Force-Distance Measurements.

The surface forces apparatus (SFA) technique has been previously described and has
been used extensively to measure interaction forces between surfaces[47-49]. A Mark 11
SFA was utilized in this study and measurements were conducted at 25+0.2°C. The
measured radius of curvature for each contact position was used to normalize the
measured force profile to enable quantitative comparison between different contact
positions and experiments. The Derjaguin approximation[50] gives the relationship
between the interaction energy per unit area, E, for two flat plates from the measured

force-distance, F (D), relationship between two crossed cylinders

oy F)
27R (1)

The Derjaguin approximation is valid at small distances where D << R. The radius of
curvature was measured for two cross sections, at 90° and the geometrical mean was used
in calculations. For these experiments the measured radius of curvature was 1.2 + 0.25

cm.

Before measurements with PS-P2VP coated mica, contact between bare mica plates was
established using mica substrates of the same thickness as those with the annealed
polymer film. Next, contacts of the dry, annealed polymer films were measured at
different locations on the surfaces to determine the uniformity of the deposited film.
From the contact wavelength difference of the fringes of equal chromatic order (FECO)
of the bare and polymer coated mica, the dry film thickness was determined[47].

Subsequently, the surfaces were separated a couple of millimeters and the SFA was filled
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with toluene. The surfaces were brought close together and the film was left solvating for
24 hours before measuring the force profile. Multiple contact positions were measured
and at least 3 approach and separation cycles were recorded for each position. The
polymer layers were allowed 1 to 2 hours to relax after each cycle and no hysteresis was

observed.

In contrast to adsorbed polymer brushes formed in-situ from submicellar polymer
concentrations, an important consideration for these measurements was to define the
“zero” distance and corresponding thickness of the solvated polymer brush. Compared to
the measurements in air, up to half of the dry film thickness was lost upon solvation with
toluene. The loss of material was relatively uniform as very similar solvated thicknesses
were obtained from different contact positions over the course of an experiment. This
indicated that any polymer desorption occurred upon exposure to the solvent-air interface,
and was homogeneous rather than regional. The polymer thickness was, therefore, based
on hard contact of the solvated film, and the grafting density was calculated accordingly.
This method was verified to be a reasonable assumption by measuring the dry polymer
thickness in air at the same contact location after the film was highly compressed and
dried in vacuum for more than two days. After drying less than 3 percent difference in
the thickness compared with the highly compressed solvated film was found. The P2VP
thickness was assumed to be half of the total dry thickness of the polymer layer at contact
based on the 50:50 diblock ratio and the poor swellability of P2VP in toluene[7, 14].
Moreover, any error from neglecting the swelling of P2VP in toluene is negligible
compared to the extension of the PS brushes. For ease of comparison between the

various grafting densities, the distance, D, utilized in the force profiles was defined as the
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distance between two PS/P2VP interfaces. In other words, D represents the thickness or
extension of the polystyrene brushes only. We finally note that the grafting densities of
the spin-coated polymer brushes studied here were significantly higher than the

submicellular polymer solution adsorption methods used previously.

2.3.4 Neutron Reflectivity Measurements of Solvated Polymer Films.

Some removal of the polymer film upon solvation with deuterated toluene was also
observed via neutron reflectivity measurements. In modeling the solvated reflectivity
profile, we assumed that a uniform film was still obtained as observed in the SFA
experiments. For uniformly grafted polymer brushes in good solvent, both theory and
simulations predict a parabolic density profile away from the surface followed by a long
decaying tail. The reflectivity profile of solvated PS-P2VP brush that matches the high
grafting density regime in the SFA experiments is shown in Figure 2a. To better
demonstrate the quality of the fit, the data is plotted as RQ". The neutron reflectivity data
was fitted using the MIRROR program developed by Hamilton, which is based on the
iterative, dynamical method[51]. The MIRROR program calculates reflectivity using the
optical matrix method from boxes of constant thickness and scattering length density.
The SLD model used to fit the data is based on a power law curve extending from the
P2VP layer with an exponentially decaying polymer tail region extending into the solvent.
More details have been explicitly discussed in reference 13. The corresponding

scattering length density (SLD) profile of the fitted model is shown in Figure 2b.
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The SLD profile (figure 2b) was converted to volume fraction of polystyrene using:

SLD fitted — Pps (SLD pg) + (1 = @pg )SLD, 1, )

Figure 2c plots the volume fraction profile of the solvated brushes and shows a power

law fit to the data:
#(z) = 9, [1_(Z/ho)n] 3)

where ¢ is the volume fraction of the polymer brush at the surface and hy is the

unperturbed extension of the brush. The exponential decaying tail was modeled using

-z
P(z) = @, exp(—)
¢ where h, and ¢, are fitted values[16]. The surface density of the brush

was determined by integrating the volume fraction profile (Figure 2c) yielding ¥=16.0.
The PS brush extension of ~550A matches well to the onset of repulsive force between
brushes at the highest concentration studied in the SFA experiments (discussed in the
following section). Due to a difference in the amount of polymer removed upon
solvating the films on quartz and mica with toluene and deuterated toluene, respectively,
we were unable to match neutron reflectivity measurements to the other grafting densities

studied in the SFA.
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Figure 2. (a) Neutron reflectivity profile and fit for a solvated PS-P2VP brush in toluene with an
overlap surface density, ¥=16. (b) Fitted scattering length density profile corresponding to the
fitted line through the data in (a). (¢) Volume fraction profile of the solvated PS brush layer.

2.4 Results and Discussion

The force profiles for five different brush grafting densities were measured using the SFA.
The different conditions are reported based on their dimensionless surface density, X,
which ranged from 3.0 to 15.8 based on the measured polymer thickness (Experimental
Section). As can be seen in Figure 3, in all cases the measured interaction is purely
repulsive between opposing polystyrene brush layers in good solvent conditions. With
increasing grafting density, the magnitude of the normal force and distance of the onset
of the repulsion increased. For comparison, 2h.,, which is defined as the onset of the
repulsion between the symmetric brushes, is also indicated by arrows in Figure 3. There
is excellent agreement between the brush extension measured with the SFA for £=15.8

and that measured for a single brush at the solid solution interface by neutron reflectivity,
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>=16.0. Relevant experimental parameters of the various polymer brushes are
summarized in Table 1. The total polymer thickness and error were determined from the
average thickness measurements from different experiments and compression cycles.
The PS grafting density was obtained from the measured thickness and the block

copolymer ratio. The measured brush extensions from Figure 3 are also provided.
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Figure 3. Measured normal force profiles of PS brushes for five different grafting
densities. Arrows depict the onset of the repulsion for each grafting density. The right
axis shows the corresponding interaction energy per unit area for flat surfaces. For
overlap surface density, £=3, the dashed and solid curves show the Milner, Witten, and
Cates (MWC) prediction for a mono-disperse and poly-disperse brush (PDI=1.08),
respectively. The dash-dotted line shows the MWC prediction with a PDI=1.08 for
>=15.8. The inset shows a schematic of the experimental brush system.
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To more easily evaluate brush behavior as a function of grafting density, the measured
force profiles were normalized by the experimentally measured brush extension[9],
(2hexp), as shown in Figure 4. Although the force profile shape is similar over the X
range investigated, two distinctly different grafting density regimes are apparent after

normalizing the data.
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Figure 4. Force profiles of all grafting densities with the distance normalized by the
estimated experimental extensions. (Zheyp).
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To qualify these differences, we first compare the measured repulsive force to the self-
consistent mean field theory developed by Milner, Witten and Cates (MWC) for two

polymer brushes in good solvent conditions[15, 53, 54];

F(D)/R=2mh,o" @ v > /u+u>-u’15-9/5) 4)

where u=h/hy, hy is defined as the unperturbed extension of the monodisperse brush
calculated from hy=(1 2/ )1/ NGBy 3, o is the excluded volume parameter, and the

effective size parameter V', which has the dimension of length'z, is found from the

. . . — 2
statistical segment size, b, using v=3/b"  Based on Alonzo et al.[15] for X=3,
0=(3.1A)’ and b=8.7A, while at the highest grafting density ¥=15.8, ©=(3.4A)’ and
b=7.9A. To account for polydispersity in a narrow molecular weight distribution system,

Milner has suggested using a polydispersity-modified hy, h(A)[54], where

h(A) = hy(1+
2 (5)

Substitution of /4y with A(A) in equation 4 yields a very strightforward means to determine

the theoretical force profile while accounting for polydispersity.

The dashed and the solid lines in Figure 3 display the MWC prediction for both a
monodisperse brush and polydisperse brush with PDI=1.08. After accounting for the
polydispersity, the MWC prediction matches very well to the data at the lowest grafting
density, ¥=3. As noted previously[14, 53-55], even a modest chain polydispersity has a

signficant effect on the onset of the replusion between opposing polymer brushes as
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observed here. In the high grafting density regime, the MWC prediction significantly
over-estimates the onset of the repulsion and the magnitude of the experimentally
measured force. (All the higher grafting densities showed similar discrepancies. Only
>=15.8 is reported here for simplicity). A similar overestimaton of MWC theory was
observed in earlier work with high density brushes by Ruths et al[37]. In their study, the
excluded volume parameter ® was used as an adjustable parameter in the range of
(2.3A)3 to (3.01&)3 to obtain a more reasonable fit of the MWC prediction to the data.
Indeed, a precise value for @ as a function of concentration is not straightforward.
Literature values for PS in toluene range from o = (2.0 to 2.3A) via light scattering
measurements of the second virial coefficient to @ = (3.2 A)® from osmotic pressure
experiments[56, 57]. The excluded volume parameter has great influence on both the
predicted force profile and unperturbed brush extension in the MWC theory. Good
agreement between our experimental data and MWC theory could also be achieved if the
excluded volume parameter was used as a fitting parameter. For our system, this required
decreasing ® from (3.1 A)*at =3 to (2.5 A)* for =10, but then increasing it slightly to
(2.7 A)® as the grafting density was further increased. Unfortunately, a non-monotonic
relationship between the excluded volume parameter and polymer concentration is not
consistent with the expected dependence. Regardless, the lower magnitude of the steric
force at higher grafting densities and commensurate decrease in the fitted excluded
volume parameter suggests that the normally good solvent conditions for PS in toluene
are becoming more similar to theta solvent conditions at high PS concentrations. Along

these lines, good agreement can be found if the Flory exponent is slightly lowered from
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0.595 to 0.565 and calculating a new excluded volume parameter following the

development of Alonzo et al.[15].

To further quantify the two observed regimes, we also compared our results to previous
models developed by Patel et al.[58] and Watanabe and Tirrell[14] (PTH). The PTH
model is based on the well-known scaling model first presented by Alexander and de
Gennes (A-dG) [17, 22]. Whereas A-dG assumes the interaction between two opposing,
non-interpenetrating brushes is determined by summing the elastic energy and osmotic
pressure contributions of the system, the PTH model uses a more realistic form for the
osmotic contribution that accounts for good or theta solvent conditions. Thus, universal
scaling behavior is expected in the PTH model when the measured force distance profiles

are non-dimensionalized using a reduced force F and reduced distance d defined as:

F=(F/R)/(KT/b"")No®'> o

d — D/2Nbl/vo.(l—v)/2v (7)

where N is the degree of polymerization; o is the surface coverage with the unit of chains
per area; kT is the thermal energy; b=1.86A is the monomer size; and the Flory exponent

v=0.595 for good solvent conditions and v=0.5 for theta solvent conditions [52].

Figure 5 shows the measured force-distance data normalized using the PTH model[58].
Two different regimes are again visible for low and high grafting densities. For

comparison, the good and theta solvent predictions of the PTH model are also shown[7,
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14]. The good solvent PTH model well represents the low grafting density data
(discrepancies at low compressions are due to the PDI of the chains). Very similar

behavior was observed by Kilbey et al. and Watanabe and Tirrell[7, 14] on low grafting
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Figure 5. Universal curves for PS-P2VP brushes with different grafting densities in
toluene based on the PTH model. The force and distance were scaled using equation 4
and 5, respectively. The PTH model predictions under both good and theta solvent
conditions were plotted in the solid line and dashed line, respectively. The parameters
suggested in previous literature for the two solvent conditions were applied[7].

density PS-P2VP diblocks of comparable MW. However, the high grafting density
regime data deviates from the lower grafting density data yielding a separate curve.

Moreover, the high grafting density data is much closer to the theta solvent PTH
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prediction. Because the osmotic pressure dominates the elastic force contribution as the
brushes are highly compressed, the similarity of the high grafting density regime data and
theta solvent conditions suggested by PTH model again indicates that a decrease in
solvent quality. This finding is also consistent with a lower excluded volume to properly

account for the measured repulsion in the high grafting density regime.

To further demonstrate the different osmotic pressure contributions at high and low

grafting densities, one can non-dimensionalize the experimentally measured force profile

Af,

data (F/R vs. D) with a reduced osmotic energy, sb with respect to the concentration,

¢, where:[14]

Af,., =[(my I N )" Ik T (47p* 13)"™H)(1/27)(F 1 R) ®

¢c=20M, /N, D )

Here, my is the PS monomer mass; Ny, is the avogadro's number; w is defined as the mass
of PS chains per unit area which can be computed from the grafting density using
20Mpg/Ny,; and both b and v have their previous definition. Figure 6 plots the reduced
osmotic free energy for the different PS brush grafting densities. Importantly, two

different behaviors are again observed for high and low grafting density regimes.

For comparison, the reduced osmotic pressure for a PS homopolymer toluene solution in

the semi-dilute regime (0.05g/cm’ < ¢ < 0.15g/cm”) is also shown, [59, 60] where:

7M s | ckTN ,, =K (c/c)"™! (10)
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and Mpg is the molecular weight of the PS block, ¢* is the overlap concentration,
c*=3M/47rNAng3 , and Kn=2.2 is an empirical constant for PS in toluene[15]. Integrating
the osmotic pressure of a PS homopolymer solution given by Eq 10 with respect to

distance, yields a simple expression (Eq 11) for the reduced osmotic pressusue (A4f,s ) of

H_g 10 F I T L T |

S T

o - @ 3.0 i |

Q 1 3 | -
D . H 10.0 |

L [ 11.4 |

()]

L v 15.8 |

E homqpolyner|

O 0.01 ! solution i
5 J

@) &

- 0.001 ‘ -
", S :

S | ¢ =

o 0.0007 t—unt S A S SR
oc 0.01 0.05 0.1 0.15 1

Concentration, ¢ (g/cm?3)

Figure 6. Reduced osmotic free energy for the PS brushes of different grafting densities
and the comparison with the PS homopolymer solution. Two dashed lines represent the
range of semi-dilute regime suggested by Noda et al[59]. The solid line is the
corresponding reduced osmotic free energy for a PS homopolymer solution, Eq. 10.

the PS homopolymer toluene solution as a function of concentration in the semi-dilute

range [7, 14] where
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_ _ 1/3v-1
N, . =@v=DK,c (1n

As can be seen, the reduced osmotic energy at the lower grafting density, £=3, exceeds
the predicted homopolymer contribution for concentrations greater than 0.08 g/cm®. At
high compression (high concentration), the slope of the reduced osmotic energy at £=3 is
consistent with the contribution of PS homopolymer in solution (shown as a solid line).
This similarity has been previously observed[7, 14] and indicates consistency with the
value of flory exponent (v=0.595). On the other hand, the average concentration at
higher grafting densities , £>10, is close to the limit of the semi-dilute regime (~0.15
g/cm’) at low compression and exceeds the semi-dilute region with further compression.
Compared with the lower grafting density data, the higher slope of the calculated reduced
osmotic free energy under compression with the high grafting density data and the fact
that all the higher grafting data merge into one curve suggest a smaller value of v in
equation 11. These findings are again consistent with toluene becoming a less good
solvent at high PS concentration. A similar decrease in the Flory exponent was found by
Zhou and Daivis.[61] Using molecular dynamics they developed a correlation between
the concentration of the polymer solution and the flory exponent. In the dilute regime for
good solvent conditions, the flory exponent matched well to predictions, v =0.574.
However, v was found to decrease as the polymer solution concentration increased and
the overall solvent quality approached theta solvent conditions, v = 0.5 for very high
concentration, ¢,>0.8, where ¢, was defined as the fraction of sites occupied by the

polymer.
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2.5 Conclusion

In this work, spin-coating was used to obtain high grafting density brushes from a single
molecular weight diblock. The measured steric force profiles demonstrated two different
grafting regime behaviors. At low grafting density, the force profiles were consistent
with earlier measurements in the literature and well predicted by the MWC model
without adjustable parameters. At high grafting densities, a lower reduced force and
higher slope of the reduced osmotic free energy were observed. These findings suggest
that the solvent quality of toluene is reduced at high polystyrene concentrations and
demonstrate that solvent quality as a function of concentration must be considered to

accurately model the data.
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2.7 Supporting Information: Neutron Reflectivity Fitting Parameters

Table S1 summarizes the fitting parameters for the SLD profiles shown in the inset of
Figure la. The neutron reflectivity profiles were fit with the MOTOFIT reflectivity

analysis package and nonlinear least-squares regression[46]. For the simple case of a PS-
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P2VP film in air, boxes of constant thickness and SLD were used to model the PS and
P2VP portion of the thin-film polymer layer. Interfaces were smeared with an error

function.

The neutron reflectivity profile of the solvated film was fitted using the MIRROR
program developed by Hamilton, which is based on the iterative, dynamical method. [51]
The MIRROR program calculates the reflectivity using the optical matrix method from
boxes of constant thickness and scattering length density. The corresponding SLD model
used to fit the data is based on a power law decay of the brush density Eq 1. In this case,
the power law extends from the P2VP layer (Eq. 2) .[13] To account for the polymer tails
extending into the solvent, this transitions to a reversed power law (Eq. 3) and then bulk
solvent (Eq. 4). The series of equations (Eq 2-4) recapitulate the theoretical predictions
for the polymer density profile at a single surface; yet retain sufficient flexibility to allow
a variety of profiles to be obtained as dictated by the data. The P2VP anchor block was
modeled by two layers: a non-swelled “dry” inner region with an SLD of 1.9 and a
slightly solvent-swelled layer with an SLD of 3.07. All the necessary fitting values for

establishing the model are shown in Table S2.

#0) = ¢, (1- (hio)n) (Eq. 1)
SLD(0 < x < hy) = SLD(0) — [SLD(0) — SLD(h,)] (hi)n (Eq. 2)
SLD(hy Sx<hy) = SLD(h;) + [SLD(hy) — SLD(h)] ’f‘;_‘,fl)n (Eq. 3)

SLD (hz < x) = SLDso1vent (Eq. 4)
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where x=0 corresponds to the portion of the brush extending from the P2VP anchor layer,
h; the endpoint of the first (n;) power law, and &, the endpoint of the second (n,) reversed

power law.
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Chapter 3: Normal and Shear Interactions
between High Grafting Density Polymer Brushes
Grown by Atom Transfer Radical Polymerization

Submitted to Soft Matter, August 21" 2012, under the same title, with authors (in order): Wei-Po Liao, lan
Elliott, and Tonya Kuhl.

3.1 Abstract

The normal and shear interactions in toluene of polystyrene polymer brushes with ultra-
high surface coverage ranging from 15 to 70 mg/m’ formed by atom transfer radical
polymerization were measured with a surface force apparatus. Significant hysteresis was
observed between compression and separation cycles over the experiment time scale for
all surface coverages. The magnitude of the hysteresis increased with increasing film
thickness. The experimental relaxation time of the thickest brush layer was at least four
orders of magnitude longer than that predicted by the Rouse model. Remarkably, the
shear performance of the thickest brushes still demonstrated very good lubricity under
compressions down to 35% solvent content. These findings are consistent with a
reduction in solvent quality with compression leading to a shrinkage or collapse of the
brush under high compression, while still maintaining a region of well solvated chains in
the overlap region between the brushes. Thus, hysteresis in compression is primarily due
to intra-brush entanglements and collapse of the brush layer rather than inter-brush

entanglements and brush-brush interpenetration.
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3.2 Introduction

Polymer brushes are frequently used to modify interfacial properties where they can act
as steric stabilizers, adhesion modifiers, or enhance lubricity.[1-3] A polymer brush is
formed when one end of the chain is confined to the interface or surface and the spacing

between these anchor points is smaller than the polymer chain’s radius of gyration, R, .

As the spacing between neighboring chains decreases, the chains are forced to stretch
away normal to the grafting surface to decrease crowding. These structural changes due
to osmotic crowding result in very different behaviors from free polymer chains in
solution.[4, 5] In typical experiments, the polymer brush layer is formed by a “grafting to”
approach in which chains are selectively anchored to the surface through physical
adsorption methods that rely on diblock polymer chains and preferential solvation or by
functionalizing the chain end leading to strong electrostatic binding or chemical bond
formation to the surface. In both cases, the grafting density of the brush is limited by

steric hindrance between the surface grafted chains. [6]

Because the brush structure and its physical properties depend intimately on the chain
molecular weight, surface coverage, and solvent quality,[7-9] polymer brushes can be
used to tailor interfacial properties[1-3]. Motivated by the wide application potential of
polymer brush systems, a large number of theoretical,[5, 10-14] experimental[15-19] and
simulation[20-25] studies have been carried out in order to characterize and ultimately
predict the properties of polymer brushes. In particular, the tribological behavior of
polymer-bearing surfaces has drawn significant attention as ultra-low friction

coatings.[26-31] For example, Klein et al[26] found that the friction coefficient between
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mica surfaces grafted with end-functionalized Polystyrene (PS) brushes in good solvent
conditions was two orders of magnitude lower than that of bare mica in toluene.
Similarly, Raviv et al.[28] found similar low friction behavior with physically adsorbed
poly(ethylene oxide) (PEO) bearing surfaces in good solvent condition under moderate
compressions. For high shear rates and high compression, some loss of the polymer
brush layer was observed and a transition of the shear interface from polymer/polymer to
polymer/substrate was suggested. A detailed comparison of normal and shear behavior in
good and theta solvent conditions was carried out by Schorr et al[31] using amphiphilic
polystyrene-poly(vinylpyridine) (PS/P2VP) diblocks. The best lubricant performance was
found for good solvent conditions and shear-thinning behavior was observed with
increasing sliding velocity. Using the same system, Forster et al.[32] found similar
behavior where the onset of detectable shear force was found to shift to higher
compression ratios as the solvent quality increased. Thus, the compression and
interpenetration of opposing brush layers plays an important role in their frictional
properties and the extent of interpenetration has been shown to increase with compression
ratio and grafting density.[29, 33, 34] At a molecular level, recent molecular dynamic
simulations have directly linked better lubrication behavior in good solvent conditions to
fewer inter-brush contacts.[35] However, these previous studies were on dilute to semi-
dilute brushes and the properties of ultra-high grafting density brushes have not yet been

systematically studied.

Intrinsically, steric overlap between neighboring chains limits ‘“grafting-to” polymer
brushes to the dilute or semi-dilute grafting density regime. This can constrain the

practical application needs of a stable and durable surface, particularly under high
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load. In contrast, the “grafting from” method where the polymer chain grows monomer
by monomer from a surface using living polymerizations[36] can yield much higher
grafting densities. However, only a handful of experiments have studied brush properties
in this regime. Ruth et al[37] performed the first comprehensive measurements of the
interaction force between “grafting-from” brushes by replacing the chemically inert mica
surfaces typically used in the surface force apparatus (SFA) with thin silica films that
could be functionalized with a covalently grafted ATRP initiator layer. High molecular
weight polystyrene brushes were grown directly on the surfaces, however the high
polydispersity of the chains made quantitative comparison to polymer theory
challenging.[38] Subsequently, Yamamoto et al.[39, 40] investigated Poly(methyl
methacrylate) (PMMA) brushes by AFM. Discrepancies between the experimentally
measured force-distance profile and scaling predictions[41] were attributed to the fact
that the polymer concentration under this highly grafted condition significantly exceeded
the semi-dilute concentration range assumptions used in the scaling theory. The
tribology properties of “grafted from” brushes have primarily been investigated
macroscopically[42-44] using conventional ball-on-disk type tribometers. Sakata et
al.[43] measured PMMA brushes in different solvent conditions including the dry state.
As in the microscopic SFA measurements, the lowest dynamic friction coefficient was
found in good solvent conditions. In contrast, Kobayashi et al[42] found that the high
density brushes of biocompatible polymer 2-methacryloyloxyethyl phosphorylcholine
(MPC) had the best lubricant performance when in a high-humidity environment rather
than when fully solvated in bulk water. They hypothesized that the dense brushes

interpenetrated more in bulk water leading to higher friction compared to brushes in high
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humidity. Recently, Dunlop et al.[45] demonstrated a means to functionalize mica
surfaces with a strongly absorbed poly-initiator film in order to obtain high grafting
densities of a  surface-grown  polyelectrolyte  brushes of poly [2-
(Methacryoyloxy)ethyl][29, 46] trimethylammonium chloride (poly(METAC)). A small
hysteresis was observed between the polyelectrolyte brushes during compression-
decompression which was attributed to attractive bridging interactions. Frictional
properties were similar to earlier studies on polyelectrolyte brushes. This approach opens
a straightforward means to carryout high resolution SFA experiments on high grafting

density polymer layers.

In this work, an SFA was used to measure the normal and shear forces of high density
“grafted from” polystyrene chains in toluene, a good solvent for polystyrene. The
brushes were grown from silica films electron-beam deposited on mica enabling higher
film thicknesses and grafting densities to be studied, while still preserving the high force
and distance resolution of the SFA technique. In contrast to previous work on “grafted to”
brushes at lower grafting densities that have primarily shown reversible compression
forces, significant hysteresis was observed in the high density, “grafted from” system.
The hysteresis, however, did not correlate with an increased friction between the brushes
during shear force measurements at modest solvation. The work demonstrates that ultra-
high density polymer brushes provide a very robust, low friction coating even under

conditions where solvent quality is significantly reduced.
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3.3 Experimental Section
3.3.1 Surface Functionalization of Mica

To provide an appropriate substrate for ATRP synthesis of the grafted from polymer
brush chains, a thin-coating of silica was electron beam (E-beam, AUTO-TECH II, CHA
industries) deposited on freshly cleaved sheets of mica. The procedure used followed the
methodology described by Vigil et al.[47] In the present work, the silica layer was
1000A silica layer. The thickness and the refractive index of the silica layer were further
confirmed by ellipsometry (EL2, Rudolph) yielding values of thickness and the refractive
index of 1048+12A and 1.48+0.01, respectively. The peak-to-valley roughness of the
deposited silica was SA as determined by AFM and is consistent with the number

previously reported by Vigil et al. The silica film was found to swell ~4% in bulk water.

The thickness and refractive index of the silica film was also characterized in the SFA
using multiple beam interferometry prior to ATRP polymer film growth. Freshly cleaved
mica with the desired thickness and size was first cut into one or two larger pieces (few
sz) and one smaller piece (few mm2). The smaller piece was not coated with silica and
used as a reference system to determine the mica substrate thickness. Silica was then
deposited on the larger mica piece(s). After silica deposition, the mica pieces were
flipped and placed on another mica backing sheet. A ~550A of silver layer was deposited
on the mica side of both the small mica pieces and the silica deposited mica pieces. The
coated mica surfaces were then glued, silver side down, onto cylindrically curved glass
disks using an optical adhesive (NOA 61, Norland Product Inc.) and cured by exposure to

UV light for 5 minutes. Details of the thickness and refractive index determination by
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multiple beam interferometry are provided later under the heading Thickness

Determination.

3.3.2 Atom Transfer Radical Polymerization

Materials.  Styrene was purchased from Fisher Scientific, Karstedt catalyst was
purchased from Gelest, and all other chemicals were from Sigma-Aldrich. Styrene was
stirred with CaH, overnight to remove any water and vacuum distilled to remove the
inhibitor. The distilled styrene was stored at 4°C under nitrogen. CuBr was stirred over

glacial acetic acid overnight, filtered, and washed with large quantities of ethanol.

3.3.3 10-undecenyl 2-bromoisobutyrate Synthesis

10-undecenyl 2-bromoisobutyrate, a precursor required for the initiator synthesis, was
synthesized following the work of Matyjaszewski.[48] A stir bar, 5.9 mL 10-undecen-1-
ol, 5.3 mL triethylamine, and 50 mL dichloromethane were added to a 100 mL round
bottom flask in an ice bath. 3.7 mL 2-bromoisobutyryl bromide were added to the flask
dropwise over a period of 5 minutes. The flask was removed from the ice bath and
stirred at room temperature for 15 hours. The solution was washed with 65 mL of 0.5
molar HCL, and then washed with 65 mL DI water 3 times. Solvent was removed by
rotovap. The solution was run through a column of silica gel with 100 mL of a 25:1
hexane:ethyl acetate solvent solution. The solution was again rotovaped to remove

hexane. This procedure yielded approximately 7.5 g of a clear liquid.
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3.3.4 Initiator Synthesis

The surface active initiator 11-(2-Bromo-2-methyl)propionyloxy)undecyl trichlorosilane
was synthesized following previous work.[49] 4.6 mL of 10-undecenyl 2-
bromoisobutyrate and a stir bar were added to a 50 mL schlenk flask. The flask was
sealed and purged with nitrogen. Three freeze-pump-thaw cycles followed to ensure no
oxygen was in the flask or liquid. 82 plL of Karstedt catalyst (2.1-2.4% Pt in xylene)
were added and the flask was transferred to an ice bath. 4.75 mL trichlorosilane was
added dropwise to the solution. The flask was allowed to slowly warm to room
temperature and stirred for five hours under nitrogen. The product was transferred to a
round bottom flask and vacuum distilled at 30 mtorr. The distillation yielded 2.72 grams

of initiator.

3.3.5 Initiator deposition

The silica surfaces glued on the SFA discs were cleaned prior to initiator deposition by
stirring in acetone for 10 minutes, followed by rinsing with isopropyl alcohol, Millipore
filtered water, pure ethanol, and then dried with nitrogen. The surfaces were then
exposed to UV/ozone for 20 minutes to hydroxilate the surfaces. Afterwards, the
substrates were placed in a gently stirred solution of 34 plL. 11-(2-Bromo-2-
methyl)propionyloxy)undecyl trichlorosilane in 50 mL toluene for one hour. Upon
removal of the substrates, partial dewetting of the toluene solution at the edge of the
surfaces was evident of the formation of a self-assembled layer of initiator. The surfaces
were then immediately rinsed in clean toluene (5-10 minute immersion with gentle

stirring), removed and dried with nitrogen. Finally, the dry initiator coated surfaces were
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annealed at 75°C to promote cross-polymerization and robust attachment of the initiator

layer.

3.3.6 Polymerization

End-grafted polystyrene chains were synthesized from the initiator coated surfaces using
established procedures.[49, 50] A custom reaction flask was used which could be taken
apart to add or remove the surfaces.[49] After placing the surfaces in the reaction flask,
124 mg CuBr, 10 mg CuBr,, and a stir bar were added. The flask was sealed and
evacuated and backfilled with nitrogen three times. In a separate schlenk flask 10 mL
styrene, 5 mL toluene, and 189 upL N,N,N’,N’ ,N”-Pentamethyldiethylenetriamine
(PMDETA) were added and oxygen was removed by performing three Freeze-Pump-
Thaw cycles. Afterwards, 13 pL ethyl 2-bromoisobutyrate were added to the flask, and
the solution was immediately transferred to the custom reaction flask at 90°C using a
syringe. The reaction was allowed to proceed for a designated time, generally three to
eight hours. To quench the reaction at the designated time, the heat was turned off, the
solution was exposed to air, and THF was added. Finally, the surfaces were stirred in hot
toluene for 20 minutes to remove unreacted monomer and stirred in IPA for 20 minutes

to remove copper salts.

3.3.7 Surface Force Apparatus

The surface force apparatus (SFA) technique has been widely used for measuring the
interactions between two opposing surfaces as a function of separation and details of the
instrument and measurements have been explicitly described elsewhere.[51-55] Briefly,

the interaction forces are obtained by determining the deflection of a force measuring
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spring supporting the lower surface while the distance between two surfaces are
measured by monitoring the fringes of equal chromatic order (FECO) using a
spectrometer. The polymer coated discs are placed in cross cylinder geometry and the
measured radius of surface curvature for each contact position was used to normalize the
measured force to enable quantitative comparison between different contact positions and
experiments. The Derjaguin approximation[56] gives the relationship between the
interaction energy per unit area, E, for two flat plates from the measured force-distance, F
(D), relationship between two crossed cylinders

F(D)

et 27R (1)

The Derjaguin approximation is valid at small distances where D << R. The radius of
curvature was measured for two cross sections, at 90° and the geometrical mean was used
in calculations. For these experiments the measured radius of curvature was 1.0 £ 0.15

cm.

In the present work, normal and shear force profiles between the ATRP grown brushes
were measured by a Mark II SFA with a shear device (by SurForce). The shear device
includes both a receiver where the top surface was mounted and a bimorph slider device
where the lower surface was mounted. As in previous designs[57, 58], application of a
triangular signal to the bimorph slider enables linear lateral movement of the lower
surface relative to the upper surface, here up to Imm.[58] The top receiver assembly has

semi-conductor strain gauges to work as a force sensor.
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3.3.8 Thickness Determination

The thickness in air and the refractive index of the layers was determined by the FECO
wavelength positions using a multi-matrix method (MMM)[59] and additional details are
provided elsewhere.[60] Briefly, a model of the optical cavity is used to generate the
FECO wavelength pattern by MMM with input parameters such as thickness and
refractive index of each layer. A fitting algorithm determines the set of parameters that
minimizes the difference between the experimental measurement and the model. Figure
1 provides an example of the contact fringes obtained from the corresponding geometries
of the system where subsequent layers are added to demonstrate how the thickness and
refractive index of the various layers (silver, mica, silica, polymer) were determined.
First, the bare mica-mica contact (a) was always measured as a control in order to
determine the thickness and the refractive index of the silver and mica sheets before
adding subsequent layers, e.g. silica and polymer. Next, the contact of silica-silica (b)
was measured for identical mica sheets and the thickness and refractive index of the
deposited silica film was determined. The accuracy of the fitting program and approach
was confirmed by comparing the thickness obtained from ellipsometry to that of multiple
experiments with different mica and silica thicknesses.  Throughout any given
experiment, differences between the control measurements before and after adding
additional optical layers were less than 3% in thickness and 1% in refractive index. After
establishing the thicknesses and refractive indexes of the silver, mica, and silica layers,
the thickness of the ATRP-grown polystyrene was determined be simply fitting the
FECO wavelengths of the entire system (c). At least four different positions on the

surfaces of different sets of samples were measured to confirm the uniformity of the film.
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Figure 1. An example image of how the fringes of equal chromatic order (FECO)
wavelengths shift as the number of layers between the surfaces is increased. The optical
cavity between the silver layers is modeled and the data fitted to extract the thicknesses
and refractive index of the different layers (silver, mica, silica, and polymer) sequentially.
The image itself is an overlay of the contact FECO wavelengths for the three measured
geometries used; (a) contact of mica-mica surfaces, (b) contact of silica-silica surfaces, (c)
contact of PS-PS surfaces. The dashed lines are guides to distinguish different contact
geometries.

3.3.9 Normal and Shear Force Measurements of Polymer Layers

In the normal force setting, after the measurements of the dry PS film thickness, the
surfaces were separated a couple of millimeters and the SFA was filled with toluene. The
surfaces were brought closer together (<0.5mm) and the film was left solvating for 24
hours before measuring the force profile. The distance “D” utilized in the force-distance

profiles provided in the following sections was defined as the spacing between the
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opposing silica surfaces which corresponds directly to the thickness or extension of the
two PS brushes. Multiple compression-decompression cycles for different positions on
the surfaces were measured. At least 10 seconds was elapsed after each displacement
before taking a reading of the surface separation and 30 minutes was elapsed between
different approach/separation cycles to allow for chain relaxation. As is commonly done,
the shear force measurements used a droplet of toluene as the shear attachment cannot be
fully immersed in solvent.[16] A small vial of toluene was placed inside the SFA
chamber during shear measurements to maintain the vapor pressure and prevent
evaporation of the toluene droplet between the surfaces. The lateral, parallel movements
of the lower surface mounted in the bimorph device were achieved by applying a
triangular signal with a function generator (3325B, Hewlett Packard) while a signal
conditioning amplifier (2300, Vishey) was used to magnify the signal obtained from the
receiver where the upper surface was mounted. The magnified response voltage was
collected by a XYt chart recorder (BD41, Kipp&Zonen) and converted to the force (N)
between the surfaces. An example of the XYt output is shown in Figure 2. The applied
triangular signal and the detected voltage were monitored simultaneously. The sliding
distance and the velocity of the lateral motion from the lower surfaces were controlled by
the applied voltage and the frequency of the function generator, respectively. In the
present work, the maximum sliding distance was fixed at 1.25pm while the velocity was

100nm/s.

For several measurements, the normal force profile was measured in both the normal and

shear force setting to confirm reproducibility, and that the brush layers remained fully
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solvated in toluene throughout the droplet experiment. The normal force profile and the

film thickness were also checked before and after the shear measurements to confirm the
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Figure 2. Example of a XYt plot used for shear force analysis of ATRP grown PS
brushes (D=1767+33A). The maximum sliding distance was 1.25 um obtained from the
peak-to-peak value of the triangular wave. The shear force between the opposing PS
brushes is denoted as Fpeor and is determined from the plateau height difference.
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stability of the ATRP grown PS brushes. No substantive change in thickness was
detected. Both the shear and normal force measurement were performed in a temperature

controlled environment at 25+0.2°C.

3.4 Results and Discussions
3.4.1 Brush Properties

In this work, the physical properties of ultra-high density PS brushes formed by the
“grafting from” method were studied using an SFA. The dimensionless overlap surface

density, Z:GnRgz, is typically used to describe and compare different brushes, where o

is the experimental chain grafting density (chains/A%), and R . 18 the radius of gyration of

a free polymer chain in solution[20]. A clear challenge in using “grafting from” brushes
is defining the MW and grafting density of the formed polymer brush layer. Fortunately,
it is straightforward to measure the dry film thickness and uniformity of the grown film
using SFA measurements. Table 1 reports the average measured polymer thickness for
three different ATRP grown PS films. The error was established by measuring the film
thickness at a minimum of 4 different contact positions between the layers. Given the
bulk density of PS, p:1.05g/cm3 , the mass per unit area of the grown PS film can be
easily calculated from the measured dry thickness. To provide information on the MW of
the brush layer, free initiator was present in the reaction solution during our
polymerizations. It has been previously reported that chains grown free in solution

provide a good indication of the MW of chains grown simultaneously from initiator
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layers from the surface.[49, 61-63] The MW and PDI of the free chains in the

polymerization supernatant were determined by GPC.

These values versus the measured dry film thickness are reported in Table 1 and plotted

in the inset of Figure 3. Typically, a linear increase in dry film thickness with MW is

expected and has been reported in earlier studies. In this work, the two lower MW
polymerizations follow a linear increase in film thickness. However, the thickest film,
which also had the highest PDI, clearly deviates significantly from this trend. This
deviation at high polymerizations is attributed to termination events in the surface film.
Even with this caveat, the supernatant measurements of MW and PDI do provide an
estimate of the surface grown polymer film properties and three clearly different
conditions were achieved (Table 1). The calculated value of X~191 for the thickest film is
likely a significant overestimation. Based on the measured film thickness, a more modest

MW of ~100k yields an £~162.

3.4.2 Force Profile Measurements

Next, the interaction force profiles as a function of distance for three different ATRP
grown PS films in toluene are described. As will be discussed in the next section,
significant hysteresis was observed in the normal force measurements. The data reported
in Figure 3 were measured after allowing the systems to relax for at least 24 hours before
compressing. The extension of the brush in toluene, as depicted by the arrows in Figure 3,
was defined as the onset of the repulsive force under these equilibrated conditions (Table

1). The onset distance increases with the thickness of the dry PS film, consistent with the
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expected increase in the grafted brush MW with increasing film thickness. With further
compression, the repulsive force increased monotonically with decreasing separation.
One fact that needs to be noted here is that unlike the grafting-to brushes, the extensions
of the ATRP grown PS were very close or even exceeded the fully-stretched length based
on the GPC measurements. Although the PDI of the chains can account for this

discrepancy, the GPC results from the supernatant chains should only be considered a
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Figure 3. Measured force profiles of ATRP grown PS brushes for three different grafting
densities (solid symbols). Force profile data for a well-defined brush formed from a 50:50
PS-P2VP diblock copolymer with =16 (diamonds) is also shown for comparison. The
inset shows the relationships among dry PS thickness (closed symbols), MW and the
polydispersity (opened symbols) determined by GPC.

rough indication of the MW and PDI of the surface grafted chains. The primary
characterization of the surface films is obtained by direct measurement of the film

thickness and solvated brush extension by SFA.
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For comparison, the force to compress a physically adsorbed brush formed from a 50:50
polystyrene-b-poly-(2-vinylpyridine) (PS-P2VP) diblock copolymer with £=16 is also
shown. The physical properties of this well-defined “grafted to” brush are also provided
in Table 1. As can be seen, the force profile for this PS-P2VP brush (PS MW = 57k) is
very similar to that of the £~26 ATRP PS brush (MW gimae=23.5k). Moreover, both the
~PDI and dry film thickness are very similar for both of these cases although their MWs
may differ by almost a factor of 3. In contrast, the high MW ATRP brushes (Z~111, 162)
have a much softer long-range repulsion due to their higher PDI and MW. This soft
repulsion further suggests that the GPC measurements should be considered as a lower
bound estimate for the grafted brush PDI. Although the MW of the PS diblock matches
the 2~111 ATRP PS brush (MWgimae=60.5k), the brush extension is much longer with
the ATRP brush due to the presumably large increase in grafting density. To the best of
our knowledge, these are the highest grafting density brushes for which interaction force

profiles have been measured.

The measured repulsive force was also compared to the self-consistent mean field theory
developed by Milner, Witten and Cates (MWC) for two polymer brushes in good solvent

conditions[18, 38, 65];
F(D)/R=21hos”*V*" & (1/u+u*-u’/5-9/5)

where u=h/hy, hy is defined as the unperturbed extension of the monodisperse brush
calculated from hy=( 12/7° )]/ SN w1 , ® is the excluded volume parameter, and the
effective size parameter v, which has the dimension of length'z, is found from the

statistical segment size, b , using v=3/b*. The values of ® and b used were (3.21&)3 and
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7.6A, respectively, based on the work with a similar ATRP system carried out by Ell et
al.[49] As shown in Figure 4 for £~26 the MWC prediction matches reasonably well to
the measured force after repeated compression and separation cycles. As originally
demonstrated by Milner and subsequently others,[37, 66, 67] a small increase in the chain
PDI leads to a significant increase in the onset of the measured repulsion between
opposing polymer brushes as observed here. It is, however, somewhat surprising that the

MWC theory provides a reasonable estimate given that the theory assumes dilute/semi-
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Figure 4. Compression/decompression cycles for forces profiles of two opposing ATRP
grown PS brushes in toluene with overlap surface density £=26 and 111. Solid symbols
and empty symbols with corresponding shapes represent a single compression and
decompression cycle, respectively. The solid and dashed lines with arrowheads are the
guides to the eye. At least 30 minutes between different cycles and 8-12 seconds
between each surface displacement were allowed for brush relaxation. The average
approach rates for each system are provided. The long-dashed line shows the predictions
of mono-disperse MWC theory for £=26.
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dilute polymer concentration and simple pairwise interactions. The strong stretching
limit is likely more reasonable for these high grafting density brushes than more typical,
lower density “grafting-to” brushes.[66] Based on our estimated grafting density of £~26,
the average concentration of the polymer was already significantly above the limit of the
semi-dilute concentration range.[68] Not surprisingly, at the higher grafting densities,
>~111 and 162, the agreement was very poor. However, the MW and polydispersity of
the grafted brushes may not be well represented by the measured values for free chains in
solution during the polymerization. For thicker films, it is more difficult to maintain a
constant growth rate and there is a greater chance for chain transfer termination events

between neighboring chains.[69]

A more interesting feature of the grafted brushes is the significant hysteresis observed in
the force profiles, where the measured interaction force upon separation was much less
than that on surface approach. Such behavior has only rarely been reported between end-
grafted polymer brushes in good solvent conditions. Indeed, the only examples we are
aware of also studied polydisperse, “grafting-from” polymer brushes[37, 45, 70] and
“grafting-to” system with high MW and polydispersity.[28, 70] More commonly,
hysteresis is observed under poor solvent conditions where the polymer layers are
somewhat adhesive; when there is incomplete brush coverage on the surfaces resulting in
bridging interactions; or, the polymer film is absorbed and undergoes long-lived
structural rearrangements during the measurements. Examples of compression
decompression cycles of our ATRP brushes are shown in Figure 4 for £~26 and X~111.
The solid and empty symbols represent the compression and decompression processes,

respectively, while the solid and dashed lines with arrow heads are provided as a guide to
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distinguish different approach and separation cycles. The initial compression was carried
out on equilibrated brushes that had been allowed to relax for at least 24 hours before
compressing. After each surface displacement during the force measurement, the brushes
were allowed to relax for 8-12 seconds before measuring the surface separation. The
average approach rate is reported in Figure 2. Similar behavior is observed for the three
ATRP brush systems where the brush extension becomes less for subsequent
compression decompression cycles. The magnitude of the hysteresis increases with the
polydispersity and thickness (MW) of the brush layer. With increased cycling, the curves
collapse to a master interaction force profile that is similar to that expected for a more
monodisperse brush system. In other words, with cycling the force is dominated by the
osmotic repulsion rather than the details of the brush structure. These findings suggest
that the structure of the diffuse outer layer of the brush is greatly modified by
compression and takes a significant time to relax back to a more equilibrium state. Osaki
et al.[71] developed an empirical formula to calculate the relaxation time of a polymer in
semi-dilute solution by modeling the dynamic modulus using the Rouse model. Using
this method, the relaxation time over our polymer MW range is on the order of 107
seconds - much faster than the experimental time scale of the force profile measurements.
Indeed, the experimental time scale is over three orders of magnitude longer, but still not
sufficient for the system to equilibrate. The entanglement MW of PS in melt is ~18
Kg/mole,[72] and increases with decreasing polymer volume fraction with a -4/3
power.[46, 73] All the studied ATRP brushes are above the entanglement MW. In
contrast, most physisorbed brushes formed by grafting-to method are below the

entanglement MW once the polymer volume fraction is accounted for. This is consistent
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with the fact that the highly hysteric behavior was only observed with the ATRP brushes,
but no any noticeable hysteresis in the force profile measurements was observed between

cycles over similar time scales for the 50:50 PS-P2VP diblock brush (PS MW 57k).

3.4.3 Shear Force Measurements

Lateral shear force measurements were carried out on the thickest ATRP brush layer,
>~162. In particular, we were very interested in determining the friction behavior as this
brush system had the highest hysteresis in the compression cycles. Figure 5 plots both the
normal and shear force as a function of separation between the brush layers. Again, the
high hysteresis in the normal force profiles demonstrate that the experimental time scale
is shorter than the relaxation process of the brush layer. Surprisingly, lateral shear force
was undetectable within the experimental resolution until the opposing layers were
highly-compressed. This demonstrates that these polydisperse brushes provide an
excellent lubrication layer. Even at a volume fraction of only 34% toluene the effective
friction coefficient of the layers was less than 0.02. It is commonly suggested that the
friction force between polymer brush layers originates from viscous dissipation within
the mutual interpenetration region of the opposing polymer brushes.[29, 30] Based on
MD simulations, Spirin et al.[74] have suggested that two types of entanglements need to
be taken into consideration in polymer brush systems during sliding; intra-brush
entanglements inside an individual brush layer and inter-brush entanglements that occur
between the opposing brush layers. As no adhesion was observed between the brush
layers during force compression measurements, the findings suggest that intra-brush

entanglements within each brush layer increase during compression. These intra-brush
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entanglements are more dominate than inter-brush entanglements between the two
brushes which reduces opposing brush interpenetration and enables low friction sliding
between the brushes even under high compression. This important intra-brush

entanglement behavior is consistent with the observation of Ruths et al.[37]

The low friction sliding of these ultra-high density brushes is even more remarkable given
the low solvation of the brushes. The friction force between the brushes only becomes
measurable when the volume fraction of toluene drops below 34%. After this point, the

friction rapidly increases as the brushes are further compressed. Kobayashi et al.[42] also
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Figure 5. Normal and shear forces as a function of separation between two opposing
ATRP grown PS brushes with X=162 in toluene. Four compression (closed symbols) /
decompression (open symbols) cycles are shown. The solid and dashed lines are the
guides to the eye for the different compression/decompression cycles. Shear force
measurements (2" Y axis) were carried out with a velocity of 0.1 um/s and sliding
distance of1.25um.
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observed better lubricant performance for high density P(MPC) brushes in reduced
solvent conditions. In this case, the friction was significantly lower in a high-humidity
environment compared to that when fully hydrated in water. Similar to the argument
presented here, Kobayashi et al. suggested that inter-brush contacts and greater

interpenetration occurred in bulk water compared to high humidity conditions.

An important consideration for understanding the properties of high density brushes is
possible changes in solvent quality with compression. All the brush systems reported here
greatly exceed the semi-dilute regime. Thus, as the brushes are compressed and the
polymer concentration in the gap between the surfaces increases, the solvent quality can
be significantly reduced resulting in more favorable polymer contacts.[75] This is
consistent with more intra- and inter-brush contacts. In addition, the reduction in the
solvent quality will substantially decrease the extension of the polymer brushes, which
may also reduce the interpenetration region.[31, 32] For higher grafting densities (=111
and 162), the observed force profiles can be reasonably divided into two distinct
concentration ranges: a highly hysteretic region and a reversible region after multiple
compressions. These regions correspond to less dense outer brush layer and more dense
or collapsed inner brush layer, respectively. The denser region could be possibly
attributed to the entanglement network formed during the process of chain-transfer
termination when the polymerization was conducted at higher temperature[69] while
other “escaped” chains continue growing linearly and created a less dense outer region.
Without sufficient relaxation time, the extension of the brush from the dense region is
greatly diminished presumably due to formation of favorable intra-brush contacts under

solvent starved conditions. Likewise, inter-brush contacts become more favorable and
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with high compression (®<35%) and the friction increases rapidly. For lower
compressions the outer region of the brush layers remain well solvated and provide
frictional properties similar to semi-dilute brushes that have been commonly studied in

the past.

3.5 Conclusion

Both normal and shear interactions between ultra-high grafted polymer brushes have
been examined in the present work. Very long relaxation times are evident from the
observed hysteresis with compression separation cycles. The hysteresis increases with
increasing brush polydispersity. Remarkably, the friction behavior is found to be very
similar to low density brushes in the semi-dilute regime and does not increase
appreciably until the solvent volume fraction is less than 35%. The importance of the
high density brushes yielding favorable lubrication properties is that a highly durable
lubricating layer can be formed. These findings demonstrate that high grafting density
brushes with high polydispersity — a real system rather than ideal monodisperse system —

have potential as lubricants in more practical applications.
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Chapter 4: Other Techniques and Analysis

4.1 Structure characterization of polymer brushes in confinement cell

When two surfaces bearing polymer brushes are brought together, two behaviors may
happen at the same time: interpenetration and compression.  Although direct
measurement of the interaction forces between two opposing brush layers can be
provided by SFA, the internal structure of the tethered chains or the molecular
mechanisms involved in the transition of the forces is not attainable. The single-surface
structure of polymer brushes in different solvent conditions as a function of grafting
density has been extensively investigated by neutron reflectivity [1-8]. For opposing
layers in confined geometries, the difficulty lies in the need of adequately large, ultra-flat
surfaces for neutron experiments as well as parallel and aligned interspacing between the
surfaces during the measurements [4]. Different confinement cell devices which can
fulfill this demand have been proposed for specific measurements [9-11]. In addition,
better modeling capabilities are required to deal with the incoherent scattering which
must be taken into consideration as there are always variations in the level of

confinement between the two opposing surfaces.

Figure 1 shows the Neutron Confinement Cell (NCC) utilized for structure examination
of opposing brushes and more details have been previously described elsewhere.[10]
Briefly, the two chosen substrates coated with desired polymer brush layers are placed in

a polymer-to-polymer geometry in a reservoir which can be filled with solvent. The two



&9

opposing surfaces are then brought together by applying hydraulic pressure. Using this
approach, a separation between the substrates on the order of 1000 angstroms could be
achieved. The same environment as that in the SFA experiments described in chapter 2
was reproduced and the SFA measured force profiles were compared to the structure of
the confined polymer brushes under similar conditions as measured by neutron
reflectivity. The method of preparing the samples was the same for the two measurement
techniques, but the substrates are quartz, Silicon wafer or sapphire for neutron reflectivity
measurements instead of mica as used in SFA measurements. The structure information
was extracted by fitting the measured reflectivity profile using the MIRROR program.

The details of the analysis procedures can be found in chapter 2.
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Figure 1. Cross sectional view of the Neutron Confinement Cell (NCC).[10]
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I. Deuterated Polystyrene (dPS) — Deuterated Polystyrene (dPS)

The following analysis demonstrates the structure of opposing polymer brushes studied
by neutron reflectivity with NCC. The 1 wt% deuterated polystyrene solution was spin-
coated on different substrates (quartz and sapphire) for better contrast in the fitting

process.

The air measurement was done first to confirm the amount of polymer and also how well
the Polystyrene (PS) and Polyvinylpyridine (P2VP) were segregated after the annealing

process. After determining the distance of the air gap, the opposing films were fully
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Figure 2. The raw reflectivity data of dPS-dPS system and the quality of the fit was
demonstrated by chi square.
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solvated with toluene. Figure 2 shows the best fit in air and the corresponding structure
is plotted in figure 3. To obtain the best quality of the fit which was determined by the
smallest chi squared value between the reflectivity data and the model profile, an
incoherence length of 80A was incorporated in the model setting. In figure 3, PS and

P2VP was shown fully separated and the air gap was 586A.
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Figure 3. The corresponding scattering length density profile of the best fit in air.

However, during the fitting process, distinguishing the contribution between the
incoherence and air gap on the reflectivity was not an easy task. In figure 4, the
incoherence was fixed at 30A while it was 60 A for figure 5. Different air gap spacing
was altered to show how it will change the fit. Unfortunately, both of the effects will

smooth out the curve and also comprise the fit.
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To further compare the measured reflectivity both in air and in solvent in figure 6, the
rough length scale in the system can be estimated by the scattering vector difference
between neighboring peaks or valleys using d=2rm/AQ. The spacing between the layers
was confirmed to be around 1750 A and this is beyond what was expected. The

difficulties in determining the gap and incoherence length have stopped further analysis.
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Figure 6. Comparison between reflectivity data in air and solvent conditions.
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I1. Deuterated Polystyrene (dPS) — hydrogenated Polystyrene (hPS)

The structure of opposing brushes with one side of hPS and the other side of dPS was
also measured. After the air experiment, the whole setting was solvated in the contrast-
match-hPS toluene (10 wt% d-toluene + 90 wt% h-toluene) to more easily examine
where the tails of the dPS brushes extended. In figure 7, different incoherence lengths
were considered to achieve the best fit quality and the scattering length density (SLD)
profile of the best fit in air is shown in Figure 8. With increasing coherence length, lower
chi square value could be obtained. Figure 9 demonstrates the raw reflectivity data when
in a solvated environment and the best fit was found with an incoherence length:6010% and
the corresponding SLD model is plotted in Figure 10. However, the same problem
described previously for the dPS-dPS system was also observed when distinguishing
between the contribution of the spacing and the incoherence length. This complication
makes analyzing the data extremely difficult. In addition, the stability of the film was
another concern when determining the right fitting model due to the observation of some
polymer film desorption when similar films were solvated in SFA experiments.
Although the amount of the solvent used was different in SFA (340mL) and the NCC
(10mL), the binding force between the substrate and the polymer plays a very important
role in dictating the level of desorption. As a result, further modification of the polymer
or the tethering mechanism (changing system) are necessary before the structure of the

confined polymer brush system can be more accurately and confidently determined.
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Figure 7. The raw reflectivity data of dPS-hPS system was demonstrated and how the

quality of the fits altered with incoherence length.
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Figure 9. The raw data of the solvated dPS-hPS system and the best fit.
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Figure 10. The corresponding scattering length density profile of the best fit in solvent.
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4.2 Shear and Normal forces between physisorbed polymer brushes.

In addition to the normal interactions in chapter 2, the shear force between two opposing
polymer brushes formed by physical adsorption methods was also measured. The same
block copolymer PS-P2VP (57K-57K) was used and the sample preparation was the same
as has been described in chapter 2. The shear measurements were accomplished
following the setting mentioned in chapter 3 with all other parameters remaining the
same. The sliding velocity was 100nm/s through the duration of the measurements and
the sliding distance was 1.25 ym. The calculated grafting density was 0.0013 chains/A”.
Figure 11 shows both the normal force and the shear force as a function of distance and
the inset shows a schematic of the experimental brush system. The shear force was first
detectable with our instrument resolution when the volume fraction of solvent is around
0.72. This is a lot different from what was observed for higher grafting density brushes
formed by ATRP methods in chapter 3. One thing that should be noticed is the effective
friction coefficient in this set of experiments was also larger than that measured for the
ATRP brushes. Unfortunately, there is a possibility that some loss of polymer occurs
during the shear measurements. Due to film stability issues no further conclusion can be
reached and more durable polymer brush films with different types of binding energies
would be highly recommended for studying the shear response for brush systems to avoid

this potential complication.
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4.3 A shear device for neutron reflectometry to measure the structure and shear

behavior simultaneously

The experimental structure determination using the reflectivity technique under shear that
has been reported previously was either for unconfined polymer brushes at a single
interface [12-14] or just compression with normal load.[15] Load-plus-shear treatment to
polymer at the same time in the confinement cell has not been done. The idea here is to
have the ability to probe the structure of the polymer brush layer under shear and
compare to the SFA friction force under shear. Different theoretical predictions about the
equilibrium thickness of polymer brushes under shear are very diverse. It ranges from no
changes in the brush extension [16, 17] to obvious increase[18-20], while some even
predict a decrease in extension of layer thickness[21, 22]. As a result, experimental data
is needed to test the accuracy of the theoretical models. In previous experiments [12-14],
the shear was accomplished by solvent flow past the polymer brush layer. In order to
verify the theoretical calculation, higher shear rates are desirable. However, even though
shear rates of 10 kHz can be reached, the systems studied so far remained in the laminar
flow regime. In addition, the measurements were accomplished for only one brush layer
against bulk solvent Data measured under both normal load and shear movement for
opposing polymer brushes is required to compare with theoretical predictions and SFA
measurements. Moreover, this geometry of opposing surfaces reflects actual applications
where polymer films are used to provide a lubricating layer between two sliding surfaces
(e.g. human joints). The confinement cell previously described works well for probing
the structure of opposing brushes under compression but the shear option does not. So

far, no experimental work has successfully measured the structure of opposing polymer
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brushes with both normal and shear loading simultaneously. Consequently, to design a

device which can fulfill this demand would be very useful and certainly very challenging.

The initial approach of the design is to build up a motor-rotated disk which can
withstand high load similar to a tribometer. Using this method, a large substrate will be
rotated relative to a small surface the size of the neutron beam foot print. Both the rotary
disk and the other surface can be spin coated with polymer. The smaller bottom surface
will be located on the outer edge of the large, rotating disk. The controlled rpm of the
disk can be converted to an approximately linear shear as the angular range of this
orientation is relatively small. In other words, if the upper rotating disk is sufficiently
large relative to the bottom surface, one can assume that the whole bottom surface is
subjected to the same shear rate. Although the velocity will vary depending on the radius,
the error can be less than 10% according to calculations. The major difficulty lies in the
ability to keep the interspacing stable during the high shear rate rotation, this issue may
be solved by using an air bearing device. The stability can be determined by an empty
experiment just like the test method in confinement cell design.[10] In this design, the
fact that substrates “slide” laterally past one another is different from the shear motion
caused by the solvent flow passing the brush surface. As a result, comparing the results

between two shear mechanisms will be very informative.
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