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Chapter 1

General Introduction

1-1-1. Tribology and Lubrication

Tribology, which is defined as “the science and technology of interacting surfaces in relative
motion and of related subjects and practices”,* plays crucial roles on our lives. One of the most
important contents in tribology is friction. When two solid surfaces in contact are sliding against
each other, a friction force resisting the relative motion is produced (as shown in Figure 1-1). We live
our lives by controlling the friction, which dominates almost all of our physical activities such as
blinking, eating and moving his or her joints. Although the friction is very important for our lives, it
is often cumbersome for machines or instruments we devised for our purposes. That is because the
friction causes wear to shorten the machine life and to waste plenty of operational energy.
Lubrication is the term of methodology for reducing such unfavorable friction between the relatively
moving two surfaces.

Lubrication has been explored since the dawn of civilization. For example, ancient people
around 5000 B.C. invented a wheel, which is a round-shaped machine component, to transport
materials efficiently.” Ancient wall paintings tell us ancient people’s efforts for lubrication. Egyptian
around 1800 B.C. spread some kind of oil as lubricant between the ground and sledge carrying a
stone statue. Mesopotamian around 700 B.C. used logs to move huge statues efficiently. In the
course of development of our modern civilization, various kinds of lubrication techniques have been
devised and improved.® Nevertheless, we can not still completely eliminate the friction, or at least,
today’s lubrication technology does not satisfy the demands for our modern high-performance
machines progressing day by day, such as micro gadgets, space equipments, and medical instruments.
Lubrication is one of the biggest issues of our modern science and technology.*

In spite of the importance of lubrication, our understanding of friction is still rudimentary. This
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F. Friction Force Frictional Coefficient
1 u=FsIF,
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Figure 1-1. Force diagram of block material on ground surface. Normal force F, is caused with a
gravity proportional to the block mass. When the block moves on the ground surface with a
velocity v, friction force F is generated. Frictional coefficient p is expressed by F, and Fs as 1 =
Fs/Fn.

results from the complexity of tribology; namely, a wide range of factors including not only the
chemical and physical properties of contact surfaces, surface asperity (convexity and concavity),
surface aging (wear), rheological character of lubricant are dynamically involved and mutually
related. The experimental technique to directly observe the interface between two lubricating
surfaces under the condition controlling such factors is now limited, which also hinders the
development of tribology.”

1-1-2. Lubrication Mechanism

Recent development of new experimental technique, such as quartz crystal microbalance
(QCM),° surface force apparatus (SFA)’ and atomic force microscope (AFM),? has enabled us to
study the friction at the molecular scale. Many of experimental results obtained through these new
techniques, however, can not describe the equation of friction. We still have to rely on empirical
knowledge and extensive experience for the prediction of friction.

Stribeck et al found out two distinctive friction regions from empirical study of friction with
lubricant oil.° They had measured the frictional coefficient p, the ratio of friction force to normal
load (Figure 1-1), of rolling bearing with a wide range of controlled load, velocity and viscosity of
lubricant. He compiled the data of frictional coefficient W as a function of vy/p, where v is the shear

velocity, # the viscosity and p the pressure normal to the contacted interface. The parameter, vy/p is
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Figure 1-2. Stribeck diagram for lubricated friction surfaces. Frictional coefficient p is depicted
against vn/p. There are two distinct friction regimes; boundary lubrication with a relatively high
frictional coefficient, and hydrodynamic lubrication with a low frictional coefficient with apparent
dependence on bearing characteristic number. In the diagram, the strategy for better lubrication is
indicated by a grey arrow; decreasing | in boundary lubrication and expanding hydrodynamic
lubrication region.

called the bearing characteristic number. This is shown in the so-called Stribeck diagram (Figure
1-2). According to the results, he divided the friction state into two distinctive regimes in a view of
what determines the friction force. These regimes are called (I) Hydrodynamic lubrication and (1)

Boundary lubrication, as will be summarized below.

(1) Hydrodynamic lubrication is the lubrication in which a fluid lubricant is filled between
relatively moving two surfaces. The fluid lubricant hydrodynamically prevents direct contact of
two surfaces, decreasing the friction (typically to be 0.001~0.01 in p), minimizing the frictional
wear, and then attaining an ideal frictional state. The friction force in hydrodynamic lubrication
is determined by rheological character of the fluid lubricant. If the fluid lubricant is a
Newtonian fluid, the friction force can be formulated from the equation of viscosity resistance

as,
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U = vyldp (1-1)
where d denotes the thickness of a fluid lubricant layer.

(11) The fluid lubricant is squeezed out between two lubricating surfaces with increasing
normal load or decreasing velocity, and finally their direct contact occurs. This state is the
boundary lubrication. Some overcoats of lubricating surfaces prevent adhesion of two solids,
serving as a lubricant. Under ambient frictional condition, an oxide film or an adsorbed
molecular layer (water or an organic molecule from air) can also be a lubricant.’ Such
overcoats are effective as lubricants even if they are monomolecular layer.™*

It is considered that van der Waals force is the origin of friction under boundary
lubrication. When the surfaces are in contact, molecules constructing two surfaces attractively
interact each other with van der Waals force when the surfaces are in contact, producing
adhesion force and hence friction force to break free from the adhesion. The
Amontons-Coulomb law, an empirical rule about dry friction between solid materials,
applicable to boundary lubrication, suggests that (i) the friction force is proportional to the
applied load, (ii) the friction force is independent of the sliding velocity, and (iii) the friction
force is independent of the apparent area of contact.’” The frictional coefficient is difficult to be
formulated due to the complexity in this friction state, but it is empirically known that the

coefficient is typically 100 times higher than that under hydrodynamic lubrication.

Except for these lubrication mechanisms, there are several kinds of lubrication states such as
elastohydrodynamic lubrication and mixed lubrication, which are now basically understood with
combination of those two lubrication mechanisms.

1-1-3. Lubrication Technique

We can set guidance for lubrication techniques from the lubrication mechanisms as mentioned

above. Briefly speaking, the key for lubrication is how we can afford or keep a hydrodynamic

lubrication state by effectively holding a lubricant fluid between surfaces. At the same time, the



General Introduction

friction in boundary lubrication state should be also suppressed.

To reduce the friction in boundary lubrication, adhesion between the relatively moving two
surfaces should be alleviated. While the molecule inside materials in a bulk state is stabilized by
adjacent molecules with van der Waals force or covalent bonding, the molecule at the outermost
surface is usually unstable, in other words, chemically activated because of the incomplete
surrounding by neighbor molecules. The outermost-surface molecule more or less tries to seize other
molecules out of the materials, leading to strong adhesion.' Effective lubrication can not be desired
in this state. The surfaces should be covered with a chemically stable layer to prevent such adhesion.

In ambient friction of common solid substances, an oxide film or a molecule-absorbed layer
functions as a protection layer against adhesion, giving p of 0.4 - 1.0 on general metals as shown in
Table 1-1. Polytetrafluoroethylene (PTFE, known as Teflon, a trade name of PTFE) is used as a
material with high performance in lubrication. PTFE is much chemically stable and hardly react with
anything. This feature of PTFE leads to less adhesive each other, which eventually develops a low p
value. Actually, PTFE shows particularly less p (0.05 - 0.1) than that of other solid material, and is

used as a self-lubricant material.*®

Molybdenum disulfide and graphite are also used as lubricants in
particulate dispersion state in grease.* It is known that their molecular structures have lamellar
morphology with very weak interaction between adjacent layers and that their layers are easy to be
delaminated, which affords a low p value.™

On the other hand, lubricant fluid should also be hold on for hydrodynamic lubrication. Viscous
oil has been used for traditional lubricant fluid. Higher viscosity is required to maintain a fluid film
between lubricating two surfaces but raises the p as described in Equation (1-1). A precisely
patterned and indented surface enables lubricant fluid to be kept, easily affording hydrodynamic
lubrication at lower velocity, as is adopted as micro-groove bearing.'® Gel is one of the most
interesting materials as lubricant since it can contain much solvent in its polymer-network structure.

Various kinds of hydro-gels are in our bodies, enabling us to blink, eat something, and move our

joints very smoothly. Osada et al revealed that the friction of hydro-gels is dominated by adhesive or
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Table 1-1. Examples of Frictional Coefficient

Materials Frictional Coefficient, u

General Metal 04-1.0
Polymer ( PS 0.4-05

< PMMA 0.4-05

. PTFE 0.05-0.1
Hydro Gel ( Adhesive 0.01-10

i Repulsive 103 ~
Polymer Brush (" Semi-dilute 0.01-0.1

i Concentrated 104 ~

*Achievable minimum values are indicated.
repulsive interaction of network polymer chain.'” They achieved a p value as low as 10™ order or
less by introducing repulsive interaction between the surfaces of hydrogels (Table 1-1), e. g.,
electrostatic repulsion, which forms a water layer acting as a fluid lubricant and affords
hydrodynamic lubrication effectively.

1-1-4. Model Surfaces for Tribology

As noted by the author, the key to improving the lubricating property is how the surface is
precisely designed both in its chemical and physical structure. To conduct a fundamental study of
tribology, we need model layers whose structures and configurations at the outermost surface are
well controlled at a molecular level. Although there are several types of surfaces with molecularly

controlled structure, such as a Langmuir-Blodgett (LB)* film and a self-assembled monolayer
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(SAM),™ an architecture consisting of polymer chains tethered to a solid surface at one end (polymer
brush) has attracted increasing attention, because it plays an important role in many areas of science
and technology, e.g., colloid stabilization, adhesion, rheology, and tribology.?® Strategies have been
developed to introduce polymer chains onto surfaces using chemical (through covalent bonding) and
physical (by physisorption) methodologies.?* Physisorption involves the absorption of a block
copolymer with a segment which sticks to the substrate surface. Such polymer chains are not stably
attached, particularly under conditions in which high shear forces are involved. In order to achieve
stable interfacial compatibility, covalent bonding is preferred. Techniques for graft polymer chains
can be categorized into two methods. The first method is called as the “grafting-to”” method, which
involves preformed polymers with reactive sites.”> The second method is called as “grafting-from”
method which conducts the direct growth of polymer chains from the surface, the details of which
will be described below.
1-1-5. Friction of Polymer Brush

The controlled fabrication of model surfaces as well as recent improvement in SFA and AFM as
nano-tribometers have enabled us to study the origins of friction forces. Klein et al studied the
friction of a solvent swollen polymer brushes prepared by the “grafting-to” method and found that
the polymer brush considerably decreased the friction force in a wide range of normal loads and
sliding velocities as compared to the case of the absence of polymer chains.?® This decrease
corresponded to a reduction in the frictional coefficient by two to three orders of magnitude. This
study also revealed that the so-called stick-slip behavior characterizing the trace in the case without
brushes was less marked and was seen to come into effect only at very high compressions on
polymer-attached surfaces. The lubrication effect of the brush layer is attributed first to the adhesion
of relatively moving surfaces being prevented via steric repulsion of the swollen brush layers. Klein
et al. also presented a theoretical derivation on the friction of brushes and explained that the limited
interpenetration of brush layers facilitated the effective lubrication.? Their theoretical expression

predicts that the smaller the screening length is at the anchoring surface (i.e. the denser brush), the
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greater the effective lubrication is. However, the graft densities of their brushes considered were
limited to small values that corresponded to that of a dilute polymer solution, because the
polymer-tethered surfaces were assumed to have been fabricated by the grafting-to method.
1-1-6. Surface-Initiated Polymerization

The grafting-from method, referred to as surface-initiated polymerization and first investigated
by Prucker and Rihe,® makes it possible to achieve denser grafting of polymers than the
“grafting-to” one. This method is divided into two processes. First, an initiator is introduced onto a
solid surface using, e.g., a bifunctional compound that is capable of covalently bonding with a
surface and initiating polymerization. Second, polymerization is carried out from initiating sites on
the surface. In this technique, the addition of a monomer to the end of a growing chain is less
hindered by chains that have been grafted. Therefore, the grafting-from method is more suitable than
the grafting-to one to produce polymer-grafted surfaces with greater thicknesses and higher graft
densities.

Surface-initiated polymerization has been carried out using a variety of polymerization

|’25 6

techniques, including free radical, ionic,® and ring-opening methathesis®’ polymerizations. In
particular, the application of living polymerizations offers clear advantages in that it provides not
only a fine control of chain length, its distribution, monomer sequence and topology of graft
polymers (e.g., random/block/gradient copolymers, comb-like or branched polymers, and
crosslinked polymers) but also a dramatic increase in graft density. The reason for this increase is
that all the graft chains grow more or less simultaneously, with their active chain ends concentrated
near the outermost surface of the graft layer. Among living polymerization techniques, living radical
polymerization (LRP) is one of the most promising routes for densely grafting functional polymers
owing to its tolerance to impurities and versatility in relation to various monomers. A variety of
LRPs, including nitroxide-mediated polymerization (NMP),? atom transfer radical polymerization

(ATRP),” and reversible addition-fragmentation chain transfer (RAFT)** polymerization, have

already been applied to surface-initiated polymerization by immobilizing either a dormant species or
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a conventional radical initiator on the surface. In the latter case, a capping agent is added in a
solution phase (reverse LRP). Recently, organotellurium-mediated radical polymerization (TERP)™
and reversible chain transfer catalyzed polymerization (RTCP)® have also been gaining attention as
new classes of LRP with good controllability.
1-1-7. Concentrated Polymer Brushes

The conformation, in a solvent, of polymer chains end-tethered on a solid surface can be
dramatically changed depending on the graft density.® At low graft densities, the polymer chains
will assume a “mushroom” conformation with a coil dimension similar to that of free (ungrafted)
polymer chains (Figure 1-3a). With increasing graft density, graft chains are obliged to stretch away
from the surface, forming the so-called “polymer brush”. Polymer brushes may be categorized into
two types according to their graft density. One is the “semi-dilute polymer brush” (SDPB, Figure
1-3b), in which polymer chains overlap each other, but their volume fraction is still so low that the
free energy of interaction can be approximated by a binary interaction, and the elastic free energy, by

that of a Gaussian chain.®* The second is the “concentrated polymer brush” (CPB, Figure 1-3c), for

(a) (b) g 2 &¢&
D] | |
Mushroom : Semi-dilute Brush Concentrated Brush

>>0.1 chains nm2

Graft Density _
low >  high

Figure 1-3. Schematic illustrations of tethered polymer chains.
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which the above-mentioned approximations are no longer valid and higher-order interactions must
be taken into account. Theoretical analyses taking these interactions into account have predicted that
the repulsive force will increase much more steeply with increasing graft density.*

Fukuda et al. firstly conducted systematic studies on CPBs using samples of low-polydispersity
poly (methyl methacrylate) (PMMA) that was densely grafted onto a surface by surface-initiated
ATRP. Recent studies have revealed that the CPBs indeed have both the structure and properties
significantly different from those of SDPBs. In particular, the CPB of PMMA formed on a silicon
wafer is highly swollen in a good solvent, such that it gives an equilibrium swollen thickness as large
as 80 - 90% of the full contour length of the graft chains, suggesting that these chains are extended to
an exceptionally high degree.* Microtribological studies have revealed that the frictional coefficient
between the swollen CPBs is extremely small (u~10") even at high compression (Figure 1-4).” The
features specific to the CPB, including such super lubrication, were reasonably interpreted by the

entropic interaction related to extremely high osmotic pressure and highly stretched chain

Semi-dilute Polymer Brush

o] IS

E 010 B ﬂ ~ 10-1

= X

o

o Concentrated Polymer Brush
O 0.05¢

©

c

9 \/ u~ 104
o

L 0.00

0 5 10 15 20 25
Normal Force, Fn / nN

Figure 1-4. Normal force dependence on the frictional coefficients of semi-dilute and
concentrated PMMA brushes. The data was reprocessed from reference 36.

10
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conformation and termed as the “concentrated-brush effect”.

1-2. Background and Purpose of This Thesis

Although the CPB is already known to afford an extremely small frictional coefficient, a
number of problems remain unsolved in order to put this excellent function into a practical
lubrication system. One of these problems stems from our lack of a detailed understanding of the
lubrication mechanism of the CPB. Fundamental and mechanistic study of the subject has hardly
been carried out because of the difficulty not only in preparing such well-defined brush samples but
also in precisely measuring their frictional property as a function of the viscosity and quality of
solvent as well as the brush-structure characteristics such as chain length, brush thickness, and
degree of swelling. Another challenge is the precise design of the CPBs for practical use, which
requires, among other factors, better control of the tribology (stimuli responsibility) and tolerance to
wearing and in some cases those as an aqueous system.

In light of the present situation, the author determined that the first objective of this thesis
would be to verify the lubrication mechanism of the CPB with precise control of the brush structure.
The ultra-low frictional property of the CPB is discussed in terms of whether or not the confronted
graft chains interpenetrate each other. Such interpenetration occurs at a certain level of compression
between SDPBs, affording a frictional transition from low to high frictional stages (1 ~ 0.01 - 0.1),
but it is dramatically suppressed between the CPBs because of entropic origins. According to the
lubrication mechanisms discussed in Section 1-1-2, the above-mentioned frictional state is
categorized as boundary lubrication, since the outermost-surface property determines the friction. On
the contrary, the regime of hydrodynamic lubrication for a solvent-swollen CPB remains little
understood. The author achieves his first objective by analyzing the friction/lubrication data as a
function of normal force, shear velocity, solvent quality (hence, degree of swelling), and solvent
viscosity. The frictional property between immiscible CPBs is also evaluated in order to confirm the

hydrodynamic and boundary lubrication proposed for the CPB.

11
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The achievement of the first objective enables us to then develop new designs for lubricating
materials equipped with the concentrated-brush effect. Such an ultra-low frictional property has
previously been demonstrated only for nonpolar polymer brushes of limited thicknesses owing to the
easy preparation of such brush samples. Thus, the author set up a second objective, which was to
establish newly designed CPBs of functional polymers for practical use. Water-swellable and
thermo-responsible CPBs are synthesized and investigated in terms of their frictional property in
water media, with the aim of eventual applications in biomedical materials. Another application of
this design is a polymer gel of bottle-brush type, in which the network structure of the polymer
chains can contain much solvent inside and the precise structural control of the bottle-brush polymer,
i.e.,, the control of the side-chain length and graft density, can be expected to introduce the
concentrated-brush effect. The author uses the most appropriate LRP technique as a versatile and
robust tool for the preparation of well-defined polymer-brush samples. In addition to this, a
methodology to precisely measure the surface interaction and swelling and friction/lubrication
properties is newly devised, particularly using a colloidal-probe technique on AFM. Such newly
designed materials may concurrently give rise to other factors, that were not previously taken into

account. The author also discusses such factors in regard to the frictional property of the CPB.

1-3. Outline of This Thesis

The purpose of this thesis is to clarify the correlation between the structure and the surface
property of a CPB and to thereby provide new guideline for the novel design of tribomaterials.

In Chapter 2, the author measures the friction force and hence the frictional coefficient p
between CPBs of polystyrene (PS) in solvents as a function of shear velocity and degree of swelling
(Figure 1-5). The degree of swelling of a polymer-brush layer is successfully controlled by the
solvent composition of a mixture containing toluene (a good solvent for PS) and 2-propanol
(non-solvent for PS). The author analyzes the friction data collected under a wide range of

conditions, ranging from a highly stretched brush to almost shrunken states, and discusses these

12
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mechanisms in terms of boundary lubrication and hydrodynamic lubrication.

Low Fric.! g~ 104 u~"?

e e

SRR D
R steisiiie]

In Good Solvent _ o In Non Solvent
Swelling/Shrinking

Figure 1-5. Schematic representation of the frictional property of swelling degree controlled
CPBs of PS.

In Chapter 3, the frictional property between CPBs of PMMA immersed in highly viscous
ionic liquids (ILs) is measured in order to demonstrate the effects of solvent viscosity (Figure 1-6).
As ILs which can swell PMMA brushes, DEME-TFSI and EMI-TFSI are used. The results obtained
clearly reveal the hydrodynamic-lubrication regime. The author discusses the effects of solvent

viscosity in terms of the local viscosity at or inside the brush in order to quantitatively clarify the

Low Fric.! g~ 10" ) .-~ ?

L 1

Viscosity ~0.6 14 40 mPa+s
Toluene EMI-TFSI DEME-TFSI

lonic Liquid
High Viscosity N/ \N+ N+//\
~
Nonvolatility NS N O/\/)
"N(CF3S0,), }
N(CF3SO,),
EMI-TFSI DEME-TFSI

Figure 1-6. Schematic representation of the frictional property of CPBs of PMMA in ionic
liquids.
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hydrodynamic lubrication of the CPB.

In Chapter 4, the frictional property between CPBs of immiscible polymers (PMMA and PS) is
compared with that between the identical ones in order to reveal the nature of the boundary
lubrication of the CPB. The most important issue in this regard is the degree of interpenetration

(Figure 1-7) between confronted graft chains, which should dominate the boundary lubrication.

g
d d~u?
Figure 1-7. Schematic representations of the graft chains interpenetration.

In Chapter 5, the CPBs of hydrophilic polymers, poly (2-hydroxyethyl acrylate) (PHEA) and
poly (poly(oxyethyleneglycol)methylether acrylate) (PPEGA), are newly synthesized with
surface-initiated TERP (Figure 1-8). The frictional property of these polymer brushes in water media
is evaluated. The results are then discussed in terms of the hydrodynamic and boundary lubrications

described in the previous chapters.

Surface-initiated TERP o o
hv OH >
R ) o oA %

R ¢ : :
(RRXREXXAXXXN Pefrfrreerery E = = - —=F ==

PHEA Brush PPEGA Brush

Figure 1-8. Schematic representation of the synthesis of CPBs of PHEA and PPEGA.
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In Chapter 6, the CPB of a thermo-responsible polymer, poly (N-isopropyl acrylamide)
(PNIPAM), is newly synthesized via the surface-initiated ATRP in order to fabricate a lubricating
surface with stimuli responsibility. The degree of swelling and frictional property is minutely

evaluated as a function of temperature (Figure 1-9).

N
O
N<
H
n
E — =)

PNIPAM Brush

i

Low Fric.! g~ 10%

Frictional Coefficient, u

\ 4

Water Temperature /°C
Figure 1-9. Schematic representation of the frictional property of CPBs of PNIPAM.

In Chapter 7, bottle-brush polymers that potentially possess an ultra-low frictional property
comparable to that of a CPB are fabricated via the ATRP from a multi-initiator polymer (Figure
1-10). The bottle-brush polymer is processed into a thin gel film via newly established radical
coupling that employs an amine catalyst, and its frictional property is evaluated. The results are

discussed in terms of the side-chain length and the effective graft density.

ATRP Radical Coupling

monomer Cross-link at
Bottlebrush | 9raft chain ends

Multi-initiator

Figure 1-10. Schematic representation of the synthesis of bottle brush polymer gel.
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Chapter 2

Lubrication Mechanism of Concentrated Polymer Brushes in Solvents: Effect of Solvent

Quality and Thereby Swelling State

2-1. Introduction

The friction/lubrication property of polymer-coated surfaces is an important characteristic in
many areas of science and technology.® Polymer brushes, in particular, have been extensively studied
because of their efficiency at modifying the equilibria and dynamic properties of surfaces.? In
solvents, they have been shown to be efficient lubricants by forming layers at moderate shear

velocities and loads.?™"

Previously, well-defined polymer brushes were prepared using
end-functionalized polymers or block copolymers with the terminal group or one of the blocks
selectively adsorbed onto a surface. These systems possess rather low graft densities of typically
0.001 - 0.05 chains/nm?, corresponding to the regime of “semi-dilute polymer brush (SDPB)”, which
limits their practical application requiring a brush layer thick enough to hold a wide range of
pressure and shear velocity.

Densely grafting well-defined polymers on various kinds of materials including inorganic
substrates was achieved using the living radical polymerization technique.® The graft density of thus
obtained polymer brushes was about an order of magnitude higher than those of typical SDPBs,
penetrating deep into the regime of “concentrated polymer brush (CPB)”, which had been little
explored systematically because of the unavailability of such brush samples. Recent studies revealed
that these CPBs have structures and properties quite different and even unpredictable from those of
SDPBs: most strikingly, the CPBs of poly (methyl methacrylate) (PMMA) swollen in a good solvent

(toluene) exhibit equilibrium film thicknesses as large as 80% - 90% of the full (contour) length of

the graft chains.* More interestingly, the microtribological analysis using an atomic force microscope
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(AFM) revealed that in a good solvent, the CPBs of PMMA exhibit super lubrication with an
extremely low frictional coefficient (u ~ 10™) for any applied load.” Other examples of polymer
brushes with excellent lubrication properties have been reported for the SDPBs of polyelectrolyte
and for a polyzwitterionic brush (whose graft density was not reported).” The excellent
water-lubrication characteristics were ascribed to the osmotic pressure of counter ion and the strong
hydration of charged groups. By contrast, the super lubrication observed for the swollen CPBs of
PMMA was previously attributed to the strong resistance of CPBs against mixing with each other:
that is, confronted CPBs (of the same kind) do not mix with each other at high compression. This
new mechanism was expected to be common to CPB/good solvent systems.

Parallel to the friction studies of CPBs, Kobayashi et al. studied the tribological properties of
densely grafted polymer brushes of various polymers using a tribometer with a probe ball 5 mm in
diameter.® They revealed lower frictional forces and improved wear resistance as compared with the
corresponding spin-cast polymer film. The frictional coefficient p for these systems was not of the
same value reported above; the discrepancy may be attributed to the different experimental
conditions employed. Microtribological measurements are suitable for revealing the intrinsic
friction/lubrication properties of solvent-swollen polymer brushes with, for example, sub-micron
thickness.

As mentioned above, CPB successfully achieved super lubrication. The solvent-swollen
polymer brush can be regarded as a thin lubricating layer. Concerning the fluid character of the brush
layers, the thickness and viscosity of the lubricating layer and the shear velocity should affect the
frictional/lubrication property.” However, these effects warrant further investigation. In this work,
AFM-microtribological studies were carried out on well-defined CPBs of polystyrene (PS) under
varying degrees of swelling, which was precisely controlled by changing the composition of

good/non-solvent mixtures. The lubrication mechanism of CPBs is discussed in detail in terms of
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hydrodynamic and boundary lubrications.
2-2. Experimental Section
2-2-1. Materials

Styrene (99%, Nacalai Tesque, Inc., Japan) was passed through a column of basic alumina to
remove inhibitors. Cu(l)Br (99.9%, Wako Pure Chemical Ind., Ltd., Japan), ethyl
2-bromoisobutylate (EBIB, 99%, Wako), and 4,4’-dinonyl-2,2’-bipyridine (dNbipy, 97%, Aldrich)
were used as received. (2-bromo-2-methyl) propionyloxyhexyltriethoxysilane (BHE, a fixable
initiator for ATRP) was prepared as previously reported.® All other reagents were obtained from
commercial source and used as received.

A silicon wafer (Ferrotec Corp., Japan, one side chemicaly/mechanicaly polished, 525 um
thickness) was cleaned by ultrasonication in CHCI; for 15 min and ultraviolet (UV) / ozone
treatment for 10 min before fixation of BHE. A silica particle (SiP, HIPRESICA SP, radius R of 5
pm) used as a probe for the AFM measurement was obtained from Ube Nitto Kasei Co., Ltd., Japan.
2-2-2. Synthesis of Concentrated PS Brushes via Surface-Initiated ATRP

Well-defined CPBs of PS were prepared by surface-initiated ATRP. To immobilize the surface
initiator, BHE, a silicon wafer was immersed in an ethanol solution containing BHE (1 wt%) and
28%-aqueous ammonium (5 wt%) for 12 h at room temperature, copiously rinsed with ethanol, and
then dried. The BHE-immobilized silicon wafer was subjected to graft polymerization at 110°C for 2
h in a styrene solution containing Cu(l)Br (87 mM), dNbipy (170 mM), and EBIB (8.7 mM) under
argon atmosphere. EBIB was added as a free initiator not only to control the polymerization by the
so-called persistent radical effect but also to yield free polymers, which are useful as a measure of
the molecular weight M, and molecular weight distribution M,,/M, of the graft chains.> Good
agreement in M, and M,/M, between the graft and free polymers has been reported by several

research groups.® After polymerization, the substrate was rinsed in a Soxhlet extractor with toluene
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Table 2-1. Characteristics of PS-Brush Samples

Sample M, M,/M,, Lyg/nm o /chains nm™ c*

1 34,000 1.29 25 0.46 0.30

2 38,000 1.19 26 0.44 0.29

3 37,000 1.27 29 0.49 0.32
probe 33,000 1.17 - - -

for 8 h to remove physisorbed polymers and impurities. The thickness Ly of the polymer layer in a
dry state was determined by ellipsometry (M-2000U, J.A. Woolam, Lincoln, NE, USA). The
characteristics of the PS brushes are summarized in Table 2-1. The M, and the M,/M, values are
those of the free polymer analyzed by gel permeation chromatography (GPC). The graft density o
was calculated from the determined values of M, and Ly by the following equation ¢ = pL4Na/Mp,
where p is the bulk density of a PS film (= 1.05 g/cm®)™® and N, is Avogadro constant. As a good
measure of graft density for various kinds of polymer brushes, the surface occupancy, o*, was
defined as o* = s; o, Where s is the cross-sectional area per monomer unit given by s, = vo/lp with v
being the molecular volume per monomer unit (estimated from bulk density of monomer in this
case) and lp being the chain length per monomer unit (lo = 0.25 nm for vinyl polymers).

The PS brush was also fabricated on the SiP as described above. The SiP was dispersed by 0.5
wt% in the BHE solution, magnetically stirred for 12 h at room temperature, and then
solvent-exchanged to styrene, to afford a 0.5 wt%-SiP dispersion that was then subjected to ATRP of
styrene. Finally, the PS-grafted SiP was copiously washed with chloroform.

2-2-3. AFM Measurements

The degree of swelling of a polymer brush in a solvent was estimated by force measurements

and scratched groom imaging on an AFM (Seiko Instruments Inc., Japan, SP13800 controller with

SPA400 unit). This procedure has been described in detail elsewhere.* A V-shaped cantilever
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OMCL-TR800 (Olympus Corp., Japan, normal spring constant k, = 0.15 N/m) was used with a bare
(unmodified) SiP probe attached using a two-component epoxy-resin adhesive. The R of the probe
particle was 5.0 um, much larger than the size of graft layer so that the graft chains could be viewed
as being compressed by a flat surface. A liquid cell was used for the measurement in mixtures of
toluene and 2-propanol with different compositions (ftoL, volume fraction of toluene). The mixed
solvents were filtered through a cellulose porous membrane (Whatman, diameter 0.1 um) before use.
The normal displacement Az of the cantilever was monitored as a function of separation in
approaching/retracting modes; typically, an approaching/retracting speed of 80 nm/s, and at least 8
force curves were taken at different locations. The interaction force, i.e., the normal force, F,, was
estimated as follows,

Fn=kn-AzZ =k, - (DIF - Spjr) (2-1)
where DIF (V) and Spir (Mm/V) are the signal intensity and sensitivity of the vertical deflection,
respectively. The latter value was determined for each force curve in the so-called
constant-compliance region where the cantilever deflection increased linearly with decreasing
separations. The AFM raw data of cantilever deflection vs displacement were converted into F, as a
function of separation D' according to the principle of Ducker et al.'* The separation D' is not the
distance from the substrate but that from the constant-compliance region. In a system with a dense
polymer layer, the distance between D' = 0 plane and the substrate surface, which is called as “offset
distance Dy”, can be very large. The offset distance D, was measured by AFM-imaging under a
constant force mode by applying the force corresponding to the constant compliance region in the
force measurements. The true distance D between the surfaces of the substrate and the probe sphere
was defined as D = D' + Dy. The determination of Dy and hence D in each solvent condition gives
the equilibrium thickness L. of the brushes in solvent, where L, is the critical true distance at a

repulsive force onset (0.05 nN was employed as onset value of Fy).
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The frictional measurement was performed by the so-called force-curve method. The same
procedures outlined above were employed unless otherwise stated. The PS-brush-grafted SiP was
mounted on a rectangular-shaped cantilever OMCL-RC800 (Olympus, k, = 0.1 N/m) for the friction
measurement. The lateral displacement Ax as well as Az of the cantilever were simultaneously
monitored in approaching/retracting modes, while the substrate was slid back and forth in the
horizontal plane normal to the cantilever by applying a triangular-wave oscillation on a piezo
actuator via a function generator (Wave Factory 1945, NF Corp, Japan). The normal and frictional
forces (F, and Fs) were evaluated according to Equations (2-1) and (2-2), respectively.

Fs = ks AX = ks - (FFM - Skem) (2-2)
where ks, FFM (V) and Sgem (M/V) are the torsional spring constant of the cantilever, the signal
intensity and sensitivity of the torsional deflection, respectively. The torsional-deflection sensitivity
was estimated from Spr by correcting the difference in geometry of the reflected-light path (L/2R)
and amplification factor of the detectors, where L is the cantilever Iength.12 The ks was calculated to

be 23 N/m using the following equation,®
ks = GWT/3L (2-3)

where G, W, T are the shear modulus, width, and thickness of the cantilever, respectively. For some
selected levers, the commercially reported k, and above calculated ks values were experimentally
found to have an error of 10% and 20%, respectively, by the resonant technique.* The observed
signal proportional to Ax was modulated by the reciprocal motion. Thus, the signal was processed
through a high-pass filter (Multi-function filter 3611, NF Corp., Japan) to remove a lower-frequency
component, which is mainly caused by vertical deflection of the cantilever, and finally converted to
the FFM data as the root-mean-square value with AC-volt meter (M2170, NF Corp, Japan). Typically,
the approaching/retracting speed and the distance of shearing was set to be 27 nm/s and 1 pm,

respectively, and 4 force curves were recorded and averaged at different locations for each
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measurement. The shear velocity v (4 ~ 1000 um/s) was changed by adjusting the oscillating
frequency (2 ~ 500 Hz). The distance of shearing was calibrated by AFM-observations of the
scratched trace on a bare silicon wafer with a harder cantilever OMCL-AC160TS (Olympus, k, = 42
N/m).

The Fs was also measured by the so-called “frictional-loop” method, in which the torsion of the
cantilever was monitored during repeated reciprocal/lateral movement of the piezo with a constant
F,. The distance of shearing was 5 um, and the shear velocity (4 ~ 1000 um/s) was changed by
adjusting the shearing frequency (0.4 ~ 100 Hz).

The frictional coefficient was defined as p = F¢/F,.

2-3. Results and Discussion
2-3-1. Swelling in Mixed Solvents

Scaling theoretical analysis predicted that the L, of polymer brushes in good solvent varies with
Le o< L. o*“, where L, is the contour length of the graft chain and the a’ value is 1/3*° and 1/2 * for
SDPB and CPB, respectively. The L, as a function of graft density for the brushes of PMMA in good
solvent was measured using, e. g., a combinatorial method and the crossover density between SDPB
and CPB was determined to be around 0.1 for o*. Figure 2-1 shows the plot of L/ Lcw vs o* in
logarithmic scale, where L., is the contour length of the graft chain calculated from the M, value. In
this figure, the data for various kinds of polymer brushes including the CPB of PMMA previously
studied in toluene were also plotted. The present samples had a c* value sufficiently higher than the
above-mentioned criterion, and the graft chains were highly stretched, similarly to the previous
results of CPB of PMMA in a good solvent. Thus the prepared samples can be justifiably categorized
as belonging to the CPB regime.

Figure 2-2 shows the force curves of the CPB of PS against the bare SiP probe in solvents with
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Figure 2-1. Plot of degree of stretching Le/L¢, VS dimensionless graft density o* of the PS brush
(Sample 1) in toluene (o). Other symbols reprocessed from the reference 4(b) show the data for
some other polymer brushes in good solvents including the CPB of PMMA in toluene (small

closed symbols).
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Figure 2-2. Force curves of the PS brush (Sample 1) measured in toluene/2-propanol-mixed
solvents with different compositions; f10.=0.0 (o), 0.5 (a) 1.0 (e). The bare SiP (R = 5 um)
mounted on triangular-shaped cantilever was used as a probe.
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Figure 2-3. Plots of equilibrium thickness L, and swelling ratio L¢/L4 -1 of the PS brush (Sample
1) in toluene/2-propanol-mixed solvents. The gray curve is the result fitted with sigmoid function.

froL = 1 (pure toluene), 0.5, and 0 (pure 2-propanol). It should be noted that the horizontal axis in
this figure was corrected to the true distance D between the surfaces of the base substrate and the
probe sphere, thus corresponding to the thickness of the PS-brush layer if F, is detected. In toluene
(at froL = 1.0), the equilibrium thickness L., defined as the maximum distance with F, detectable,
reached 80% of the L. . This force curve indicates not only high stretching of chains but also strong
resistance against compression as F, steeply increases. This is one of the most important properties
of CPB in good solvents. Figure 2-2 suggests that with decreasing fro_ and hence decreasing the
solvent quality, the PS brush increasingly shrank. Details are shown in Figure 2-3 as plots of L. and
Le/Lg - 1 as a function of fro., where the value of L¢/Ly - 1 gives the volume fraction of solvent
absorbed in the polymer-brush layer. When fro. > 0.8, the solvent quality was sufficiently good to
promote high extension of the chains of the polymer brushes. When fro, < 0.2, the PS brush swelled
very little. In between these two limits, the degree of swelling gradually decreased with decreasing

froL. This dependency can be rationalized by taking account of mixing and conformational
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entropies; the former causes brush swelling by osmotic pressure and the latter is responsible for the
elastic stress. These two forces are balanced in equilibrium of swelling. The saturated degree of
swelling can presumably be attributed to an rapid increase in conformational entropy (and hence
extension stress) when the graft chain extends to almost full length.
2-3-2. Frictional Property and Mechanism in Mixed Solvents

Figures 2-4a and 2-4b show the Fs and p values of the CPBs of PS against Fy at v = 10 um/s in
solvents with fro_ = 1.0 and 0.4, respectively. At fro. = 1.0 (Figure 2-4a), F is almost proportional
to F,, giving an almost constant value of p = 2x10™, close to the value previously reported for the
CPBs of PMMA.® At froL = 0.4 (Figure 2-4b), the Fs linearly but not proportionally increased and
hence the p value gradually decreased with increasing F,. As previously indicated,*’ one of reasons
for this is an adhesion force acting as an additional normal force; friction is caused by this adhesion
force even when the applied normal force is zero. As plotted by open symbols in Figure 2-4b, an
almost constant p value was obtained in this friction study when the sum of the applied force and the

adhesion force was used as F, to calculate the p value. In the following section, the author will
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Figure 2-4. Plots of frictional force Fs and frictional coefficient u ( = F¢/F,) vs normal force F,
measured at a shear velocity v of 7 um/s between the PS brushes (samples 2 and 3 against
PS-brush modified particle) in solvents with (a) fro. = 1.0 and (b) froL = 0.4. In Figure 2-4 (b),
the frictional coefficient corrected with adhesion force as pu =Fs /(F, +adhesion force in Figure
2-6) is also plotted (o). The friction force curve method (see experimental section) with
PS-grafted SiP mounted on a rectangular-shaped cantilever was used to measure Fe.
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Figure 2-5. Plot of frictional coefficient 1 vs shear velocity v between the PS brushes (sample 2
and 3 against PS-brush modified particle) measured in toluene/2-propanol-mixed solvents at F, =
20 nN; fro. = 1.0 (e), 0.7 (#), 0.6 (¥), 0.5(a), 0.4 (m), 0.3 (<), 0.2 (»), 0.0 (x) for the force curve
method, and 0.3 (<), 0.2 (>), 0.1 (¢), 0.0 (%) for the frictional-loop method (see experimental
section). The PS-grafted SiP mounted on a rectangular-shaped cantilever was used as a probe.

estimate the p value by correcting the adhesion force.

Figure 2-5 shows the plot of p vs v in solvents with different values of froL. Under
good-solvent conditions, i.e., at fro. = 1.0 and 0.7, p increased with increasing v at high regions of v,
seemingly giving a constant slope in the logarithmic plot. In lower regions of v, the slope decreased
with decreasing v. It is quite interesting that the observed p value and its corresponding v are very
similar to the results obtained previously for the CPB of PMMA with similar ¢* and M,. Excellent
lubrication common to the CPB (regardless of the kind of polymer chain) under good-solvent
conditions is well understood by non-interpenetrating interactions as detailed in previous
publication.” With decreasing fro. and hence decreasing the solvent quality, [t increased in almost
all the v regions. It is known that the force-curve method might not be able to adequately measure
the friction force because the strong adhesion force may cause the probe sticking to a friction surface
to prevent shear, especially under poor solvent conditions. Therefore, the author also measured the

friction force by the friction-loop method with longer shear length (5 pum). Comparing p data in
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Figure 2-6. Plots of adhesion force between the PS brushes (samples 2 and 3 against PS-brush
modified particle) as a function of (a) solvent composition fro_ and (b) shear velocity v in
toluene/2-propanol-mixed solvents; (a) v = 1000 (o), 320 (»), 100 (<), 32 (»), 10 (©) 0 () um/s,
and (b) f10.=0.6(v), 0.4(m), 0.3(v), 0.2(0). The PS-grafted SiP mounted on a rectangular-shaped
cantilever was used as a probe.

Figure 2-5, both of these two methods work well to evaluate the friction force correctly with little
differences in results. Interestingly, the data can be categorized into two regimes as a function of
froL and v. One is the v-dependent regime with almost the same slope, and the other has less
dependence. The lubrication mechanism for these two regimes can be discussed in terms of the
boundary and hydrodynamic lubrications, which were previously proposed for the CPB of PMMA in
a good solvent. For the detailed discussion, the author measured the adhesion force as a function of

froL and v to take account of attractive interaction between the polymer brushes (see Figure 2-6).
2-3-2-1. Boundary Lubrication

Here, the author describe the boundary lubrication regime, in which the load is carried by the
physical or chemical properties of confronted surfaces including asperities or adhesiveness rather
than those of the lubricant.’® The previous study on the PMMA brushes in toluene revealed that the
degree of interpenetration between graft polymer chains impacts upon the friction;> the CPB was
demonstrated to have an extremely low value of p for any applied loads at a low v because the

interpenetration was drastically suppressed due to the entropic effect of highly extended polymer
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chains. The weak v-dependency was previously reported for a system in which the polymer brushes
interpenetrate at a faster rate than the applied shear velocity.*® In this study, a regime with p on the
order of 10™ and a weak v-dependency was also observed at a low v regions between the CPBs of
PS under good-solvent conditions, i.e., at fro. = 1.0 and 0.7, where the brush had a highly stretched
conformation ~80% of the L., (as mentioned above) and little adhesion force (see the data plotted
by closed symbols in Figure 2-6a).

In addition to these cases, a weak v-dependency was also observed in solvents with fro_ lower
than 0.2 (Figure 2-5). The PS-brush layer is in a glassy state and can no longer function as an
effective lubricant layer. The small v-dependency of p may be understood by considering Amonton’s
law, in which the kinetic frictional force between solid surfaces bears no relation to the shear
velocity.® Figure 2-3 suggests that under these conditions, the PS brush is less swollen, giving a
value of L¢/Lg - 1 (the solvent fraction in the brush) less than 0.1 at fro_ = 0.2 and almost zero at fro.
= 0 (pure 2-propanol, non-solvent). The presence of solvent somehow decreases the glass transition
temperature Ty of the polymer due to the reduced barriers for the rotational and transitional motions
of chain segments as the described by the following equation,

1Ty = Wy/Tgy + Wyl T, (2-4)
where W is the weight fraction and the subscripts 1 and 2 refer to the polymer and the diluent,
respectively.”* Using the T, data of PS (T;) as 100 °C *° and 2-propanol (Tg,) as -152 °C,* the T, of
the swollen PS brush layer for W, = 0.9 and hence W, = 0.1 (at fro. = 0.2) was estimated to be about
30 °C, which is approximately the room temperature at which the friction measurements were
conducted. This glassy-state brush layer under poor solvent conditions with fro_ lower than 0.2
should result in a loss in lubricant efficiency.

Figure 2-6a suggests that the adhesion force remained at ~0 nN for froL > 0.7 and then

increased with decreasing froL, reaching a maximum and suddenly decreasing at a critical value
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froLc. The sudden decrease in adhesion force can be attributed to asperities, i.e., decreasing area of
contact due to the glass transition of the polymer-brush layer. Interestingly, the adhesion force
followed the same fro. dependency up to its maximum at fro_ ¢ independent of v (with and without
shearing), while the fto, . decreased with increasing v. Of course, the glass transition should be
time-dependent. This is consistent from the data obtained at fto. = 0.3 as shown in Figure 2-6b; the
adhesion force drastically falls at v = 200 um/s. This is reflected in the data at fro. = 0.3 in Figure
2-5, where the p value increased with increasing v, approaching an almost constant value beyond v
=100 um/s.
2-3-2-2. Hydrodynamic Lubrication

The author now discusses hydrodynamic lubrication, in which the friction force is determined
by the viscosity of solvent rather than the interactions between surfaces. From the viscosity law, the
frictional force in hydrodynamic lubrication can be formulated as follows.?

H=p-v" (2-5)
where « is the parameter representing the shear-flow distribution in a lubricating layer and £ is a
function of viscosity and the effective thickness of the lubricating layer. This lubrication mechanism
is expected to come into play when the shear velocity exceeds a certain value and the friction caused
by boundary lubrication is relatively small. The o parameter is unity for Newtonian fluids but

2 in which the

usually much smaller for polymer solutions behaving as non-Newtonian fluids,
entanglement of polymer chains hinders uniform shear-flow distribution of solvent molecules. The
data in Figure 2-5 except for those in the above-mentioned regime of boundary lubrication behaved
in accordance with Equation (2-5). It is notable that the data at different fro, values ranging from
1.0 to 0.3 can be well fitted by a line with almost the same slope in the double logarithmic plot. An

almost constant o value of ca. 0.7 is obtained, even though the degree of swelling changes

significantly as shown in Figure 2-3. Another interesting point is that in those cases, the adhesion
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Figure 2-7. Plot of frictional coefficient p reduced by shear velocity v with parameter « as a
function of degree of swelling L¢/Lg4-1 for the data in the regime corresponding to hydrodynamic
lubrication.

force was detected as shown in Figure 2-6, indicating that the friction caused by this adhesive
interaction should be low enough to achieve hydrodynamic lubrication.

The S parameter, corresponding to intercept of the graph in Figure 2-5, increased with
decreasing froL, as the above-mentioned fitted line shifted to higher values. This can be explained
by decreasing degree of swelling. In Figure 2-7, the 1 values scaled by v™ (a = 0.7) were replotted in
the double logarithmic scale against L¢/Lq-1 as a measure of the degree of swelling. This showed a
good linearity, indicating that the g (= i - v™) parameter was scaled by the degree of swelling, which
should result in increasing viscosity in the brush and its thickness. Further investigations are
underway to fully characterize this relationship.

Three types of lubricating layers can be proposed for hydrodynamic lubrication; (a) a
pure-solvent layer usually assumed for a system between solid surfaces under high shear conditions,
(b) the swollen brush or its outermost part with a certain depth from the surface, and (c) their mixing.
As shown in Figure 2-6b, a certain amount of adhesion force was observed between the PS-brush

surfaces under reciprocal motion. One may suppose that the interaction around the turning points of
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the reciprocating motion is the origin of this adhesion. However, this possibility was ruled out by the
measurement of frictional loop, which detailed no enhanced interaction around these points. Thus,
the confronted polymer-brush layers interacted with each other even in the regime of hydrodynamic
lubrication. In addition to this consideration, the a value was close to unity when compared with the
systems containing polymer solutions. This indicates that the hydrodynamically lubricating layer
composed by the CPB caused less hindrance to the shear flow of solvent infiltrating into the brush
layer. This might be the characteristic features of the lubrication mechanism of the CPB in addition
to the ultra-low frictional property. These considerations suggest another method of possible
lubrication whereby a pure-solvent layer might be produced between two brush surfaces at much

higher shear velocity.

2-4. Conclusions

The friction/lubrication properties of the CPBs of PS in toluene/2-propanol-mixed solvents
have been studied using an AFM-colloidal-probe technique. The PS brushes prepared in this study
via surface-initiated ATRP were reasonably categorized in the CPB regime, on the basis that the graft
density was sufficiently higher than the critical value for the CPB and that the graft chains were
highly stretched to almost 80% of the contour length in a good solvent (pure toluene). The degree of
swelling of the brush was successfully controlled by varying the solvent composition of
toluene/2-propanol mixture.

The p data as a function of shear velocity and solvent composition (and hence degree of
swelling) was divided into two regimes corresponding to different lubrication mechanisms. One is
boundary lubrication, in which the chemical or physical property of the outermost surface
determines the frictional force. At low shear velocity in toluene-rich solvents, the boundary

lubrication mechanism afforded p values that are less dependent on shear velocity and are
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exceptionally small (on the order of 10™), similar to the previous studies of the CPB of PMMA in
toluene. This had been ascribed to effective suppression of interpenetration between polymer brushes.
Boundary lubrication was also observed in 2-propanol-rich solvents, where the PS-brush layer was
in a glassy state with p on the order of 0.1 independent of shear velocity.

The second mechanism is hydrodynamic lubrication, in which the viscosity resistance owing to
the solvent-swollen polymer brush dominates the friction. This was observed in a wide range of
solvent compositions except for those in the glassy state. The data in this regime can be described by
the relationship p = 8 - v”. An almost constant value of o = 0.7 was obtained and $ depended on the
solvent composition and was scaled by the degree of swelling. The measurement of the adhesion
force revealed that the confronted polymer brushes interacted with each other in this regime, which
is different from the usual hydrodynamic lubrication forming a pure-solvent layer. The CPB in
solvents would be an efficient lubricating layer presumably because of its high osmotic pressure.
This work allows for the design of friction/lubrication-controlled materials by taking advantage of

novel properties of the CPBs.
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Chapter 3

Lubrication Mechanism of Concentrated Polymer Brushes in Solvents: Effect of Solvent

Viscosity

3-1. Introduction

The suppression of interpenetration and hence the decrease of friction in the boundary
lubrication regime manifested the other mechanism of lubrication even at high loads, that is
hydrodynamic lubrication. In this regime, the viscosity resistance between and/or in the
solvent-swollen polymer brushes dominates the friction, giving v-dependency on . In Chapter 2, the
author studied the CPB of PS in a mixture of good/non solvents in which the solvent quality was
controlled. It was demonstrated that under the hydrodynamic lubrication regime, the confronted
polymer brushes still had some interaction and that the frictional property could be scaled by the
degree of swelling. This is a new mechanism characteristic to the CPB, in contrast to the usual
hydrodynamic lubrication forming a pure-solvent layer. It may be expected that the hydrodynamic
lubrication will be affected by viscosity and brush height concurrently. In order to test this
assumption and also to clarify the mechanism of hydrodynamic lubrication for the CPB, the author
will investigate the frictional property of the CPB of PMMA in ionic liquids (ILs) which have higher
viscosities than typical organic solvents such as toluene.

Recently, ILs have attracted much attention as green solvents because of their characteristic
properties such as nonvolatility, noncombustibility, wide solvent-temperature ranges, and
electrochemical stability." ILs can dissolve various kinds of chemical additives, including some
polymers, by suitably designing the molecular structure of anionic and cationic species.? ILs usually

have higher viscosities than general organic solvents of equivalent molecular weight because of
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enhanced intermolecular interaction.® It has been reported that some organic solvents affect the
clustering of IL molecules, so much so that a dramatic decreasing in the viscosity can be observed by
the addition of a small amount of the solvent.* In recent years, efforts have been made to employ ILs
as lubricants especially at a high temperatures and/or under vacuum.® Under these conditions, the
evaporation of organic solvents is problematic.

Figure 3-1 shows the chemical structures of  the ILs studied,
N,N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium bis(trifluoromethanesulfonyl)imide
(DEME-TFSI) and 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide (EMI-TFSI).
The author discusses their ability to solubilize the CPB of PMMA and also investigates the

relationship between solvent viscosity and frictional data in hydrodynamic lubrication.
/ N :
0 )
"N(CF3S0,),
"N(CF3S0,),

DEME-TFSI EMI-TESI

Figure 3-1. Chemical structures of DEME-TFSI and EMI-TFSI.

3-2. Experimental Section
3-2-1. Materials

Methyl methacrylate (MMA, 99% , Nacalai Tesque, Japan) was passed through a column of
basic alumina to remove inhibitors. Cu(l)Cl (99.9%, Wako Pure Chemical, Japan), ethyl
2-bromoisobutylate (EBIB, 99%, Wako), 4,4’-dinonyl-2,2’-bipyridine (dNbipy, 97%, Sigma-Aldrich

Co., USA), and hexamethyldisilazane (HMDS, Tokyo Chemical Industry Co., Ltd., Japan) were used
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as received. (2-Bromo-2-methyl) propionyloxyhexyltriethoxysilane (BHE) was prepared as
previously reported.® All other reagents were used as received from commercial sources.

A silicon wafer (Ferrotec Corp., Japan, one side chemical/mechanical polished, a thickness of
525 um) was cleaned by ultrasonication in CHCI; for 15 min and ultraviolet (UV) / ozone treatment
for 10 min before fixation of BHE. A silica particle (SiP, HIPRESICA SP, diameter 10 um,) was
obtained from Ube Nitto Kasei Co., Ltd., and was used as a probe for the AFM measurement.
3-2-2. Synthesis of Concentrated PMMA Brushes via Surface-Initiated ATRP

Well-defined CPBs of PMMA were prepared by surface-initiated atom transfer radical
polymerization (SI-ATRP), as previously reported. Briefly, a silicon wafer was immersed in an
ethanol solution of BHE (1 wt%) and 28%-aqueous NH; (5 wt%) for 12 h at room temperature and
washed with ethanol. Thus obtained, BHE-immobilized silicon wafer was immersed in a degassed
MMA (in bulk) containing EBIB (3 mM), Cu(l)CI (16 mM), and dNbipy (37 mM), sealed under an
argon atmosphere in a Schlenk flask, and heated at 70°C for 2 h. EBIB was added as a free initiator
not only to control the polymerization but also to yield free polymers which is a good measure of the
molecular weights of graft polymers (see section 2-2-2). After polymerization, the solution was
subjected to gel permeation chromatographic (GPC) measurements to determine the molecular
weights of free polymer and monomer conversions. The PMMA grafted silicon wafer was copiously
rinsed and then washed by ultrasonication in CHCI; to remove physisorbed free polymers and

impurities. The thickness of PMMA-brush layer was determined using a spectroscopic ellipsometer

Table 3-1. Molecular Characteristics of PMMA-Brush Samples

Substrate Mn M,/M, Lg/nm o /chains nm?
Wafer 57,000 1.24 41 0.52
Probe 49,000 1.21 - -
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(M-2000U, J. A. Woolam, Lincoln, NE). For the synthesis of the CPB of PMMA on a SiP, the same
procedure followed except that the SiP concentration maintained at ~0.5 wt% for all steps. Table 3-1
lists the characteristics of the CPBs of PMMA studied in this paper. The number-average molecular
weight, My, and the polydispersity index, M,/M,, are those of the free polymer analyzed by GPC
calibrated with PMMA standards. The graft density ¢ was calculated from M, Lq, the bulk density of
a PMMA film p (= 1.19 g/cm®),” and Avogadro constant N, using ¢ = pLgNa/Mh.

3-2-3. Hydrophobic Treatment of Silicon Wafer and SiP

Hydrophobic treatment of a silicon wafer was performed according to the method of Chen et
al.? a silicon wafer was immersed in a mixture of HMDS (10 wt%) and toluene (90 wt%), heated at
110°C for 5 h, and then rinsed with chloroform. The same treatment was applied to a SiP with a
concentration as low as ~0.3 wt%. After the treatment, the modified SiP was repeatedly washed with
chloroform and stored in it prior to use.
3-2-4.AFM Force Measurements

Normal and frictional forces were measured by an atomic force microscope (AFM) (JPK
Instruments Inc., Germany, NanoWizard) equipped with a rectangular-shaped cantilever (Olympus
Optical Co., Ltd., Japan, OMCL-RC800, vertical spring constant, k, = 0.1 N/m). A brush-modified or
hydrophobized SiP was attached on the cantilever with a two-component epoxy resin adhesive. The
detailed procedures are given in section 2-2-3.
3-2-5. Viscosities of ILs

The viscosities of DEME-TFSI and EMI-TFSI (Table 3-2) were determined with a rheometer
(Malvern Instruments., UK, CVOR 150) equipped with a temperature control unit (Malvern

Instruments, Melts Oven) and a cone/plate geometry with a diameter of 25 mm.
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Table 3-2. Viscosities of DEME-TFSI, EMI-TFSI and Toluene

Solvent Viscosity at 30 °C / mPa-s  Viscosity at 58 °C / mPa-s
DEME-TFSI 40 20
EMI-TFSI 14 9
Toluene 0.6 (room temperature) @ -

(a) The data was reprocessed from reference 12.

3-3. Results and discussion

The AFM measurement of the equilibrium thicknesses L. revealed that ILs could swell the CPB
of PMMA to similar levels as when toluene is employed. The L¢/L.,, value reached about 60% =+
10% in all cases, where L., is the contour chain length calculated from the M,, value. This value is
slightly lower than a previously reported value (ca. 80%); the reason for this discrepancy is unclear.
However, the value obtained was considered to be high enough to conclude that the studied ILs are
solvents of similar quality to toluene from the viewpoint of the similarity in their values for all the

systems. Sufficiently good solvent-quality was also confirmed by Figure 3-2, which shows the

Adhesion Force / nN
o =
(@) o

o
o

T — ,—I—,

TOLUENE DEME-TESI TeLUENE DEME-TFSI EMI-TI?I
Si Wafer PMMABrush

Figure 3-2. Adhesion forces observed by AFM in the retracting mode between
hydrophobized silica surfaces and between PMMA-brush surfaces in ILs and toluene.
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adhesion forces between the studied lubricating surfaces estimated from the retracting force profile
in the AFM measurement. The CPB-modified surface gave little adhesion in all the solvents. In
contrast adhesion forces of 0.2 - 1.0 nN were detected between the hydrophobized silica surfaces
(unmodified with the CPB) in DEME-TFSI and toluene. The very low adhesion indicates that these
solvents including the ILs are good enough to suppress the attractive interaction between polymer
segments and that the graft density is high enough to effectively reduce the interpenetration between
brushes, as was previously observed for SDPBs. Any adhesive interaction will, of course, increase
friction to destroy the hydrodynamic lubrication layer and enter the boundary lubrication regime.
Figures 3-3 and 3-4 illustrate the results of the properties of friction/lubrication in these three
solvents. For the silica surfaces without brushes, u increased with increasing F,, approaching almost
constant value of ca. 0.2 in ILs and in toluene. It was assumed that at a low F,, a lubricating layer of
a solvent as a fluid was formed. This can be rationalized by the fact the u value at a lower F, (= 2

nN) is dependent on v (as shown by the square symbol in Figure 3-4a). Unfortunately, this

Y’

T

B

OI
N
[ )

Frictional Coefficient
S

0 10 20 30
Normal Force, Fn / nN

Figure 3-3. Plot of frictional coefficient p vs normal force F,, measured at a shear velocity v of 6
pum/s between hydrophobized silica (without brush) surfaces in DEME-TFSI (o) and toluene (o)
and between PMMA-brush surfaces in DEME-TFSI (m), EMI-TFSI (a) and toluene (e).

48



Frictional Coefficient, 4 Frictional Coefficient, 4 Frictional Coefficient, u

10

=
o

10

=
o

10

10
Shear Velocity, v/pm s™

10

=
o

H
ol

=
o

Shear Velocity, v/pm s™

0 A PMMA brush 30°C
10 (C) PMMA brush 66 °C |
10-1 i A:
F=20nN 4 -7-°
107} . :C‘. g
P Fn=40 nN
10° &

3| F=2nN @

4] . @-

ol (@) OO without brush |

Fn: 20 nN e PMMA brush

1l o 0—0—0—0—Fr
- ,D' -

-

5 o
o o

2

./

. -0 ‘
2 O o

0

100 10°

10

0 (b) 0 Without brush 30°C |

®  PMMA brush 30 °C

PMMA brush 66 °C
e T e B e N
F=20nN 7.
2| F =20 nl\j-: : .
.~ . F =40nN
- l <

_3 | -

10° 100 10"
Shear Velocity,v/um s

Effect of Solvent Viscosity

Figure 3-4.Plots of frictional coefficient p vs shear velocity v in (a) toluene, (b) DEME-TFSI,

and (c) EMI-TFSI.
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lubricating layer was not maintained up to high F, values because of high adhesive interactions. This
breakdown caused the system shift to boundary lubrication. This regime of lubrication was
characterized by F; being approximately proportional to F, and thus an almost constant value of
(Amonton-Coulmb’s law®) independent of v. Interestingly, an approximately same p value was
obtained both in toluene and DEME-TFSI, regardless of the differences in viscosity. This is due to
the fact that the system is in the regime of boundary lubrication.

The addition of the CPB greatly improved the lubrication. As discussed in Chapter 2, the CPB
of PMMA showed a compression-independent super lubrication, which was described by two
lubrication mechanisms: boundary lubrication giving pt values on the order of 10 (observed in a
lower-v region) and hydrodynamic lubrication having v-dependent p values.

The CPB of PMMA lowered the frictional properties even in ILs. As observed in the system
without brushes, the u value increased with increasing Fy,, approaching a constant value. This may
imply the formation of a solvent-lubricating layer between the two CPB-modified surfaces at a lower
Fn region. However, it is difficult to unequivocally confirm this conclusion with the present data. As
an almost-saturated and representative value, the p data at 20 nN for 30 °C and 40 nN for 58 °C
(measured at two different temperatures) are plotted in Figure 3-4. The v-dependency of p indicates
the hydrodynamic lubrication regime, while no evidence for the boundary lubrication was obtained.
The suppression of attractive interactions effectively lowers the friction in the boundary lubrication,
to the same levels of W as in toluene, and thus allows hydrodynamic lubrication to dominate.

The temperature had a slight impact on the frictional property in the two ILs. It should be noted
that approximately the same slope of the line in Figure 3-4 was obtained under all conditions, even
though the p value of the ILs was about 100 times greater than that in toluene. Here, the author
discusses the relationship between p vs v in hydrodynamic lubrication according to Equation (2-5).

The slope of the line in Figure 3-4 corresponds to a ~ 1 for all the systems, suggesting that the
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Figure 3-5. Plot of frictional coefficient normalized with shear velocity, g = pv™, vs bulk solvent
viscosity, #o. in toluene at 30 °C (o), DEME-TFSI at 30 °C (m) and 58 °C (a), and EMI-TFSI at
30°C (m) and 58 °C (a).

solvent-swollen CPB behaves like a Newtonian fluid, by contrast the concentrated polymer solution
exhibits non-Newtonian behavior due to the entanglement of polymer chains. This can be possibly
attributed to the fact that in the CPB layer, the graft-polymer chains are highly stretched and hence
reduce in chain entanglement. The parameter of 4 in Equation (2-5) can be defined as follows.°

B =nlh (3-1)
where # and h are the viscosity and the effective thickness, respectively, of a lubricating layer. Figure
3-5 plots g = p-v™ (with a = 1 as discussed above) as a function of viscosity of solvent in bulk #,.
The parameter f can be interpreted as the local viscosity in a solvent-swollen brush layer because of
the similar degree of swelling at each solvent condition. Good correlation was obtained between g
and 7o; the slope of the line in Figure 3-5 was almost unity. This implies that the local viscosity of
the brush layer is linearly related to the solvent viscosity. The viscosity of a liquid can be determined
by the size of the molecules and the intermolecular interactions (leading to clustering of molecules in
some cases). In a polymer solution especially of a dilute concentration, the viscosity is proportional

to the solvent viscosity,™* unless a polymer segment affects the intermolecular interaction. From this
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point of view, the observed proportionality is a special case, presumably due to the solvent-swollen
CPB possessing a highly stretched-chain conformation. The above-mentioned data do not show
clustering to have a significant effect. The formation of a lubricating layer in concert with the
solvent-swollen CPB layer in the IL system can be readily explained in terms of the hydrodynamic

lubrication mechanism.

3-4. Conclusions

The AFM-microtribologic technique was used to investigate the frictional properties of PMMA
CPBs in highly viscous ILs (DEME-TFSI and EMI-TFST) and toluene, which are all good solvents
for PMMA. In the ILs, little adhesive interaction between the brush surfaces was observed, which
caused a dramatic decrease in the frictional coefficient p in the boundary lubrication regime to
values on the order of 10, as was the case in toluene. This decrease allowed the hydrodynamic
lubrication mechanism to dominate. In this regime, the v-dependence of p followed power-law
scaling with an « value close to unity. It was suggested that the thus produced lubricating layers
should have similar thicknesses in toluene as well as ILs and that the frictional property could be
simply related to the solvent viscosity. These friction/lubrication properties can be attributed to the
unique features of the CPBs in a good solvent: the polymer chains are highly stretched due to high
osmotic pressure. The author has suggested that the local viscosity of the lubricating layer on or in
the brushes is proportional to that of the solvent in bulk. Finally, the author concludes that the
addition of the CPB layer improved the friction even in ILs, where the hydrodynamically lubricating
layer was successfully produced and maintained under all the conditions studied. The combination of
ILs and CPB may lead to the development of a novel route toward the control of lubrication in

practical applications.
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Chapter4

Super Lubrication and its Mechanism between Immiscible Concentrated Polymer Brushes

in Good Solvent

4-1. Introduction

In Chapter 2, the author found out the boundary and hydrodynamic lubrication features in the
friction of CPBs. The friction force in hydrodynamic lubrication is determined by the effective
viscosity and thickness of lubricating layer. The author revealed that the friction force of CPBs in
hydrodynamic lubrication state was scaled with the degree of swelling (Chapter 2) and viscosity of
swelling solvents of brush layer (Chapter 3). Meanwhile, the boundary lubrication is the lubrication
state in which the interaction between confronted friction surfaces determines the friction force. The
strong resistance of brush layer against mixing drastically reduces the friction force in boundary
lubrication. The boundary and hydrodynamic lubrication features can be distinguished from the
v-dependence on friction force; the friction force in hydrodynamic lubrication depends
logarithmically on the shear velocity obeying the definition of viscosity, while the shear velocity has
a less significant effect on the friction force in boundary lubrication.

As mentioned above, CPBs successfully achieved super lubrication by restriction of
interpenetration of graft polymer chains. The friction mechanism of super lubrication of CPB would
be classified into boundary lubrication in the view point of graft chains related surface interaction.
However, the polymer brush surface interaction is still not clearly evaluated and the relevance with
frictional property of polymer brushes remains undetermined. Actually, the graft polymer chains of
CPBs have certain chain length distributions that would allow a little interpenetration of polymer
chains at free ends. This small interpenetration would be inevitable even if the CPBs are fabricated
through ideal LRP process.” It can be considered that small quantity of contamination at free ends of

graft chain determines the value of p of 10™ order of super lubrication of CPB. Further reduction of
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frictional coefficient, especially in boundary lubrication state, is expected by restricting the
contamination more efficiently.

Introduction of repulsive interaction on graft polymer chains is an approach to suppress the
contamination. Using CPBs of dissimilar polymers would be one way to enhance the repulsive effect.
As it is known well, dissimilar polymers are often immiscible because the mixing entropy of
dissimilar polymer is quite lower than low molecular weight solvent.? Such an immiscible character
would inhibit undesired interpenetration for lubricating polymeric materials to improve their
frictional property, but that have not previously investigated so far. In this study, the frictional
property between CPBs of dissimilar polymers (PMMA and PS) was studied and compared to that of
similar CPBs and SDPBs. The interaction between approached brush layers was also simulated with
self-consistent field (SCF) calculation based on dynamic mean-field approximation to reveal the
appearance of polymer chains interpenetration. The author will discuss the boundary lubrication

feature of the friction of CPBs in the relevance of graft chains interpenetration.

4-2. Experimental Section
4-2-1. Materials
Silicon wafer (Ferrotec Corp., Japan, thickness 0.5 mm) was used as substrates for polymer

brush surfaces. Silica particle (SiP, HIPRESICA SP, diameter 10 um) obtained from Ube Nitto Kasei
Co., Ltd., was used as prove of AFM for friction measurement. CPBs of PMMA and PS were
fabricated on the surfaces of silicon wafer and SiP by surface-initiated ATRP, as described in Chapter
2 and Chapter 3. The characteristics of polymer brushes used in this study were summarized in Table
4-1. Toluene (Wako Pure Chemicals., 99%, spectroscopic grade) was used as solvent for friction
measurement.
4-2-2. AFM Measurements

Normal and friction forces were measured by an atomic force microscope (AFM) (JPK

Instruments Inc., Germany, NanoWizard) equipped with a rectangular-shaped cantilever (Olympus

56



Super Lubrication between Immiscible CPBs

Table. 4-1 Molecular Characteristics PMMA and PS Brush Samples

Brush Samples M, My/M, Lg/nm ¢/chains nm? o¢*
CPB of PMMA Wafer 1 57,000 1.24 39 0.49 0.27
Wafer2® 60,000  1.18 44 0.53 0.29

Probe 1 49,000 1.21 - - -
CPB of PS Wafer 1 38,000  1.19 32 0.53 0.35
Wafer 2® 38000  1.19 26 0.44 0.29

Probe 1 33,000 1.17 - - -
SDPB of PMMA Wafer® 50,000  1.13 2 0.03 0.02

Probe 1© 50,000 1.13 - - -

(a) The data were reprocessed from Chapter 3. (b) The data were reprocessed from Chapter 2. (c)
The data were reprocessed from reference 5.

Optical Co., Ltd., Japan, OMCL-RCB800, vertical spring constant, k, = 0.1 N/m). A brush-modified or
hydrophobized SiP was attached on the cantilever with two-component epoxy resin adhesive. The
detailed procedures are given in section 2-2-3.

4-2-3. SCF Calculation.

The “Simulation Utilities for Soft and Hard Interfaces (SUSHI)” in the OCTA system was used
for the prediction of compositions of graft chains on confronted surfaces.®> SUSHI is a simulator for
polymeric materials on mesoscopic scale with SCF calculation based on dynamic mean-field
approximation. The calculations were performed on three models ((i) similar SDPBs, (ii) similar
CPBs, and (iii) dissimilar CPBs) in one dimensional simulation box with the length of L. Polymer A
and polymer B were grafted at one chain ends on opposing two ends of the simulation box. The
segment number N of each polymers was 100 (Na = Ng = 100). The polymer grafted surfaces were
soaked in solvent C with polymer volume fractions of g and ¢g. The volume fractions were fixed as
oa = @ = 0.006 for SDPBs ((i)) and ¢a = @g = 0.4 for CPBs ((ii) and (iii)). The thermodynamic
interaction parameter y between the segments of polymers and solvent were zero (yac = xsc = 0).
The similarity of polymers was introduced in the thermodynamic parameter y between the polymers

(xas = 0 for the calculation models of (i) and (ii), yag = 0.4 for (iii)).
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4-3. Results and Discussion

The normal load dependence on frictional p of confronted CPBs of PMMA-PMMA, PS-PS,
and PMMA-PS were plotted in Figure 4-1. Toluene was used as solvent for swelling the brush layers,
as it was adequately good solvent for both polymer brushes. The p of SDPBs of PMMA plotted also
in Figure 4-1 (open triangle) shows clear frictional transition around F, =5 nN and reached almost
constant value of p on the order of 10™. SDPB having lower graft density (typically less than 0.1
chains/nm?) shows so small osmotic pressure that the brush layer is easy to be compressed against
normal load.* The frictional transition of SDPBs was previously ascribed to the interpenetration of
the brushes beyond a critical normal load.> On the contrary, the p of CPBs never transferred to high
friction state and kept quite low p. This shows the development of ultra-low frictional property of
CPBs by restricting the interpenetration of the brushes. In the case of the friction of the CPBs of
PMMA-PS (closed gray circle), the p value was half value of the PMMA-PMMA (closed black

circle) and PS-PS (open circle) ones. This would insist that the friction of dissimilar CPBs also
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Figure 4-1. Plot of frictional coefficient p vs normal load F, at shear velocity v of 6 um/s for the
SDPBs of PMMA (~,Wafer 1/Probe 1, the data was reprocessed from the reference 5), CPBs of
PMMA (e ,Wafer 1/Probe 1) and PS (o,Wafer 1/Probe 1), and dissimilar CPBs of PMMA-PS
(e,CPB of PS Wafer 1/CPB of PMMA Probe 1).
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Figure 4-2. Plots of frictional coefficient p vs shear velocity v measured at a normal force of Fj,
20 nN. Between CPBs of PMMA; Wafer 1/Probe 1 (e) and Wafer 2/Probe 1 (m, the data were
reprocessed from Chapter 3). Between CPBs of PS; Wafer 1/Probe 1 (o) and Wafer 2/Probe 1 (v,
the data were reprocessed from Chapter 2). Between CPBs of PMMA and PS; CPB of PS Wafer
1/CPB of PMMA Probe 1 (e and A, different sets of data are presented). Between SDPBs of
PMMA; Wafer 1/Probe 1 (~, the data were reprocessed from reference 5). The Figure (b) shows
magnified drawing of the Figure (a).

develops ultra-low frictional property but the p is more efficiently reduced by inhibiting the graft

chain interpenetration in a more restrict way.

Figure 4-2 shows v-dependency on p at F, = 20 nN. The p values of SDPBs of PMMA showed
little v-dependency. This implies the friction of SDPBs is in boundary lubrication and suggests that
the interaction between the confronted brushes is too strong to achieve the hydrodynamic lubrication.
Meanwhile, the three friction surfaces of CPBs showed similar v dependence; the p value increased
along with v, but the v-dependence became smaller below around 30 pum/s of v. This shows the shift
of lubrication mechanisms of CPBs; their friction states in hydrodynamic lubrication at high v region
turn into boundary lubrication state when the v decreases, as previously noted in Chapter 2. The p of
CPBs and SDPBs shown in Figure 4-1 is in boundary lubrication state.

The friction shift of CPBs from hydrodynamic to boundary lubrication state can be

recognizable as graft chains interaction between confronted brush layers. The graft chains of

lubricating two brush layers in hydrodynamic lubrication state are difficult to interpenetrate each
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Figure 4-3. Typical retractive force curve profiles of SDPBs of PMMA (A, Wafer 1/Probe 1),
CPBs of PMMA (e, Wafer 1/Probe 1) and PS (o, Wafer 1/Probe 1), and dissimilar CPBs of
PMMA-PS (e, CPB of PS Wafer 1/CPB of PMMA Probe 1).

other when the v is high. The friction force is mainly produced from viscosity resistance of
lubricating brush layer at this friction state. Along with decreasing v, however, the graft chains
become easier to interpenetrate, producing resistance force to untangle the interpenetration of chains.
This makes the friction state at lower v region is in boundary lubrication state. Typical force curve
profiles in retractive mode of brushes were shown in Figure 4-3. While the SDPBs clearly showed
adhesion force around 1 nN during repelling the surfaces, the CPBs did not show any detectable
adhesion forces. The little adhesive interaction force should decrease the 1 determined by boundary
lubrication mechanism to develop ultra-low frictional property of CPBs. Of course, there would be
no direct correlation between adhesion force (vertical force) and friction force (lateral force).
Although, adhesion would be a good indicator of the friction force in boundary lubrication state, as
the both forces are related to confronted surface interaction.

It was hitherto explained that the confronted CPBs never interpenetrated each other at any
normal load. However, actual CPB samples have some concentration distributions depending on

graft density or chain length. It can be expected that this structural unevenness of brush layer of CPB
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allows a small portion of interpenetration at free ends of graft chains, which would determine the p
in boundary lubrication state. The author simulated the graft chains composition distribution of
confronted two brush surfaces with SUSHI, simulation utilities of SCF calculation based on dynamic
mean-field approximation.® In Figure 4-4, the volume fraction of graft polymers on two grafted
surfaces much close to each other were plotted against the separations. The schematic illustrations of
their graft chains on each surface were also depicted in Figure 4-4. The calculation model for SDPBs
(i) easily interpenetrated each other along with approaching the surfaces. It can be considered that
the interpenetration of SDPBs produced adhesive interaction force against repelling the surfaces (as
shown in Figure 4-3) and hence higher p value on the order of 10 in boundary lubrication. On the
contrary, the interpenetration was gratefully suppressed in the case of CPBs model (ii), however,
suggesting that the graft chains of CPBs are somewhat contaminating at free ends surfaces. This
results from non-uniform concentration distribution of graft chains. The highly extended polymer
structures of CPB are somewhat disrupted to allow the small interpenetration. The actual samples of
CPBs have some certain distribution of graft chain length, which would certainly spread the
interpenetrate region of graft chains, though not to extent to the SDPBs case. Either way, it can be
considered that the small portion of interpenetration determines the p of 10 order in boundary
lubrication state.

Introduction of thermodynamic interaction parameter (y) between confronted polymer segments
is a way to reduce the small interpenetration of CPBs. When the parameter yag = 0.4 was introduced
between segments of two graft polymer chains of CPBs, the interpenetration at free ends was
suppressed as shown in Figure 4-4 (iii). As it is known that phase separation of A-B block polymer is
occurred when the parameter of ygN is over 10.5,° the parameter of yag (Na + Ng) = 80 of (iii)
would be enough to segregate the graft polymers of A and B. As PMMA and PS are immiscible
polymers each other, the calculation model of (iii) is attributed to the confronted CPBs of PMMA-PS
case. The CPBs of PMMA-PS showed lower p value as half as that of the PS-PS and

PMMA-PMMA cases. Although these simulations do not give us quantitative evaluation of the

61



Chapter 4

e (i g
[0 o[ = |
S = 2
g S 3
n LL -
GJ q-)
£ E £
S 3 =
= S o
E S > {
Separation Separation Separation
LSyl | ol |
|\,/ \-\ﬁr\?:; IXI |
bAY| A
\ Y I !
e, I
i :
\’/f| {
| | (J 11
— — <
d d d

Figure 4-4. \olume fraction profiles of graft polymers represented against separations of the
grafted surfaces. The results for adequately approached surfaces of the simulated models for (i)
SDPBs (L = 12), (ii) similar CPBs (L = 80), and (iii) dissimilar CPBs (L = 80) were displayed in
upper stand. The schematic illustrations of graft polymer distributions were also depicted in lower
stand. The d in the illustrations denotes the region of interpenetrated graft chains within the brush

layers.

interpenetrations and hence the frictional force, the depicted illustrations from the calculation results
qualitatively explain well the friction behaviors of SDPBs and CPBs in boundary lubrication state.
Turning now to hydrodynamic lubrication at high shear rate region. As shown in Figure 4-2b,
the p of CPBs of PMMA-PS and PS-PS in hydrodynamic lubrication state (v > 50 um/s) were
reduced to one-third of that of the CPBs of PMMA-PMMA. The lower p value of CPBs of
PMMA-PS than that of PMMA-PMMA indicates that interaction between graft chains actually have
certain effect on hydrodynamic lubrication of CPBs, as the reduced interpenetration of graft chains
decreased the p in boundary lubrication state. The difference of CPBs of PS-PS and PMMA-PMMA
suggests that PMMA and PS brush chains differently affect their hydrodynamic lubrication layers, if
the thicknesses or graft chain lengths do not affect the interaction in measured range of this study.

Either way, they do not certainly tell us how the interaction affects the hydrodynamic lubrication
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layer. Further experiment is necessary to clarify the mechanism of hydrodynamic lubrication of
CPBs.
4-4. Conclusions

The frictional property and graft chains interactions of confronted CPBs were investigated.
Previous friction study of CPBs insisted that CPBs developed ultra-low p value on the order of 10™
order by inhibiting the graft chains interpenetration. In this study, however, it was revealed that
suppressed but small interpenetration of graft chains actually occurred to determine the low p value
of CPBs in boundary lubrication state. The introduction of thermodynamic interaction parameter was
a way to suppress the small interpenetration to decrease the 4, and it was confirmed in the friction of
CPBs of dissimilar polymers system (PMMA-PS) which lowered the p as half as the value of their
similar-polymer systems. It was also confirmed that dissimilar CPBs also reduced the p in
hydrodynamic lubrication, confirming that some interaction between graft polymer chains was

occuring to affect the hydrodynamic lubrication layer.
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Chapter 5

Controlled Synthesis of Hydrophilic Concentrated Polymer Brushes and Their

Friction/Lubrication Properties in Aqueous Solutions

5-1. Introduction

In Chapter 2 ~ 4, the lubrication mechanism of the CPBs was discussed. These mechanistic
studies will allow for the design of friction/lubrication-controlled materials, which is one of the most
promising applications. Another potential application of polymer brushes has been directed toward
bio-interfaces with the intent of tuning the interactions between solid surfaces and biological
materials." Recently, the hydrophilic CPBs of poly (2-hydroxyethyl methacrylate) (PHEMA), poly
(2-hydroxyethyl acrylate) (PHEA) and poly (poly(ethylene glycol)methylether methacrylate)
(PPEGMA) were prepared via surface-initiated ATRP and revealed to extremely suppress
non-specific adsorption of proteins (for the PHEMA brush) and thereby cell adhesion®. Such
bio-inertness was ascribed to the entropically driven size-exclusion effect specific to the structure of
the CPB, providing a new potential for biomaterials. In addition to bio-inertness, good lubricity is
also required for some biomaterial applications. The PHEMA brush was, therefore, investigated on
its friction property, unfortunately giving less improvement than expected as mentioned above. This
may be due to insufficient hydrophilicity of PHEMA.?

The surface modification by polyelectrolytes is known to be effective in improving the mater
lubrication thanks to charged groups. Raviv et al. obtained a pt value on the order of 10 in water
between anionic-polyelectrolyte brushes prepared by the grafting-to method;* electrostatic
interaction is responsible to such super lubrication, even though this brush can be regarded as a
SDPB from a relatively low graft density. Zwitterionic polymers including poly
(2-methacryloyloxyethyl phosphorylcholine) (PMPC) with good bio-compatibility® were also

end-grafted to tune the surface properties. Kobayashi et al. succeeded in densely grafting such
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polymers via surface-initiated ATRP® and reported frictional property (1 ~ 10™%) and wear resistance
better than the corresponding spin-coated film by a so-called tribometer with a stainless steel or glass
probe.” More recently, Chen et al. reported super lubrication in water between the brushes of
zwitterionic polymers (whose graft density was not reported) and ascribed it to the effective
formation of hydration sheet.?

To the best of our knowledge, it was still challenge to demonstrate super lubrication in water by
the concentrated-brush effects and clarify the mechanism of such water lubrication between the
CPBs of hydrophilic polymers. Among them, hydrophilic and neutral polymers with PEG side
chains exhibit hydration force and bio-compatibility depending on the number or the terminal
structure of PEG units,” which may also influence the frictional property. Thus, the CPBs of such
PEG-containing polymers would enable the author to make a systematic study on the friction and
biocompatibility in aqueous systems. An electrically neutral chain would be preferred in this study
because electrostatic interaction should be less important, manifesting the potential
concentrated-brush effects in an aqueous system. Additionally, their properties are expected to serve
even under a high salt-concentration condition, e.g., our body fluid containing about 1 wt% salt
electrolytes.

In this study, the author newly synthesized the CPBs of water-soluble polymers, poly
(2-hydroxyethyl  acrylate) (PHEA)  (PEG-unit number, n = 1) and poly
(poly(oxyethyleneglycol)methylether acrylate) (PPEGA) (n = 8.5) via photo-induced
organotellurium-mediated radical polymerization (TERP). TERP is known to have high tolerance to
functional groups, better controllability and applicability for acrylates.'® For such brush samples, the
author studied the frictional property in water media using an colloidal-probe technique on an AFM.
The lubrication mechanism of these brushes is discussed in the view point of boundary and

hydrodynamic lubrication described in Chapter 2 ~ 4.
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5-2. Experiment
5-2-1. Materials

2-Hydroxyethyl acrylate (HEA) (99%, Wako) was purified according to the literature.* Poly
(ethyleneglycol)methylether acrylate (PEGA) (Aldrich, M, ~ 454) was passed through a column of
basic alumina to remove inhibitors before use. Tellurium compounds, ethyl
2-methyl-2-(methyltellanyl)propanoate (EMA-TeMe) and dimethylditelluride ((TeMe),), were
prepared according to the method previously reported by Yamago et al.'®® All other reagents
including 2-iodo-2-methylpropanenitrile (CP-1, 99 %, Tokyo Chemical Industry Co., Ltd., Japan)
were used as received.

A silicon wafer (Ferrotec Corp., Japan, one side chemical/mechanical polished, 525 pm
thickness) was cleaned by ultrasonication in CHCI; for 15min and ultraviolet (UV) / ozone treatment
for 10min just before fixation of an initiator. A silica particle (SiP, HIPRECICA SP, radius R of 5
um) was received from Ube Nitto Kasei Co., Ltd., and was used as a probe of AFM.

5-2-2. Synthesis of IHE

As a fixable initiator for photo-induced TERP, an iodine-type surface initiator,
(2-iodo-2-methyl)propionyloxyhexyl triethoxysilane (IHE), was newly synthesized by the
halogen-exchange reaction from (2-bromo-2-methyl)propionyloxyhexyl triethoxysilane (BHE,
synthesized according to the literature?). BHE (4 g, 9.7 mmol) was added dropwise to a solution of
sodium iodine (7.3 g, 48 mmol) in dry acetone (70 ml) and magnetically stirred for 5 days at 50 °C.
The reactant was evaporated to dryness under reduced pressure. The residue was diluted with dry
CHCI3 (300 ml) and passed through a filter paper. The evaporation of CHCI; from the filtrate gave
IHE as a brown oil (2.5 g, 56 % yield); 'H NMR (CDCly): ¢ 0.64 (t, 2H, SiCH,), 1.23 (t, 9H,
CH3CH,0Si), 1.32-1.54 and 1.60-1.75 (br, 8H, CHy,), 2.08 (s, 6H, CCHj3), 3.81 (g, 6H, CH3CH,0Si),
4.15 (t, 2H, CH,0). Anal. Calcd for CigH3310sSi: C, 41.74; H, 7.22; 1, 27.56. Found: C, 41.05; H,
7.01; 1, 27.62.

5-2-3. Synthesis of Concentrated PHEA and PPEGA Brushes via Photo-induced TERP
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A silicon wafer was immersed in an ethanol solution of IHE (1 wt%) and 28%-aqueous NHs (5
wt%) for 12 h at room temperature in dark condition to immobilize the initiating groups and then
washed with ethanol. For the synthesis of PHEA brushes, the IHE-immobilized wafer was immersed
in a degassed HEA (in bulk) containing (TeMe), (0.3 mM) and a free initiator (0.1 mM), CP-I or
EMA-TeMe, sealed under argon atmosphere in a flat grass cell (3 mm thick) and irradiated with
visible light (450~530 nm) at 80 °C for a prescribed time. Irradiation was made with a 300 W
xenon-light source (MAX-302, Asahi Spectra Co., Ltd.) through a bandpass filter of the desired
wavelength. After polymerization, the solution was diluted with N,N-dimethylformamide (DMF) to a
known concentration and analyzed by gel permeation chromatography (GPC) to determine the
molecular weights and conversion. The substrate was copiously rinsed with methanol to remove
physisorbed free polymers and impurities. For the synthesis of PPEGA brushes, the
IHE-immobilized substrate was immersed in a degassed DMF solution of PEGA (1 M), (TeMe), (0.1
mM) and EMA-TeMe (0.2 mM) and treated in the same way as above described. SiPs were also
modified with PHEA and PPEGA brushes by the same procedure, in which the concentration of SiPs
was kept 0.5 wt% for all steps.

5-2-4. AFM Measurement for Swelling and Frictional Property of PHEA and PPEGA Brushes

An atomic force microscope (Seiko Instruments Inc., Japan, SP1400) was used to evaluate the
microscopic surface character of the PHEA and PPEGA brush surfaces. For the measurement of
equilibrium swollen thickness, a bare (unmodified) SiP was attached on a V-shaped cantilever
(Olympus Optical Co., Ltd., Japan, vertical spring constant k, = 0.15 N/m) with two-component
epoxy resin adhesive and used as a probe. For the measurement of friction force and adhesive force
between the brush surfaces, the above-mentioned brush-modified SiP was attached on a
rectangular-shaped cantilever (Olympus Optical Co., Ltd, k, = 0.1 N/m, lateral spring constant ks =
23 N/m). The detailed procedures were described in section 2-2-3.

5-2-5. Other Measurements

The GPC analysis was made on a Shodex GPC 101-series high-speed liquid chromatograph

68



Synthesis of Hydrophilic CPBs and Their Friction/Lubrication

(Tokyo) equipped with a differential refractometer (Shodex RI-101). DMF solution of 10 mM LiBr
was used as eluent with a flow rate of 0.8 mL/min at 40 °C. Two Shodex gel columns LF804
(300mm length x 8.0 mm inner diameter; bead size = 6 um) were used and calibrated with standard
poly (methyl methacrylate)s (PMMAS). Sample detection was also made with a multiangle laser
light-scattering (MALLS) detector, a Wyatt Technology DAWN HELEOS (Santa Barbara, CA),
equipped with a Ga-As laser (A = 658 nm) The refractive-index increments dn/dc were determined to
be 0.061 and 0.045 mL-g™* for PHEA and PPEGA, respectively, by a Wyatt Technology Optilab rEX
differential refractometer (A = 658 nm).

The thickness of the brush layer in a dry state was determined by a compensator-rotating,
spectroscopic ellipsometer (M-2000U™, J. A. Woolam, NE, USA) equipped with a D2 and QTH
lamps. The polarizer angle was 45°, and the incident angle was 70° For analyzing thus obtained
ellipsometric data, the optical constants were determined for the spincast film with a thickness of ca.

200 nm for each polymer.

5-3. Result and discussion
5-3-1. Graft Polymerization of HEA and PEGA by Photo-induced TERP Technique

The LRP of HEA was firstly reported via ATRP.*® Recently, better control of molecular weight
and molecular weight distribution of PHEMA was achieved by photo-induced TERP.*> The TERP
technique developed by Yamago et al. is one of novel LPRs equipped with good tolerance to
functional groups and easy transformation of end groups. The key process, i.e., the reversible
activation of dormant species to propagating radical, of TERP includes the degenerative (exchange)
chain transfer (Scheme 5-1b) as well as the homolytic dissociation of a C-Te bound (Scheme 5-1a).
Under usual conditions, the thermal dissociation insufficient occurs so that a conversional radical
initiator is needed for control of polymerization. Yamago et al. succeeded in photochemically
enhancing such homolytic dissociation and hence in better controlling the polymerization without

radical initiator.”> However, it still remained a challenge to synthesize low-polydispersity PHEA of
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higher My, e.g., on the order of 10°. With decreasing concentration of dormant initiator and then
increasing target molecular weight, the polydispersity (My/M,) index increased especially in the
above-mentioned molecular-weight region. The author anticipated too slow deactivation of
propagating radical in this case and hence added (MeTe),, which had already been demonstrated to
be an efficient deactivator in TERP (Scheme 5-1d).* In addition, (MeTe), can be photochemically
dissociated to a tellanyl radical MeTe® (Scheme 5-1c)™, which will serve as an activator of the
dormant P-X (Scheme 5-1d, €) but not as an initiator for monomers.

In this study, the author achieved well controlled polymerization of HEA (in bulk) by adding a
small amount of EMA-TeMe (0.1 mM) and (MeTe), (0.3 mM); under this condition, (MeTe), was
mainly photoexcited (see the reference 16 for the absorption spectra of relevant compounds). Figure
5-1 shows the M, and M,/M, values of produced polymers in this case as a function of monomer
conversion, suggesting relatively low polydispersities (My/M, < 1.3) even in a high M, range (below
2 x 10% in M, and 2% in conversion). Here, the M, and M,,/M,, are the values reduced with standard
PMMASs in GPC. The absolute values of M, (open circle symbols) obtained by GPC-MALLS for
selected samples were also plotted in Figure 5-1, indicating good agreement between these two

values and also with the theoretical value (depicted by the solid line) calculated from the

P-TeMe —— P* + MeTe* (a)

P’-TeMe + P° —— P* + P-TeMe (b)

(MeTe), <——= 2MeTe* (c)

P-TeMe + MeTe®* —— P°* + (MeTe), (d)

P-1 + MeTe®* —— P°* + MeTe-l (e)
P = polymer

Scheme 5-1. Plausible mechanism of reversible activation in photo-induced TERP with
EMA-TeMe or CP-I initiator.
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feed-monomer/initiator molar ratio and conversion. Thus, it was concluded that the PMMA-reduced
M, well approximated the absolute value. It should be noted that thanks to exceptionally low
concentrations of EMA-TeMe and (MeTe),;, more homogeneous irradiation of polymerization
solution was attained and high molecular weight polymers were obtained at low conversions; the
latter is especially an advantage for graft polymerization. Another strategy in this study was to use
IHE with a C-I group as an ease-to-use fixable initiator for surface-initiated graft polymerization,
since the C-TeMe group is sensitive to air. Using an iodine-type (free) initiator, CP-I, the
polymerization hardly proceeded without (TeMe), but was well controlled in the presence of it
similarly to the case of EMA-TeMe as shown in Figure 5-1. This means that the C-1 bound was

effectively activated by TeMe®. As the dormant end-group, the C-1 bond would be readily replaced

O 1 1
0.00 0.02 0.04
Conversion

Figure 5-1. Plots of M, and M,/M, vs conversion for photo-induced TERP of HEA with
EMA-TeMe (m) and CP-I (e) as free initiators. Absolute M, values determined by MALLS-GPC
for selected samples were also plotted (o).
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with the C-TeMe under the studied condition that the concentration of (TeMe), was sufficiently
higher than that of CP-I.

Finally, this polymerization condition was applied to surface-initiated graft polymerization on the
IHE-immobilized substrate. Here, the polymerization was carried out under the condition that the
number of initiating groups immobilized on the substrate was negligibly small (less than 1%) as
compared with that of the free initiator CP-I. As a good measure in M, and M,/M, for graft
polymers,*’ the free polymers simultaneously produced from the free initiators had relatively narrow
distribution in molecular weight similarly as mentioned above. In addition, a linear increase of the
graft layer thickness with increasing M, was observed as shown in Figure 5-3a. These results suggest

well-controlled graft polymerization.

= 1.4 ]

M /10°

O 1 1
0.00 0.05 0.10
Conversion

Figure 5-2. Plots of M, and M,/M, vs conversion for photo-induced TERP of PEGA with
EMA-TeMe (o) as a free initiator. Absolute M, values determined by MALLS-GPC for selected
samples were also plotted (o).
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Figure 5-3. Relationship between the brush thickness Ly and M, of corresponding free polymer
for (a) PHEA and (b) PPEGA brushes.

According to the same strategies, the author carried out the surface-initiated graft polymerization
of PEGA and succeeded in well controlling it as was the case with HEA (see Figures 5-2 and 5-3b);
the M, value of free polymers of relatively low M,/M; (< 1.4) and the L4 value of graft layers are
proportional to conversion, giving a good correlation between them (as shown in Figure 5-3b). Here,
the estimated M, values are also the PMMA-reduce ones, being lower than the theoretical value.
This was reasonably understood by the fact that the (hydrodynamic) size of PEGA monomer is much
larger than those of HEA or MMA monomers. The absolute values of M, (open circles) was
determined for some samples by GPC-MALLS and plotted by open symbols. The determined values
were smaller than the theoretical line. The reason for this is unclear at this moment. As follows,
however, the PMMA-reduced M, value was corrected to the absolute value using the ratio in slopes
of the lines in the figure (multiplied by a factor of 1.3).

The proportionality between M, and Lq4 in Figure 5-3 suggests uniform growth of graft polymers
with constant surface densities for the polymerization of HEA and PEGA. From the slope of the
lines, the graft densities oppea and oppeca Were calculated to be 0.42 and 0.14 chains/nm?,
respectively, using the equation of ¢ = pLgNa/M, , Where p is the polymer density in bulk (p = 1.0

g/em® was adopted here for both PHEA and PPEGA) and Na is the Avogadro constant. To discuss
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Table 5-1. Characteristics of PHEA- and PPEGA-Brush Samples.

M, /g mol™*

6 / chains nm™

PHEA Brush Mw/Mp, Lg/ nm c
Wafer 1 24,000 1.33 10 0.25 0.19
Wafer 2 75,000 1.25 54 0.43 0.33
Wafer 3 86,000 1.16 51 0.36 0.27
Wafer 4 135,000 1.30 98 0.44 0.34
Probe 1 13,000 1.29 - - -
Probe 2 67,000 1.20 - - -
Probe 3 148,000 1.43 - - -

PPEGA brush M, /g mol™ Mu/Mp Ls/nm & /chains nm? ¢*
Wafer 1 47,000 1.35 11 0.14 0.42
Wafer 2 64,000 1.19 12 0.11 0.34
Wafer 3 99,000 1.26 23 0.14 0.42
Probe 1 8,000 1.06 - - -

the conformation of graft chains on a surface and to categorize their constructing polymer brushes,
the dimensionless graft density or surface occupancy o* is a useful measure, defined as o* = sco,
where s; is the cross-sectional area per monomer unit (see section 2-3-1). The o* for the PHEA and
PPEGA brushes was estimated to be 6*prea = 0.32 and o*ppega = 0.42, respectively. These values
are higher than the critical value (6* ~ 0.1) at crossover between the SDPB and CPB regimes. Thus,
it was concluded that the surface-initiated, photo-induced TERP under the optimized condition
successfully provided the CPBs of PHEA and PPEGA with the thicknesses reaching 100 nm and 30
nm, respectively. Table 5-1 lists the characteristics of the CPB samples used for the following studies
on their structure and frictional properties in agueous solutions.
5-3-2. Swelling property of PHEA and PPEGA brushes

Figure 5-4 shows typical force curves (force vs separation profile) of the CPBs of PHEA and
PPEGA observed in the approaching mode against the bare (brush-unmodified) silica probe in water
with and without NaCl. Here, the separation is the distance between the surfaces of substrate and

probe by correcting the “offset” distance. The upper abscissa gives the value normalized by the
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weight-average contour length of graft chain, L.,. The force curves of both CPBs in pure water
clearly suggest the contribution of two components of repulsion forces with different
compressibilities, i.e., different slopes in the curve. The component observed in a longer range of
separation was characterized as a long tail beyond the fully-stretched chain length (especially much
larger than the L., for the PPEGA brush) and nearly the same compressibility for both. Thus, it was
reasonably ascribed to an electrostatic repulsion due to the surface charges of substrate and silica
probe. Form the slope of the line, the so-called Debye length was estimated to be ca. 100 nm,
corresponding to the case of 10° M NaCl aqueous solution, for both brushes; such a low level of salt
concentration is understood as possible contamination even for Milli-Q water. When the probe
further approached, much steeper increase in repulsion force was observed, being ascribed to steric
repulsion by the swollen brushes. These two repulsion forces are originated from the osmotic
pressures mainly caused by counter ions and polymer segments. Such assignments were also
confirmed by the force profiles in 0.1 M NaCl-aqueous solution, in which the Debye length is about

1 nm; the longer-range interaction disappeared, and then the shorter-range one remained almost
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Figure 5-4. Approaching-mode force profiles of (a) PHEA brush (Wafer 2, L., = 203 nm) and (b)
PPEGA brush (Wafer 3, L.,y = 69 nm) measured in water (o) and 10™ M NaCl aqueous solution
(m) using a bare silica probe.
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unchanged. Good coincidence in the force profile at high compression (F, > 5 nN) also suggests that
the CPBs were similarly swollen in water with and without NaCl. This enabled us to precisely
determine the equilibrium thickness L, of the brushes in aqueous solutions, where L. is the critical
distance at which a repulsive force is detectable. In this study, it was taken as the distance at F, =
0.05 nN and compared with the L., value (see the upper abscissa in Figure 5-4). The L/L., value
was about 0.5 and 1.2, respectively, for the CPBs of PHEA and PPEGA. The estimation error of
these values is possibly 20 - 30% mainly owing to that of the absolute molecular weight.
Nevertheless, the CPB of PPEGA was concluded to be highly swollen, as had been previously
observed for the CPBs of PS and PMMA in toluene (L¢/Lcw = 0.6 - 0.8). By contrast, the CPB of
PHEA was less swollen in aqueous solution. This means that the solvent quality of water is
insufficient for the CPB of PHEA in spite of the fact that water can dissolve PHEA.® The CPB is
expected to be more difficult to be swollen in a solvent because of larger elastic stress caused by its
highly stretched chain conformation, as compared with an equivalent free chain. For PPEGA more
hydorophilic than PHEA, water was good enough to highly stretch away the chains in its Such

difference in solvent quality was confirmed as the difference in interaction between the CPBs in
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Figure 5-5. Approaching and retracting-mode force curve profiles measured between PHEA
brushes and PPEGA brushes in (a) water ((¢) PHEA Wafer 1/Probe 1 and (o) PPEGA Wafer
1/Probe 1) and in (b) 10" M NaCl aqueous solution ((e) PHEA Wafer 1/Probe 1 and (o) PPEGA
Wafer 2/Probe 1).
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aqueous solutions. Figure 5-5 shows typical force profiles measured in the approaching and
retracting modes between the confronted CPBs (using the brush-modified probe) in (a) pure water
and (b) 0.1 M NaCl aqueous solution; the abscissa in this figure is relative separation, since the
“off-set” distance was not determined using the brush-modified probe. The above-mentioned,
long-ranged repulsion force owing to the electrostatic interaction was also seen between the CPBs
only in pure water. More importantly, an adhesive interaction was clearly observed in each aqueous
solution between the CPBs of PHEA but not between the CPBs of PPEGA. This indicates the
attractive interaction between the PHEA segments in water and hence insufficient solvent quality of
water for PHEA. The observed adhesion force was estimated to be about 1.5 nN in average both in
pure water and in salt-aqueous solution. This strongly affected the frictional property between the
CPBs, as will be discussed.
5-3-3. Frictional property of PHEA and PPEGAA brush

Figure 5-6 shows the F,-dependence of p for the concentrated brushes of PHEA and PPEGA
measured at v =7 pum/s in pure water and 0.1 M NaCl aqueous solution. Since an adhesion force acts
as an additional normal load as previously indicated (section 2-2-2), the u value was corrected by
adhesion force F, as u = Fs / (F, + F,) and plotted in the figure, suggesting that such correction had
little effect on the following discussion. At low loads, the p increased with F, in any case, and for
each brush system, the value in water was significantly smaller than that in the presence of 0.1 M
NaCl. These presumably suggest that the lubricating layer of solvent was constructed between the
confronted CPBs and that the electrostatically repulsive interaction was contributed to stabilize it,
but that such layer was easily destroyed by applying normal force even in water. The contribution of
electrostatic interaction was limited only at low loads, since it was not originated from the brush

component but possibly from a small amount of charges remaining on the silica-substrate surfaces.
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Figure 5-6. Plot of frictional coefficient i vs normal force F, measured at a shear velocity v of 7
pm/s between PHEA brushes (closed symblos) and PPEGA brushes (open symbols). PHEA; (e)
Wafer 1/Probe 1 in water and (m) Wafer 1/ Probe 1 in 10™"M NaCl aqueous solution, PPEGA; (o)
Wafer 1/Probe 1 in water and (o) Wafer 2/Probe 1 in 10™*M NacCl agueous solution. For PHEA
brushes, the data corrected by adhesion force (see text) were also plotted by black symbols.

As a more important issue, the author discusses the friction/lubrication at sufficiently high loads.
Each brush system gave nearly the same 1 value in spite of the addition of salt. This is consistent to
the fact that the electrostatic interaction was not so large in these systems as mentioned above. In
contrast, a quite large difference in p (by an order of magnitude) was observed for the two brush
systems, which will be discussed below. The u value at F, = 20 nN (as the saturated value in Figure
5-6) was plotted against v on the double-logarithmic scale in Figure 5-7. The author detected little
differences in p with and without NaCl (i.e., little contribution of electrostatic interaction) as well as
the brush thickness in the examined ranges. The detailed studies on these factors are underway in our
laboratory. Here, the author focuses on the difference between the two brush systems. The data of
v-dependence of P enabled us to discuss the lubrication mechanism in detail. For the CPBs of
PMMA and PS in non-aqueous solvents, the author previously proposed two mechanisms; i.e., the
hydrodynamic and boundary lubrications. These two mechanisms were observed as v-dependent and
less dependent p values at higher and lower v regions, respectively. Figure 5-7 clearly suggests these

two regions for each brush system. It was rather difficult to precisely determine the slope in the
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Figure 5-7. Plot of frictional p vs shear velocisy v measured at a normal force of 20 nN between
PHEA brushes and between PPEGA brushes in water (circles and triangles) and 10" M NaCl
aqueous solution (squares). PHEA,; (e) Wafer 1/Probe 1, (a) Wafer 3/Probe 2 and (v) Wafer
4/Probe 3 in water, (m) Wafer 1/Probe 1 in 10" M NaCl aqueous solution, PPEGA; (o) Wafer
1/Probe 1 in water and (o) Wafer 2/Probe 1 in 10 M NaCl agueous solution.
hydrodynamic lubrication regime (v > 200 um/s), but it seemed to follow the dependency with a
slope of unity (i.e., Equation (2-5) with o = 1), as expected for the Newtonian fluid. This was the
case with our previously studied CPBs in solvents (o = 0.7 - 1). In this case, the slight difference in
and hence g between the two brush systems was presumably ascribed to the difference in solvent
quality and hence the degree of swelling.

Then, the author discusses the boundary lubrication, where the interaction between the
confronted brushes dominates the friction. Especially, the solvent-swollen CPB was characterized by
much improvement of lubrication in this regime, reaching the order of 10 in p under good-solvent
condition. Figure 5-7 clearly show the boundary lubrication with the order of 10 in p for the CPB
of PPEGA but with higher u for the CPB of PHEA. The difference between the two brush systems
was also understood by the difference in solvent quality and hence the degree of swelling; the author

already demonstrated that the adhesive interaction in e.g., insufficiently good solvents increased the

friction.
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5-4. Conclusion

By optimizing the polymerization condition of photo-induced TERP, the author succeeded in
synthesizing CPBs of hydrophilic and electrically neutral polymers, PHEA and PPEGA, with
molecular weights up to M, = 2 x 10° for PHEA and 1 x 10° for PPEGA as well as relatively narrow
polydispersities of M,,/M, < 1.3. The Lq of the produced graft layers increased up to ca. 100 nm for
PHEA and 30 nm for PPEGA proportionally with M,, suggesting constant c. The o values
corresponded to o* = 0.31 for PHEA and 0.42 for PPEGA, being high enough to be categorized into
the regime of concentrated brush. The degree of swelling and frictional property of these CPBs in
water media were measured using a colloidal-probe AFM technique. The PPEGA brush gave a L,
value comparable to the fully-stretched length of graft chain, while the PHEA brush did not as well.
This was ascribed to the difference in hydrophilicity of these two polymers or in solvent quality of
water for them. The v-dependencies of p were well understood on the basis of the lubrication
mechanism, boundary and hydrodynamic lubrications, previously proposed for non-aqueous CPBs.
The poorer hydrophilicity of PHEA induced some adhesion force between the brush surfaces and
hence increased the u to the order of 107 in boundary lubrication. In contrast, the concentrated
PPEGA brush achieved a p value on the order of 10™ similarly to the previously reported
non-aqueous CPBs. Because the graft polymers have no charged groups, the addition of salt little
affected the above-mentioned swollen structure and frictional properties. This means that such super
lubrication was achieved without help of electrostatic interaction, being common to the CPB under
good-solvent condition. This study would offer a promising route for designing novel bio-medical

materials demanding not only bio-compatibility but also good lubrication.
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Chapter 6

Synthesis and Frictional Property of Thermo-Responsible Concentrated Polymer Brushes

6-1. Introduction

In Chapter 5, the CPBs of hydrophilic polymers were newly synthesized and super lubrication
was achieved for one of them in water media, which would offer a new surface modification
technique for bio-medical devices. Meanwhile, the ability to control and manipulate friction is
extraordinarily important in many applications ranging from bio-lubricating systems' to
micromechanical devices.> However, the understanding of friction especially in bio-systems,®
achieving intelligent friction” still remains great challenges for advanced applications.

Poly (N-isopropyl acrylamide) (PNIPAM) is one of the well known polymers with
thermo-responsibility in water media sharply changing its conformation and solubility, according to
a LCST-type phase separation around 32 °C.° Due to its transition temperature at around ambient and
body temperature of our living sphere, PNIPAM has been widely used ranging from the fundamental
studies on polymer-solution properties to application researches for bio-medical materials. As one of
the most intensively studied applications, PNIPAM was grafted on membrane surfaces to control cell
adhesion by changing the wettability of the outermost surfaces.® However, those PNIPAM-grafted
membranes had insufficiently well organized, discouraging the closer fundamental study on
transitions in solubility, hydrophilicity, and lubricity.

In order to control the structural parameters, the surface-initiated LRP would be one of the most
useful approaches, as the author achieved in the former Chapters. The fabrication of CPB of
PNIPAM would offer us novel model surfaces not only to investigate the swelling and friction
properties of polymer brush as a function of temperature but also for the evolution of bio-lubricating
materials. In this study, CPB and SDPB of PNIPAM are fabricated through surface-initiated ATRP

and studied on their swelling and friction properties as a function of temperature to discuss the
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detailed mechanism of friction/lubrication and its temperature-induced transition.

6-2. Experiment
6-2-1. Materials

N-1sopropyl acrylamide (NIPAM, Wako Pure Chemicals, Japan, 98%) was recrystallized three
times from a toluene/hexane mixture prior to use. Copper(l) chloride (Cu(l)Cl, 99.9%), copper(ll)
chloride (Cu(INCl,, 99.9%), dimethyl sulfoxide (DMSO) (dehydrated, 99%), allylamine (98%),
propylamine (98%), 2-chloropropionyl chloride (95%), and 3-chloropropyltriethoxysilane (CPT)
(97%) were purchased from Wako Pure Chemicals and used as received.
Tris[2-(dimethylamino)ethyllamine (MesTREN) was prepared as described in the literature.’
Triethoxysilane (99%) was obtained from Chisso Corp., Tokyo, Japan, and distilled before use. A
solution of platinum catalyst (Karstedt’s catalyst) (Pt-114, platinum content: 3 wt%) was received
from Johnson Matthey Catalysts, Royston, UK. All other reagents were used as received from
commercial sources.

6-2-2. Synthesis of N-propyl-2-chloropropanamide (PCP)

A free initiator, N-propyl-2-chloropropanamide (PCP), was synthesized by the amidation of
allylamine with 2-chloropropionyl chloride. 2-Chloropropionyl chloride (25 g, 197 mmol) was
added dropwise to a solution of propylamine (12 g, 204 mmol) and triethylamine (20 mL, 198
mmol) in dry THF (200 mL) at 0 °C. The mixture was magnetically stirred for 3 h at 0 °C and then
for another 10 h at room temperature. After the reaction, the solution was passed through a filter
paper, and the filtrate was evaporated to dryness under reduced pressure. The residue was diluted
with chloroform (200 mL) and washed twice with 1 N HCI aqueous solution (2 x 200 mL), twice
with NaHCO;-saturated aqueous solution (2 x 200 mL), and with water (500 mL). After the solution
was dried over Na,SO, and filtered off, the solvent was evaporated, giving a brown oil. This crude
product was subsequently purified by flash chromatography on a column of silica gel with a mixture

of hexane and ethyl acetate (5/1, v/v) as an eluent to yield PCP as a transparent liquid (32 g, 86%).
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'H NMR (CDCls): §0.95 (t, 3H, CH,CHs), 1.60 (m, 2H, CH3CH,CHy), 1.73 (d, 3H, CHCH3), 3.2 (q,
2H, CH,CH,NH), 4.40 (g, 1H, COCHCICH,), 6.8 (br, s, 1H, NH). *C NMR (CDCly): & 11.1
(CH3CH,), 22.4 (CHCHs), 22.5 (CH3CH,), 41.4 (CH,CH,NH), 55.8 (COCHCICH,), 169.4 (NHCO).
Anal. Calcd for C¢H1oNOCI: C, 46.21; H, 8.40; O, 10.69, N, 9.36, Cl, 23.70. Found: C, 46.37; H,
8.46; O, 10.72, N, 4.38, CI, 11.53.

6-2-3. Synthesis of 2-chloro-N-(3-(triethoxysilyl)propyl)propanamide (CTP)

A surface-immobilizable initiator, 2-chloro-N-(3-(triethoxysilyl)propyl)propanamide (CTP),
was newly designed and synthesized via the two-step reaction as follows. First,
N-allyl-2-chloropropanamide was synthesized according to the same procedure as described for PCP.
Finally, a colorless oil was obtained with a 90% yield. *H NMR (CDCl5): & 1.75 (d, 3H, CHCHs),
3.91 (g, 2H, CHCH,NH), 4.45 (g, 1H, COCHCICH3), 5.15-5.25 (m, 2H, CH,=CH), 5.80-5.92 (m,
1H, CH,=CH), 6.82 (s, 1H, NH). **C NMR (CDCls): & 22.6 (CHCHj), 42.0 (CHCH,NH), 55.7
(COCHCICHj3), 116.5 (CH,=CH), 133.3 (CH,=CH), 169.3 (NHCO). Anal. Calcd for C¢gH;,NOCI: C,
48.82; H, 6.83; O, 10.84, N, 9.49, Cl, 24.02. Found: C, 46.93; H, 6.62; O, 12.00, N, 9.03, ClI, 24.45.

Then, CTP was synthesized via the hydrosilylation  reaction  between
N-allyl-2-chloropropanamide and triethoxysilane in the presence of Karstedt’s catalyst. The reaction
was carried out in a glovebox purged with argon gas. In brief, N-allyl-2-chloropropanamide (15 g,
101 mmol) and dry toluene (50 mL) were charged into a two-neck round-bottom flask equipped with
a magnetic stir bar and a rubber septum. Freshly distilled triethoxysilane (100 mL, 0.54 mol) and
subsequently a solution of Karstedt’s catalyst (200 pL) was added dropwise into the flask by a
syringe. The reaction mixture was magnetically stirred under an argon atmosphere at room
temperature for 48 h. The complete consumption of N-allyl-2-chloropropanamide was confirmed by
'H NMR spectroscopy. Excess triethoxysilane and toluene were removed under vacuum at 50 °C to
afford CTP as a slightly yellow liquid in a quantitative yield. '"H NMR (CDCls): & 0.65 (t, 2H,
SiCHy), 1.25 (t, 9H, CH3;CH,0Si), 1.60 (m, 2H, CH,CH,CH>), 1.75 (d, 3H, CHCHj3), 3.30 (q, 2H,

CHCH,NH), 3.84 (q, 6H, CH; 20Si), 4.30 (q, 1H, COCHCICH3), 6.80 (s, 1H, NH). *C NMR
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(CDCI3): 6 7.5 (SiCH2), 18.2 (SiOCH,CHj3), 22.7 (CH,CH,CH,, CHCHj3), 42.0 (CH,CH,NH), 56.0
(COCHCICHj3), 58.4 (SIOCH,CHj3), 169.3 (NHCO). Anal. Calcd for C1,H,6 NOLCISI: C, 46.21; H,
8.40; N, 4.49, Cl, 11.37. Found: C, 46.37; H, 8.46; N, 4.38, Cl, 11.53.
6-2-4. Synthesis of PNIPAM Brushes via Surface Initiated ATRP

A silicon wafer (Ferrotec Corp., Japan, thickness 0.5 mm) treated with ultraviolet (UV) / ozone
for 15 min was immersed for 12 h at room temperature in an ethanol solution containing CTP/CPT
mixture (1 wt%) and 28%-aqueous ammonium (5 wt%) and then copiously rinsed with ethanol.
Under an argon atmosphere, the CTP-immobilized wafer was immersed in a degassed DMSO
solution of NIPAM (3.0 M), Cu(D)CI (2.9 mM), Cu(IDCI; (1.0 mM), MegTREN (3.9 mM), and PCP
(1.5 mM) at room temperature for a given time. PCP was used as a “sacrificial” free initiator
producing a free polymer as a useful reference in molecular weight and molecular weight
distribution for the graft polymer.® The polymerization solution was directly analyzed by gel
permeation chromatography (GPC) and *H NMR to estimate the molecular weights of free polymers
and the monomer conversion, respectively. The as-prepared sample was rinsed in a Soxhlet
apparatus with methanol for at least 10 h to remove physisorbed free polymers and impurities. The
thicknesses of dried and swollen PNIPAM brushes were measured by ellipsometry and AFM. No
characteristic structure was observed by AFM on the surfaces either before or after graft
polymerization, suggesting that the initiating groups were immobilized on the surface randomly in a
scale smaller than the AFM resolution.

The same protocol was used to prepare PNIPAM brushes on silica spheres (SiP, HIPRESICA SP,
diameter 10 pum, obtained from Ube Nitto Kasei Co., Ltd.), which were suspended with help of
magnetic stirring in the mixture solution of surface initiator and then the polymerization solution.
The brush-modified silica particles thus obtained were rinsed by repeated dispersion/centrifugation
cycles in methanol.

6-2-5. Frictional Force Measurement by AFM

An AFM (JPK Instruments Inc., Germany, Nano Wizard) was used to characterize the structure
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and properties of PNIPAM brush surfaces. For the measurement of equilibrium swollen thickness, a
bare unmodified SiP was attached on a V-shaped cantilever (Olympus Optical Co., Ltd., Japan, k, =
0.15 N/m) with two-component epoxy resin adhesive and used as a probe. The detailed procedures
of the AFM measurements were described in section 2-2-3. For the measurement of friction and
adhesive forces between the brush surfaces, a brush-modified SiP prepared above was attached on a
rectangular-shaped cantilever (Olympus Optical Co., Ltd, vertical spring constant, k, = 0.73 N/m,
lateral spring constant, ks = 86 N/m) and used as aprobe.
6-2-6. Other Measurement

The GPC analysis for PNIPAM was made on a Tosoh CCP & 8020 series high-speed liquid
chromatograph (Tokyo, Japan) equipped with a Tosoh differential refractometer RI-8020. DMF
containing 10 mM LiBr was used as an eluent with a flow rate of 0.8 mL/min (40 °C). Two Shodex
gel columns LF804 (300 x 8.0 mm; bead size = 6 um; pore size = 20 - 3000 A) (Tokyo) were
installed and calibrated with poly (methyl methacrylate) (PMMA) standards. The M,/M, value was
estimated according to this calibration. To estimate the absolute value of M,, sample detection was
also made with a multiangle laser light scattering (MALLS) detector, a Wyatt Technology DAWN
EOS (Santa Barbara, CA), equipped with a Ga-As laser 2 = 690 nm. The refractive index increment
dn/dc was determined to be 0.0774 mL-g™ by a Wyatt Technology OPTILAB DSP differential
refractometer.

The thicknesses of the PNIPAM-brush layers in dry state (Ly) were determined by a compensator
rotating, spectroscopic ellipsometer (M-2000U, J.A. Woolam, Lincoln, NE) equipped with D, and
QTH lamps. The polarizer angle was 45°, and the incident angles were 60°, 65°, and 70°. The
thickness was calculated using the refractive index determined for the spin-cast PNIPAM film with a
thickness of ca. 200 nm.

'H (300 MHz) and *C NMR (75 MHz) spectra were obtained on a JEOL/AL300 spectrometer.

87



Chapter 6

6-3. Results and discussion
6-3-1. Preparation and Characterization of PNIPAM Brushes

The PNIPAM brushes were prepared by surface-initiated ATRP. Some previous reports dealt
with LRP of NIPAM,? but sufficiently well control of chain length and its distribution was not
achieved for the synthesis of CPB of PNIPAM. The author made an independent effort to optimize
polymerization conditions to meet the purpose of this study, referring the report of ATRP of
acrylamides using copper / tripodal amine catalytic system.™® Figure 6-1 shows the polymerization
result (the plot of M,, and M,/M, vs monomer conversion determined by GPC analysis) of ATRP of
NIPAM with Cu(I)CI / Cu(ICI, / MegTREN catalyst system using a chlorine type of free initiator

PCP, where PMMA was used for the GPC calibration (filled circle symbols). The absolute values of

O 1 1 1
00 02 04 06 0.8
Conversion

Figure 6-1. Plots of M, and M,/M, vs conversion for the ATRP of NIPAM (e): the closed and
open symbols represent the molecular weight data determined by the PMMA calibration and
MALLS (as an absolute value), respectively.
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M, (open circle symbols) obtained by GPC-MALLS system were also plotted in Figure 6-1. The M,
proportionally increased with conversion and kept relatively low value of M/M, (Mw/M, < 1.2)
throughout the polymerization. The absolute M, are very close to the theoretical value (straight line),
which is calculated from the monomer/initiator molar ratio and the conversion. These results suggest
the controlled polymerization of NIPAM over 100,000 of M, for the first time.

For applying the ATRP of NIPAM to surface-initiated graft polymerization, a chlorine type of
surface initiator CHE corresponding to the free initiator PCP was newly synthesized. Silicon wafers
immobilized with CHE on its surface were subjected to the ATRP of NIPAM. Figure 6-2 shows the
L4 of resulting PNIPAM brush layers plotted against M,, of PNIPAM simultaneously produced from
the free initiator PCP. There is a certain evidence to believe that the molecular weights of graft
polymer are approximated to those of free polymer.® The thickness of PNIPAM brush layers linearly
increased with increasing M,, suggesting uniform growth of graft polymer with a constant surface
density. From the slope of the line in Figure 6-2, the graft density o of PNIPAM turned out to be ca.

0.7 chains/nm?, using the equation in section 2-2-2 (bulk density p of PNIPAM was assumed to be

c o
ElOO - ® -
_I'C
£ 50 y
< °
o
= ®
|_

O 1 . 1 .

0 5 : 10 15
M /10

Figure 6-2. Relationship between the brush thicknesses in dry state, Ly, and the M, of free
polymer.
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Figure 6-3. Graft density ¢ of grafted PNIPAM brushes plotted against the composition of surface
initiator (CTP) in a solution used during the immobilization process for silicon wafer.

1.0 g/em®). This graft density corresponds to a dimensionless graft density o* of 0.5, higher than the
critical value (o* = 0.1) at the crossover between SDPB and CPB regime. Thus, the prepared
PNIPAM brush was concluded to be in the CPB regime.

The graft density of the PNIPAM brush was able to be successfully controlled by mixing an
inert silane-coupling agent, CPT, with CTP and immobilizing them on silicon wafers and SiPs.
Figure 6-3 shows the graft density of the PNIPAM brushes on thus prepared substrates as a function
of CTP content in an immobilization solution. On the silicon wafer with only CPT immobilized,

almost no propagation of brush layer was observed after the polymerization, confirming that CPT is

Table 6-1. Characteristics of PNIPAM Brush Samples

PNIPAM Brush Samples My, M,/M,, Ly/nm  /chains nm? c*
CPB on wafer 51,000 1.15 60 0.7 0.5
CPB on SiP 50,000 1.14 - -
SDPB on wafer 52,000 1.17 4 0.05 0.04
SDPB on SiP 53,000 1.15 - -
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totally inert for the graft polymerization in this study. As Figure 6-3 shows, the graft density
increased with increasing CTP content and approached a constant and maximum value over the 30
wt%-CTP content. This means that not all of surface initiators and but 30% of them are effective as
surface-initiation points, when the substrate surface was fully covered with CTP. In such cases, the
graft density is determined by a steric effect of polymer segment in the surface-initiated
polymerization but not by the density of initiator on the surface.
6-3-2. Swelling and Friction Properties of PNIPAM Brushes

Typical PNIPAM brush samples used for the following study were tabulated in Table 6-1,
including the brushes of high graft density (c = 0.7 chains nm™, corresponding to CPB) and low
graft density (c = 0.05 chains nm?, corresponding to SDPB) prepared on wafers and SiPs (used as
probes for the friction measurement between PNIPAM brush surfaces). Figure 6-4 shows the
equilibrium swollen thickness L. in water plotted against temperature. Here, the L. value was
normalized with the weight-average full length of graft chains in the all-trans conformation L.,,. The

L. of CPB of PNIPAM was also measured in ethanol, a good solvent for PNIPAM and plotted as the

1-0 i L] L] L] L] ]
A
°
0.9
= ‘e,
- %
_ICDO.S = .\ b
00000, ®ee-@
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\
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0O 10 20 30 _40 50
Temperature, T/ C

Figure 6-4. Temperature T dependence of degree of swelling L¢/L.,, in water for CPB (e, L.y =
129 nm) and SDPB of PNIPAM (o, L¢w = 134 nm). The L¢/L.,, of CPB of PNIPAM in ethanol at
25 °C was also plotted (a).
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triangle symbol. The L¢/L.,, in ethanol reached 0.9, suggesting that this PNIPAM brush extended to
nearly full stretched length of the graft chains, as expected for the CPB (see section 1-1-7). This, in
addition to the above-mentioned high value of o*, confirmed that this PNIPAM brush is in the
regime of CPB. The L¢/L.,, of the PNIPAM brush in water at 8 °C also showed a high value (0.8),
which indicated that water at 8 °C is also a good solvent for PNIPAM like ethanol, but gradually
decreased with increasing of water temperature and became constant around 0.5 above 30 °C. This
should be attributed to decreasing hydrophilicity and dehydration of PNIPAM with temperature,
which is peculiar to PNIPAM having LCST-type phase behavior in water.” The Le/Lc,, of the CPB of
PNIPAM above 30 °C suggested almost non-swollen state. Meanwhile, the L¢/L.,, of SDPB sample
showed smaller values at low temperature and more sharply changed from a swollen to non-swollen
state with increasing temperature at around 30 °C, than the case of CPB one. The
temperature-induced change in degree of swelling observed for the SDPB of PNIPAM was
approximated by the coil-to-globule transition for the dilute solution of free PNIPAM®*. Comparing

those two swelling properties of CPB and SDPB of PNIPAM, the gradual shrinkage of the CPB of
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Figure 6-5. Plot of frictional coefficient p vs normal force F, measured at a shear velocity v of 6
pum/s for the CPB (o) and SDPB (o) of PNIPAM in water of 8 °C.
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PNIPAM would result from its highly stretched chain conformation even in non-swollen state. A
larger cost (better solvent quality) is needed to further extend a more highly stretched chain than the
case of non-stretched chain, which would broaden the change in the degree of swelling with
temperature. Therefore, the gradual shrinkage of CPB of PNIPAM can be considered as one of the
unique characters of CPB.

Water lubrication between the brushes was measured. First, the author discusses the result at a
temperature of 8 °C at which water is good enough as a solvent for PNIPAM as described above.
Figure 6-5 shows the u plotted against normal load F, for the CPB and SDPB of PNIPAM at a shear
velocity of 6 pm/s shear velocity. The SDPB of PNIPAM has two different lubrication regimes; at
low applied loads, the p is very low (< 10), and then at an onset of the threshold, it steeply
increases with increasing F,, approaching a constant p value about 0.1 at higher normal loads. Such
a transition from low to high-frictional stages is usually found in SDPBs due to mutual

interpenetration of confronted brushes at higher normal forces, as mentioned in Chapter 1. On the
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Figure 6-6. Plot of frictional coefficient p vs shear velocity v measured at a normal force F, of
100 nN for the CPB (closed symbols) and SDPB (open symbols) of PNIPAM at 8 °C (circles) and
43 °C (squares).
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other hand, the p between the CPBs of PNIPAM showed no such transition, staying at exceptionally
low values of 4 x 10 in the applied normal loads up to 120 nN. Such excellent water lubrication
was also observed for the CPB of PPEGA but not for that of PHEA (see Chapter 5). Sufficient
hydorphilicity and swollen state of brush layers are requisite for developing ultra-low frictional
property in water media.

Figure 6-6 shows the v-dependence on p for the CPB and SDPB of PNIPAM at F, = 100 nN.
The CPB of PNIPAM at temperature of 8 °C showed a good power-law relationship between p and v,
suggesting the hydrodynamic lubrication regime as mentioned in Chapter 2. The boundary
lubrication regime of p less dependent on v (expectedly at lower v region) was not seen in the
examined range of v. This would imply the p in boundary lubrication state is lower than the 10
order in this case. The power-law exponent (the slope in the Figure 6-6) of hydrodynamic lubrication
between the CPBs of PNIPAM was close to unity, as like the case of other CPBs. On the other hand,

the W values between the CPBs of PNIPAM at 43 °C and the SDPBs of PNIPAM at 8 °C were less
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Figure 6-7. Temperature T dependence of frictional coefficient u for the CPB (o) and SDPB (o)
of PNIPAM in water. The measurement condition is normal force F,, of 100 nN and shear velocity
v of 6 um/s. The frictional coefficient of the CPB of PNIPAM measured in ethanol was also
plotted at 25 °C (a).
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dependent on v, indicating the boundary lubrication state. Interestingly, the CPB of PNIPAM at 43
°C showed a higher p than the SDPB of PNIPAM, which is presumably related to the fact that the
former is totally in non-swollen state.

Figure 6-7 shows the temperature dependence of between the CPBs and between the SDPBs.
The SDPB of PNIPAM gave an almost constant p ca. 0.1 in the temperature range of 8 °C < T < 44
°C. The exact reason for little change in p above and below the transition temperature is not clear at
present, but it may be ascribed to the complementary interaction by interpenetration and adhesion
(will be discussed in following section) at low and high temperatures. In contrast, the CPB of
PNIPAM showed a sharp frictional transition triggered by increasing temperature; the i was on the
order of 10 at low temperatures (T < 20 °C) and rapidly increased in a temperature range of 20 °C <
T < 30 °C, reaching an almost constant p of ca. 1 above 30 °C. This means that the  changed by
more than three orders of magnitude within a small span of temperature. Even in a non-swollen state,
the CPB layers hardly interpenetrate each other. Therefore, the rapid increase in u would be caused
by change in the degree of swelling or interaction between the chain segments near the brush

surfaces. It should be noted that the p of CPB of PNIPAM in a good solvent ethanol was also in the
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Figure 6-8. Temperature T dependence of adhesion force for the CPB (e) and SDPB (o) of
PNIPAM in water. The Figure (b) shows magnified drawing of the Figure (a).
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order of 10,

Figure 6-8 shows the adhesion force between the confronted brushes measured without
modulation, clearly suggesting that both SDPB and CPB of PNIPAM gave a rapid increase in
adhesion forces at around 30 °C due to their dehydration. The adhesion force between the CPBs of
PNIPAM was larger than that between the SDPBs of PNIPAM above 30 °C, which is consistent with
the fact that the former had higher p values than the latter in this temperature range. This would
imply the stronger segment-segment interaction between the CPBs of PNIPAM, presumably owing
to lower surface roughness and hence larger contact area in a shrunken state. As shown in Figure 6-8
(b), the adhesion force between SDPBs of PNIPAM at low temperatures (T < 20 °C) showed a small
but detectable value (~ 2 nN), which is ascribed to the interpenetrating interaction between them. By
contrast, the adhesion force between the CPBs of PNIPAM did not show any detectable value, which
should be responsible for super lubrication in boundary lubrication state.

In order to discuss the relationship between the frictional property and swollen structure of the
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Figure 6-9. Plots of frictional coefficient pu of PNIPAM brushes vs their degree of swelling
Le/Lg-1. Each symbol denotes the results of the CPB of PNIPAM in water () and ethanol (a) and
the SDPB of PNIPAM in water (o). The applied normal force is 100 nN.
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PNIPAM brushes, the p of SDPBs and CPBs of PNIPAM were plotted against the degree of swelling,
Le/Lg-1, in Figure 6-9 in double logarithmic scale. As mentioned in Chapter 2, the degree of swelling
plays crucial role in determining friction in the hydrodynamic lubrication but little affect the
boundary lubrication state. In fact, the SDPB of PNIPAM gave little dependency in the studied
condition, in which it was in boundary lubrication state as already discussed in Figure 6-6. In
contrast, the CPBs of PNIPAM showed good scaling below 30 °C. This indicates the hydrodynamic
lubrication state in this temperature range. The increase of frictional coefficient in the temperature
range of 20 °C < T < 30 °C in Figure 6-7 is attributed to gradual shrinking of the brush layer. The
exponent in this scaling was about -2.5, which is presumably understood by the change in the degree
of swelling simultaneously affecting the viscosity and thickness of effective hydrodynamic

lubrication layer as shown by Equation (2-5).

6-4. Conclusion

The PNIPAM brushes were synthesized via surface-initiated ATRP, and their graft densities
were widely controlled by changing the density of initiator on the surface from the SDPB to CPB
regimes. The CPB of PNIPAM in water of 8 °C had nearly fully stretched chain conformation and
Fn-independent pt on the order of 10, achieving excellent water lubrication, similarly to the CPBs of
PPEGA in Chapter 5. The v-dependence of | revealed that under the studied condition, the CPB of
PNIPAM was in the hydrodynamic lubrication state, while the SDPB of PNIPAM was in the
boundary lubrication one. Both brushes showed swelling/shrinking behaviors with temperature
owing to the LCST-type hydration/dehydration. However, the swelling/shrinking curve of the CPB
of PNIPAM was broader than that of the SDPB of PNIPAM, reflecting their highly stretched chain
conformation. The CPB of PNIPAM showed a rapid increase in L in a small range of 20°C < T < 30
°C. This sharp change like a transition was brought about by shrinkage of brush layer simultaneously
affecting the effective thickness and viscosity of lubricating brush layer. These results revealed that

the CPB of PNIPAM could control the lubrication by temperature, which would offer new insight
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into tribology of polymer-brush-modified surfaces.
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Chapter 7

Synthesis of Well-defined Bottle Brushes with Concentrated-Brush Effect and Frictional

Property of Their Gel

7-1. Introduction

Concerning the lubrication mechanism of CPBs, it can be expected that the super lubrication of
CPBs is not developed with grafted polymer on flat wafer but also on porous surface, sphere particle,
clay, fiber, polymer, etc. Among them, grafted polymer (bottle brush polymer) can form gel material
(graft-type of gel) by cross-linking. Gel is one of the attracted polymeric materials for lubrication,
since it represents excellent lubrication system of body tissue (bio-tribology), such as joints, eyes,
vessels, etc, which are generating much interest of the research of biomedical materials.! Osada et al.
found super lubrication in charged hydro-gel attaining the p of 10 order in water media. > They
insist that electrostatic repulsion force derived from charged polymer network prevent the polymer
to attach to the friction surface to produce pure solvent layer which actually acts as effective
lubricant. Aside from their system, the lubrication mechanism of CPBs would provide further
lubricating gel materials without the help of electrostatic repulsion effect, as the CPB lubrication
depends on the conformation of brush structure rather than chemical structure.

Whether the super lubrication of CPB can be introduced to graft type of gel or not is totally
depends on the conformational structure of bottle brush polymer of gel network; the precise control
of graft chain and cross-linking. The structure of bottle brush polymer can be considered with
columnar model (Figure 7-1). The effective graft density, the number of graft chains per columnar
surfaces, decays along with the chain length. The shorter graft chains rather maintain the stretched
structure determined by the initial graft density on the stem polymer. As the required effective graft
density for CPB is over 0.1 (see section 2-3), the columnar model suggests us that the bottle brush

polymer exhibit CPB structure when consisted of grafted chains on each monomer segment of stem
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Graft Chain Length

Effective Graft Density
High < > Low

Figure 7-1. Schematic illustration of tubular model for bottle brush polymers. When the
following assumptions are taken into account, graft density o on peripheral of bottle brush
polymer with x-mer graft polymer chain can be calculated as 1/(2nxx0.25x0.25) chains/nm® The
effective graft density o*, a good measure of ¢ for various kinds of polymer brushes, is defined as
a’s, where a’ is the cross-sectional area per monomer unit given by a = vg/ly with vo being he
molecular volume per monomer unit and lo being the chain length per monomer unit.
Assumptions: (i) the graft chains are grafted on each monomer segment of stem polymer. (ii) the
grafted chains take fully-stretched structure. (iii) chain lengths per monomer unit of stem and
graft polymers are 0.25 nm (vinyl polymer).

polymer and shorter than pentadecamer graft chains. This fascinate us to design graft-type of gel
with precisely controlled graft chains for lubricating gel material developing super lubrication effect
of CPB. Although some research groups previously fabricated bottle brush polymer with controlled
graft chains by grafting-to or grafting-from method using LRP technique,® the bottle brush polymer
design aiming at developing CPB effect and material design with the polymer have not been
reported yet.

Herein, the author newly synthesize a precisely and densely grafted bottle brush polymer, and
study the frictional property of the graft-type of gel in a view point of developing super lubrication
of CPB. ATRP was exploited to directly graft the brush chain on stem polymer in controlled manner
(Scheme. 7-1). First, 2-(2-bromo-2-methylpropanoyloxy)ethyl methacrylate (BIEM, methacrylate
type monomer having ATRP initiation sites in side chain) was polymerized via conventional radical
polymerization to obtain linear macro-initiator (PBIEM) for the stem chain of bottle bush polymer.
Subsequently, St was polymerized from PBIEM macro-initiator with almost full initiation efficiency

via ATRP to obtain the bottle brush polymer with precisely controlled graft chain length. The bottle
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Scheme 7-1. Synthesis of bottle brush polymer (PS-grafted PBIEM) and of its gel (PS-grafted
PBIEM gel) with controlled PS graft chain and graft density.
brush polymer was turned into graft-type of gel in thin film by spincoating the bottle brush poymer

solution on silicon wafer and cross-linking of the free ends of grafted PS side chains with radical

coupling reaction. The frictional property of the graft-type of gel was evaluated by AFM.

7-2. Experimental methods
7-2-1. Materials

2-(2-bromo-2-methylpropanoyloxy)ethyl methacrylate (BIEM) was synthesized according to
the literature.* Azobisizobutyronitrile (AIBN, 99%, Wako Pure Chemical Ind., Ltd., Japan) was
recrystallised from methanol. Ethyl 2-bromoisobutyrate (EBIB, 98%, Tokyo Chemical Industry Co.,
Ltd., Japan), copper(l) bromide (Cu(l)Br, 99.9%, Wako), copper(ll) bromide (Cu(Il)Br, 99.9%,
Wako) and 4,4’-dinonyl-2,2’-bipyridine (dNbipy, 97%, Aldrich) were used as received. Styrene (St,
99 %, Nacalai Tesque Inc., Japan) was passed through a column of basic alumina to remove inhibitor.

All other reagents were used as received from commercial source.
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7-2-2. Polymerization of BIEM

An anisole solution of BIEM (2.4 M) and AIBN (1.2 mM) was subjected to Schlenk flask and
then heated at 50 °C for 40 h under argon atmosphere to obtain polyBIEM (PBIEM) solution with
77% conversion determined from the gel permeation chromatography (GPC) peak area. The PBIEM,
after having purified by reprecipitation from an anisole solution into methanol, had a M, of 467,000
and a M,,/M, of 3.35 by PMMA-calibrated GPC.

7-2-3. ATRP of St from PBIEM

An anisole solution of St (4.6 M), PBIEM (21 mM), EBIB (free initiator, 2.3 mM), Cu(l)Br (46
mM), Cu(Il)Br (2.3 mM) and dNbipy (92 mM) was subjected to Schlenk flask and then heated at
110 °C under argon atmosphere. After a prescribed time t, an aliquot of the solution was taken out
with a syringe and quenched to air. The reaction mixture was then diluted with tetrahydrofuran
(THF) and analyzed by GPC. The GPC curve showed two clearly divided peaks attributed to PS
grafted on PBIEM and free PS chain grown from EBIB respectively. The reaction mixture turned
into flabby soft gel when the conversion exceeded about 30%, due to a small proportion of
cross-linking by bimolecular termination reaction of growing PS chain from PBIEM. After the
gelation, the free PS chain was extracted by washing the gel with THF and analyzed by GPC. The
residual gel composed of PS grafted PBIEM was dried under vacuum and hydrolyzed as below. The
conversion of St was determined by *H NMR analysis of the reaction mixture.

For preparation of PS grafted PBIEM for thin gel samples, the ATRP solution of St should be
stopped at relatively lower conversion before undesirable gelation. Free initiator EBIB also should
not be added to the solution due to the difficulty in separating the PS grafted PBIEM from free PS.

The PS grafted PBIEM for each gel sample was prepared as below.

PS grafted PBIEM for Gel 1 (M, ~ 1,000)
An 8.0 g anisole solution of St (4.6 M), PBIEM (46 mM), Cu()Br (11 mM), Cu(I)Br (1.4 mM) and
dNbipy (23 mM) was subjected to Schlenk flask and then heated at 110 °C under argon atmosphere

for 5.0 h.
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PS grafted PBIEM for Gel 2 (M, ~ 1,300)

An 8.0 g anisole solution of St (4.6 M), PBIEM (46 mM), Cu(l)Br (11 mM), Cu(I1)Br (1.4 mM) and
dNbipy (23 mM) was subjected to Schlenk flask and then heated at 110 °C under argon atmosphere
for 15.0 h.

PS grafted PBIEM for Gel 3 (M, ~ 5,600)

An 8.0 g anisole solution of St (4.6 M), PBIEM (4.6 mM), Cu(l)Br (23 mM), Cu(11)Br (2.3 mM) and
dNbipy (46 mM) was subjected to Schlenk flask and then heated at 110 °C under argon atmosphere
for 7.0 h.

The purified PS grafted PBIEM for each gel sample was obtained by reprecipitation from an
anisole solution into methanol. The small portion of the PS grafted PBIEM was hydrolyzed as below
to measure the M, and M,,/M,, of PS chain by GPC or matrix assisted laser desorption ionization time
of flight and mass spectrometry (MALDI-TOF MS, microflex & microflex LT, Bruker Daltonics Inc.,
USA) equipped with a nitrogen laser. The matrix used for the MALDI-TOF MS analysis was
dithranol.

7-2-4. Hydrolysis of PS chain from PS grafted PBIEM

The PS grafted PBIEM was dispersed (0.1 wt%) in 5 M KOH aqueous solution/THF/ethanol
(6/53/41 wt%) mixture. The system was sealed in glass tube and then heated at 100 °C for 12 h. The
residual solution was subjected to GPC analysis to examine the M, and M,,/M,, of the cleaved PS and
hydrolysis efficiency of 90%. For MALDI-TOF MS analysis, the residue was diluted with 10 parts
chloroform and washed thrice with water, and then evaporation of solvent gave a polymer film of
cleaved PS.

7-2-5. Preparation of Thin Gel Film of PS Grafted PBIEM

PS grafted PBIEM was dissolved (5 wt%) in ethylbenzene containing 73 mM
tetrakis(dimethyl)ethylene. The thin gel film of PS grafted PBIEM was obtained by spincasting the
PS grafted PBIEM solution onto a silicon wafer (Ferrotec Corp., Japan, thickness 0.5 mm) using a

spin coater at spinning speeds of 500 rpm for 5 s and subsequently 3000 rpm for 30 s, followed by
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evaporation in vacuum for 10 min and annealing at 120 °C for 1 h in argon atmosphere to obtain
water insoluble PS grafted PBIEM gel film. The film was immersed in THF for 60 min and toluene
for 24 h to remove residue. The film thickness was measured with AFM (Nano Wizard, JPK
Instruments AG, Germany) by scanning the surface image across the boundary between the
scratched and unscratched regions on the sample. The equilibrium swollen thickness of the film was
also measured with AFM by the combination of force measurement and topographic imaging across
the boundary.
7-2-6. Friction Measurement

Frictional force measurement was performed by AFM with a rectangular-shaped cantilever
OMCL-RC800 probe (Olympus Optical Co., Ltd., vertical spring constant, k, = 0.1 N/m, lateral
spring constant, ks = 23 N/m, respectively). A silica particle (SiP) modified with concentrated PS
brush (the M, and M,,/M,, values of the grafted PS chain were 47,000 and 1.26 respectively, prepared
according to Chapter 2) on its surface was attached at the tip of cantilever with two-component
epoxy resin adhesive. Friction force Fs and normal force F, between PS grafted PBIEM gel and SiP
surfaces were simultaneously measured in toluene as a function of separation using a modified AFM

system, as described in section 2-2-3.

7-3. Results and discussion

PBIEM (M, ~ 467,000 and M,/M, ~ 3.35) was obtained through conventional radical
polymerization of BIEM using AIBN as radical initiator. The ATRP of St was carried out with
PBIEM as macro-initiator. Figure 7-2 shows the plots of M, and M,/M, of free PS chain against
conversion. The free PS chain, which would be the indicator of molecular weight of grafted PS chain
on PBIEM,” was produced from compensating free initiator EBIB added beforehand to the
polymerization solution in place of 10% molecular amount of bromoisobutyrate group (ATRP
initiation group) of PBIEM macro-initiator. The M, and M,,/M, of the free PS chain was able to be

determined with direct GPC analysis of polymerization solution distinctively from PS grafted
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Figure 7-2. Plot of M, and M,,/M, vs conversion of the free (e) and cleaved (o) polymers for the
polymerization of St. The M, and M,/M, of cleaved polymers polymerized without EBIB free
initiator are also plotted (o).

PBIEM. The polymerization proceeded in controlled manner, keeping relatively low polydispersity
and good proportionality of M, with conversion following theoretical molecular weight. It was
possible to measure the grafted PS chains cleaved from PBIEM after the polymerization by
hydrolysis, following almost same M, and M,/M, values with the free PS chains. Those
polymerization results show that the PS chain is grafted on PBIEM consuming almost all of ATRP
initiation group with controlling chain length, prerequisite for controlled bottle brush polymer with
high graft density.

The purified PS grafted PBIEM was then gelated into thin film to measure the frictional property.
Radical coupling reaction between the grafted PS chain ends was used for gelation process. The
ethylbenzene solution of the PS grafted PBIEM and tetrakis(dimethylamino)ethylene, the amine

which can withdraw bromine end of the grafted PS to generate St radical for coupling,® was
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Table 7-1. Characteristics of Studied PS Grafted PBIEM Gels for Frictional Property.

Sample Mp’GpC(a) MW/Mn'Gpc(a) Mn’MS(b) MW/Mn’MS(b) Swelling Degree“) Ly /nm(d)

Gel 1 1,000 - 1,070 1.07 12.5 234
Gel 2 1,300 - 1,100 1.14 13.5 245
Gel 3 5,600 1.07 4,970 1.01 13.8 44

(@) Determined by peak top value of GPC curve. (b) Determined by MALDI-TOF MS. (c)
Swelling degree was defined as a ratio of equilibrium swollen thickness Lgye and dry thickness Ly
(Lswen/Lg). (d) Ly was determined with AFM image across scratched boundary of gel film.

spincoated on silicon wafer and then annealed under reduced pressure to successfully obtain
insoluble gel film about 100 nm thickness. The grafted PS chain was also able to be cleaved from
PBIEM main chain after gelation. The GPC curve of the grafted PS chain cleaved after gelation
showed another peak at twice molecular weight of the original grafted PS chain but the area is only a
few percent of the original one, indicating that only small portion of the grafted PS chain is
involving in the radical coupling reaction to turn into thin gel film. It is favorable to fabricate gel for
maintaining densely grafted brush structure, avoiding the large part of the brush structure being
fractured by forming bridge or loop structure between adjacent PS chain ends. The combination of
AFM force measurement and topographic imaging across the boundary revealed that the thin gel
films immersed in toluene swell as 10 times thicker as their dry thicknesses. The characteristics of
the PS grafted PBIEM thin gels are listed in Table 7-1.

Figure 7-3 shows the v-dependence on u at F, of 20 nN. Gel 3 showed relatively high p value of
0.3 and smaller v-dependency. On the contrary, the p of Gel 1 and Gel 2 showed lower value and
proportionally increased logarithmically with v. In particular, Gel 1, the gel with the shortest graft
chain length, exhibited quite small p value as low as 10 order at low v region, which is comparable

friction behavior to the ultra-low frictional property of CPBs.
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Figure. 7-3. Plot of frictional coefficient p vs shear velocity v measured at a normal force F, of
20 nN between the PS-grafted PBIEM gel and CPB of PS on probe silica particle in toluene. Each
symbol denotes the result of Gel 1 (o) and Gel 2 (o) and Gel 3 (o), respectively.

Concerning the friction mechanism of CPBs as discussed in Chapter 2, the friction behavior of
Gel 1 and Gel 2 is attributed to the development of CPB effect on their bottle brush structures. The
friction of each gel sample can be understood by considering effective graft density. Here, the author
defines the effective graft density of bottle brush polymer of cylindrical surface of tubular bottle
brush polymer. The effective graft density is decreased in inverse proportion to the graft chain length.
Gel 3, having the longest grafted PS chain among gel sample, has lower effective graft density of
0.03 which is indeed inadequate for consisting concentrated polymer brush with the grafted PS chain.
The low effective graft density allows partial contamination of graft chain segments between the
graft chain and confronted CPBs on probe particle, resulting in relatively higher pu value determined
with the boundary lubrication nature of Gel 3. In comparison, the effective graft densities of Gel 1
and Gel2, which have shorter grafted PS chain lengths, can be calculated as 0.13 and 0.17. Their
effective graft densities are enough to develop CPB effect for bottle brush polymer, as they exceed
the crossover effective graft density of 0.1 dividing polymer brush to SDPB or CPB regimes. The

CPBs structure developed in PS grafted PBIEM of Gel 1 and Gel 2 dramatically decreased their
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value in boundary lubrication by preventing the contamination of graft chain segments, which came
to exhibit friction manner in hydrodynamic lubrication state. The crossover effective graft density
could not be directly applied for tubular bottle brush polymer. However, the friction behaviors of Gel
1 and Gel 2 insist that the effective graft density would be a parameter for the formation of CPB
structure with bottle brush polymer, concerning that other parameter for friction such as the gel
thickness and degree of swelling is almost same in this friction measurement. Either way, it can be
emphasized that the reduction of 1 of Gel 1 and Gel 2 is the first successful result of confirmation of

CPB effect with bottle brush polymer.

7-4. Conclusion

The author has newly proposed a synthesis of bottle brush polymer precisely designed of its
graft chain length and graft density, and studied the frictional property of the thin gel film constituted
with the bottle brush polymer. The graft chain length and graft density of bottle brush polymer was
accurately controlled by exploiting ATRP initiated from macro-initiator polymer which contains
initiation sites in its each monomer segment. The bottle brush polymer was able to be turned into
thin gel film with radical coupling reaction between the free living ends of grafted polymer chain.
The friction study of the prepared then gel films showed a distinctive lubricating property depending
on the grafted polymer chain lengths, which was understood by their effective graft density of each
bottle brush polymer. Namely, the bottle brush polymer with shorter graft chain length has higher
effective graft density, even if the brushes have a same graft density at the roots of their graft chains.
The gel films constructed by the bottle brush polymer with shorter graft chain, the effective graft
density of which were particularly more than 0.1, exhibited ultra-low frictional property that resulted
from CPB structure on the bottle brush polymer. This work demonstrates the synthesis of
well-defined bottle brush polymer, and holds promise for a novel functional polymer material

developing CPB effect with single polymer chain.
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Summary

In Chapter 1, the background, purpose, and outline of this thesis were described.

In Chapter 2, the effect of solvent quality and hence degree of swelling on the frictional
property of CPBs was investigated using the polystyrene (PS) brush samples. The degree of swelling
of the brush was successfully controlled by varying the solvent composition of toluene/2-propanol
mixture. The data of frictional coefficient p as a function of shear velocity v and solvent composition
(and hence degree of swelling) were well understood by two mechanisms of lubrication, boundary
and hydrodynamic lubrications. At low v in toluene-rich solvents, the boundary lubrication
mechanism afforded p values less dependent on v and exceptionally small on the order of 10, as
had previously been observed for the CPB of poly (methyl methacrylate) (PMMA) in toluene and
ascribed to effective suppression of interpenetration between polymer brushes. This study more
focused on the hydrodynamic lubrication regime observed in a wide range of solvent compositions.
The  data in this regime were well described by the relationship p = g-v” where the parameter o
was almost constant and close to unity and the parameter g was scaled by the degree of swelling,
suggesting that the viscosity resistance on and in the solvent-swollen polymer brush dominated the
friction.

In Chapter 3, the frictional property of the CPB of PMMA was investigated in highly viscous
ionic liquids (ILs) (DEME-TFSI and EMI-TFSI) and toluene. These ILs could swell the CPB of
PMMA to the same degree as toluene, a more commonly used good solvent of much lower viscosity.
As expected between the concentrated polymer brushes in good solvents, little adhesive interaction
in the ILs was observed, decreasing the u in the boundary lubrication regime to values presumably
on the order of 10 as was the case in toluene. This allowed the hydrodynamic lubrication
mechanism to dominate the friction. In this regime, the v dependence of p followed the
above-mentioned power-law scaling with an o value close to unity. Interestingly, the S parameter

was simply scaled by the viscosity of solvent even though the viscosity differed by nearly two orders
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of magnitude. The study did not only clarify the nature of hydrodynamic lubrication but also
suggested the ability, as an excellent-lubrication system, of the CPB combined with IL.

In Chapter 4, the frictional property between the CPBs of immiscible polymers, PS and
PMMA, was investigated in toluene, a good solvent for both polymers, to clarify the feature in the
boundary lubrication of the CPB system. The immiscibility was demonstrated to effectively lower
the frictional coefficient, approximately by half, to a value on the order of 10°. This means that in a
good solvent, the confronted CPBs of the identical polymer partly interpenetrate each other at the
outermost surface by compression and that this interaction determines the friction in the boundary
lubrication (on the order of 10 in p).

In Chapter 5, the CPBs of water-soluble polymers, poly (2-hydroxyethyl acrylate) (PHEA) and
poly (poly(oxyethyleneglycol)methylether acrylate) (PPEGA), were newly synthesized by applying
photo-induced TERP to surface-initiated graft polymerization, where TERP refers to the
organotellurium-mediated radical polymerization, and their swelling and frictional properties in
water media were investigated. In water, the CPBs of PHEA and PPEGA had equilibrium
thicknesses of ca. 50% and 120%, respectively, against the weight-average contour length of graft
chains. This indicates that water is a reasonably good solvent for PPEGA but not for PHEA. The
frictional property of these brushes was well understood by the above-mentioned boundary and
hydrodynamic lubrications. Reflecting less quality as a solvent, the PHEA brush showed a higher
value of p in the boundary lubrication, consistent with the fact that adhesive interaction was
observed for this system. More interestingly, the CPB of PPEGA gave a i value on the order of 10
in pure water as well as in 0.1 M NaCl aqueous solution. Such super lubrication was concluded to be
common to the CPBs, e.g., even in an agueous system.

In Chapter 6, the CPB and semi-dilute polymer brush (SDPB) of poly (N-isopropyl
acrylamide) (PNIPAM) were synthesized via surface-initiated ATRP, and their swelling and
frictional properties in water were investigated as a function of temperature. Temperature-induced

swelling/shrinking process was observed for both the CPB and SDPB, the former of which had a
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more gradual change owing to its highly stretched chain conformation. At low temperatures, the
CPB achieved p values lower than 4 x 10, nearly three orders of magnitude lower than those of the
SDPB. More notably for the CPB, a sharp transition in p was triggered by temperature at around 30
°C, namely, the p value changed by more than three orders of magnitude in a narrow temperature
span, unlike the SDPB. Such stimulus-responsive water lubrication is of importance in developing
novel and advanced applications in technological and biomedical fields.

In Chapter 7, the bottle brushes of PS-side chains were synthesized, and the frictional property
of thin gel films of these bottle brushes was investigated. The ATRP from a multi-initiator, poly
(2-(2-bromo-2-methylpropanoyloxy)ethyl methacrylate) (PBIEM), proceeded with almost complete
initiation, giving the bottle brushes with controlled side-chain lengths. Using an amine catalyst,
effective radical coupling between side-chain ends was successfully achieved, processing the bottle
brushes into thin gel films. Thus prepared films were swollen in toluene, a good solvent for PS, and
the p value on their surfaces was measured against the CPB of PS. Interestingly, the samples of
sufficiently short side-chains were much improved in lubrication; the p value was dependent of v,
going down to the order of 10 in a low v range (almost comparable to the value between the CPBs
of PS in toluene). This result was discussed on the basis of the crossover density between the SDPB
and CPB by assuming the swollen bottle brush as a column with a radius equal to the fully stretched

side-chain length.

Through the thesis, the author revealed the lubrication mechanism of CPBs in solvents and
thereby developed new types of lubricating surfaces. The features of lubrication for the CPB are
summarized as follows; (i) the boundary lubrication is much improved on the order of 10™ or
sometimes 10 in p, allowing the hydrodynamic lubrication, and (ii) the hydrodynamic lubrication is
well understood by the local viscosity affected by the degree of swelling of the brush and the
viscosity of solvent. The author hopes that these fundamental studies shed new light on the science

of tribology, leading to new design for sophisticated and intelligent tribomaterials.
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