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1. Introduction

Recently, self-assembled nanofilms (SANFs), including self-assembled monolayers (SAMs),
self-assembled multilayer films (SAMFs), self-assembled inorganic films (SAIFs) and self-
assembled organic-inorganic composite films (SAO-ICFs), have generated substantial
interest not only for its simple preparation procedure but also for its wide potential
applications in many fields, such as surface modification, boundary lubricant coatings,
sensors, photoelectronics, and functional bio-membrane modeling, etc (Foisner et al., 2004;
Gulino et al., 2004; Hsu, 2004; Love et al., 2005; Ostuni et al., 1999; Song et al., 2008; Ulman,
1996; Wang et al., 2005). As a potential lubricant film for controlling stiction and friction in
micro-/nano-electromechanical systems (MEMS/NEMS), SANFs offers distinct advantages
over other strategies for lubrication of MEMS/NEMS devices. Especially, its assembly
process is rapid, shape independent and needs no complicated equipment (Ulman, 1996). In
general, the molecules can be assembled onto the targeted surfaces by a simple solution
immersion or vapor phase deposition, even within nanoscale crevices between moving
components of MEMS/NEMS.

To date, the adhesion, friction and wear behaviors of SANFs are extensively investigated in
nanoscale and macroscale by using various techniques and apparatus. Scanning force
microscope (SFM) techniques, mainly including atomic force microscope (AFM) (Butt et al.,
2005), interfacial force microscope (IFM) (Houston & Michalske, 1992), and chemical force
microscope (CFM) (Noy et al., 1997), are often applied to evaluate the nanotribological
performances of thin films. In AFM, the adhesive force between the AFM tip and the surface
can be calculated from the “force-distance” curve (Cappella & Dietler, 1999) as follows
(Tsukruk & Blivnyuk, 1998; Xiao & Qian, 2000):

ks

F, kaprkl (1)
where k. is the force constant of the cantilever, Z, is the vertical displacement of the
piezotube, k1 and k2 are the slopes of of the corresponding lines in Fig. 1.
The friction force in nanoscale can also be measured in a contact scanning mode with a
scanning angle of 90c or 270c (Fig. 2a). Such scanning will cause torsion of the cantilever and
the resultant lateral force is regarded as the friction force (Fig. 2b). Theoretically speaking,
the friction force can be easily calculated by applying the Hooke’s law:
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Fig. 1. A typical force-distance curve obtained by AFM.
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Fig. 2. Scanning angle selection for AFM tip (a); The cantilever torsion at a scanning mode of
contact and scanning angle of 90° (b), reproduced from Leggett et al., 2005; A typicaly
friction loop (c); Friction versus applied load curves acquired by AFM, reproduced from
Song et al., 2008.

where ki is the lateral spring constant, S;; is the lateral sensitivity of the photodiode, AV is
the torsion signal. However, the calibration of ki is still a challenge and therefore the
friction force obtained from the friction loops (Fig. 2c) is generally expressed in a raw
voltage form in the current studies. By acquiring friction at different applied loads, the
friction (Fy)-applied load (F,) curves can be plotted, which is described by equation (Schwarz
et al., 1995):

Ff= ciFm+ ooF, + c3 (3)

where c;-c3 are the material-dependent constants and the index m (0<m<1) depends on the
asperity geometry (Li et al, 1999). However, plenty of studies show that a linear dependence is
often observed, equation 3 is therefore simplified to the following form by assuming c; = 0.,

Ff=l‘l/an+Po (4)

where y is friction coefficient, and Fy is assumed to be related with the adhesive force
between AFM tip and the surface (Brewer et al., 2001; Foster et al., 2006; Li et al, 1999; Ou et
al., 2009; Song et al., 2006; Song et al., 2008; Zhao et al., 2009).
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The CFM is distinguished from the usual AFM technique by its probe tip which is
chemically immobilized with certain functional molecules (Fig. 3a). This new SFM technique
has been used to probe adhesion and friction forces between distinct chemical groups in
organic and aqueous solvents. As shown in Fig. 3b, covalent modification of the SisNj tip
with thiols and reactive silanes can be realized by different approaches (Noy et al., 1997).

V, = F, (Adhesion) b o U gold U RSH U
e S— W
Covalent

= o deposition
V, = F (Friction) Substrate SAM

Fig. 3. Schematic drawing of the CFM setup. The inset illustrates the chemically specific
interactions between a gold (Au)-coated, CHs-terminated tip and a COOH-terminated
region of a sample (a); Scheme for chemical modification of tips and sample substrates (b).
Reproduced from Noy et al., 1997.

Similar to AFM, the IFM is also an ideal tool to investigate the interaction between a
scanning tip and a nanoscale surface. The IFM setup is shematically depicted in Fig. 4. As
shown in Fig. 4a, a piezo tube acts as a translator to move the mounted sample in xyz
directions. The probe tip is mounted to a differential capacitor sensor instead of a cantilever
in AFM. This special force sensor is mechanically stable and able to determine both the
normal and friction forces over the entire range of the interfacial interaction, including the
contact and noncontact regions (Fig. 4b, c) (Houston et al., 1992 and 2005).
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Fig. 4. Schematic of the IFM (a). Averaged IFM data of frictional force vs normal force
comparing the behavior of the CHs- and CFz-terminated films (b); An interfacial force profile
(that is, force versus separation) for a 500 nm radius W probe interacting with an Au sample
surface covered by SAMs of n-alkanethiol molecules (c). For b and c, negative values
indicate attractive forces while repulsive forces are shown as positive. Reproduced from
Houston & Michalske, 1992 (a and c) and Houston et al., 2005 (b).

To investigate the macrotribological behaviors, various ball-on-plate tribometers, such as
UMT, are usually applied. The friction coefficient versus sliding time curve of the tested
specimen can be recorded automatically as the reciprocating sliding goes on. From this curve,
the macroscopic friction coefficient and anti-wear life, which refers to the sliding time at which
friction coefficient rises sharply, corresponding to lubrication failure, can be reflected (Fig. 5¢).
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Fig. 5. The photo of a UMT tribometer (a) and the schematic operation principle (b); A
friction coefficient versus time curve acquired by a UMT tribometer (c).

As these techniques developed, lots of researches have been done. It is revealed that the
tribological properties are structure and composition dependent. Roughly speaking, the
alkyl chain length and head/tail group of SAMs have a great influence on its tribological
behaviors. For SAMFs, the nature of each layer and the interaction between adjacent layers
are key factors. In this chapter, the tribological behaviors of SANFs, including SAMs,
SADLs, SAMFs, and SAO-ISFs, are reviewed, aiming at discovering the basic
“microstructures-properties” correlation.

2. SAMs

2.1 One component SAMs

SAMs have been widely investigated in the past 20 years because of its potential
applications in the field of surface modification, boundary lubricant, sensor,
photoelectronics, and functional bio-membrane modeling, etc (Foisner et al., 2004; Gulino et
al., 2004; Hsu, 2004; Love et al., 2005; Ostuni et al., 1999; Ulman, 1996; Wang et al., 2005). On
the basis of the surface chemical reaction and synthetic approaches, the chemical structures
of SAMs can be manipulated easily at molecular level. Generally, two kinds of SAMs,
namely, monolayers of alkylsilanes on silicon (Si) wafer surfaces and the monolayers of
alkylthiols on Au surfaces (Tsukruk, 2001; Love et al., 2005), have been intensively studied
as model lubricants not only for their excellent tribological properties but also for the wide
application of Si substrate in MEMS/NEMS and the highly ordered structures of Au wafer.
As schematically shown in Fig. 6, the precursor surfactant molecules [X3Si-(CHz)n-Y, HS-
(CH2)n-Y, X=-Cl/-OCHs/-OC,Hs] of SAMs consist of three parts, viz, head groups (XsSi- or
HS-), alkylchains [-(CH2).-], and tail groups (Y). Each part has great effect on the quality and
tribological property of SAMs.

Tail group —= ......

Interchain vander Waals
Alkyl chain —jm- = and other interactions

Chemisorption at

Fig. 6. A schematic view of the formation and forces in a SAMs.
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The influence of headgroups

The head groups interact with the active substrate through certain covalent bonding and
serve as anchoring points to determine the affinity and stability of SAMs. The superiority of
covalent bonding can be reflected by comparing with another popular candidate for
MEMS/NEMS lubricant of Langmuir-Blodgett (LB) film, which attaches to the substrate via
weak van der Waal force. As expected, SAMs is found to be much more stable against shear
stress and possesses better wear resistance as compared with LB film with similar
composition and structures (Bliznyuk et al., 1998; Bushan et al., 1995; DePalma & Tillman,
1989; Kim et al., 1999; Overney et al., 1992; Peach et al., 1996; b, Tsukruk et al., 1996; Tsukruk,
2001.). As shown in Fig. 7, C18 SAMs possess much better wear resistance as compared with
zinc arachidate LB film (Bushan et al., 1995).
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Fig. 7. The structures of C18 SAMs and zinc arachidate LB film. Both of the films possess
long alkyl chains of C18. Reproduced from Bushan et al., 1995.

It is generally believed that strong affinity of the molecules to the substrate is a basic
requirement for effective boundary lubrication. For SAMs with similar composition and
structures, the stronger adhesion is, the better wear-resistance is expected to be achieved.
For example, the chemisorption of alkylsilane/alkylthiol on the Si/ Au substrate surface is
realized by Si-O/Au-S covalent bonding, respectively. The bond energy of Au-S is lower
than that of Si-O (Bushan et al., 2005). Thus, alkylsilane SAMs can withstand higher normal
loads than the alkylthiol ones with the same alkyl chain and tail group (Bushan et al., 2005;
Booth et al., 2009). Moreover, the cross-link of head groups may also play an important role
in stabilizing the SAMs. For instance, owing to the intermolecularly cross-link of Si-O-Si
between adjacent molecules, n-octadecyltrichlorosilane SAMs (OTS-SAMs, Fig. 8) possess
much better wear resistance than n-octadecyldimethylchlorosilane SAMs (ODS-SAMs, Fig.
8) (Booth et al., 2009). However, comparing with alkylthiols, the cross-link of head groups
causes chain distortion and the lack of long range order in the silane SAMs, both of which
can serve as the energy-dissipating modes to increase the friction (Lio et al., 1997).
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Fig. 8. Schematic structures of OTS-SAMs and ODS-SAMs.
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The influence of alkyl chains

It has been proved that the frictional behaviors varied significantly with the alkyl chain
length. SAMs with shorter chain length possesses higher friction coefficient (Xiao et al, 1996;
McDermott et al., 1997) and lower load affording capability (Xiao et al, 1996; Bushan et al.,
2005). To discover the origin of the chain length dependence, lots of works have been done.
It is found that the frictional force is proportional to the contact area and shear strength
(Tsukruk et al., 2001; b, Wang et al., 2005). Due to the loosely packed and disordered
structures of the SAMs with shorter alkyl chain, on one hand, the contact area increases. On
the other hand, CH,-CH,; backbones in a loosely packed SAMs are exposed to the AFM tip,
which increases the van der Waals interaction between the tip and surface and thereby
enhances the shear strength. So, it can be concluded that the microstructures, i.e., lower
packing density and substantial disorder in SAMs, are key factors for the higher friction. In
other words, the shorter chains are apt to form SAMs with more disorders which facilitate
the energy-dissipation and give rise to a high friction and friction coefficient. The lower load
affording capacity for the shorter chain SAMs is because that the shorter chains are less
flexible to tile in response to the applied load (Chandross et al., 2005).

As the chain length increases to a critical value, the inter-chain attraction is large enough to
form ordered structures and the chain length dependence is not so distinct. However, as
discovered by Liu et al, the ultra-high compact density caused by the very long alkyl chain
could result in a higher friction (Liu et al, 1996). For example, monolayers of
dieicosyldimethylammonium bromide (Fig. 9, n=20, 22) are believed in a frozen state owing
to the strong interchain interaction, while it is in a melted state for the molecules with short
chain of C14. It is acordingly found that the monolayers of C14 yield a lower friction due to
the compliant of the melted chains.

H3C\+ /(CHz}n_1—C Ha
N

Hac/ \(CHz}n_t—CH3 n=14,16,18,20,22

Fig. 9. The molecules investigated in the reference of Liu et al., 1996.

According to above interpretation, it seems that the chain length only has an indirect
influence to affect the tribological performances by defects. To understand the direct
correlation more clearly, lots of theoretical simulations have been performed (Chandross et
al., 2005). It is observed that, for SAMs with no defects, longer chain length can endure
heavier applied load. This is because that the longer chains are more flexible to tile in
response to the applied load as compared to shorter ones. Moreover, for well-ordered, fully
packed SAMs with different chain length of C6, C8 and C12, friction coefficient decreases as
the chain carbon number increasing (Chandross et al., 2005). This is because that the
effectiveness of stress transmission during sliding is dependent on the chain length-longer
chains have more contact with neighboring ones. From the above discussions, it can be
summarized that the frictional behaviors are influenced by the chains length due to the
formed defects or the intrinsic difference between short and long alkyl chains.

The influence of tail groups

The tail groups exposed to the ambient environment have a significant effect on the surface
nature of SAMs, such as wettability and adhesion (Tsukruk et al., 2001). Generally, the
adhesion force (F,45) between surfaces includes the capillary force (Fc), van der Waals forces
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(Foaw), electrostatic force (Fg), and chemical bonding force (Fgp), which is described by
equation (5):

Foa=Fc+ Foaw + Fe + Fp (5)

In ambient air conditions, Fc is proportional to the cosine value of water contact angle (cost)
on the surface and takes main contribution to the adhesion. Generally, lower surface energy
corresponds to a hydrophobic surface, which has a high water contact angle ( lower cosf
value) and thereby result in a lower Fc and then a lower Fu. In liquid medium, Fc is
eliminated and the adhesive force between different tail groups can be measured by CFM. It
is observed that the adhesive forces between ~-COOH and -CHj groups are reduced in the
following order: COOH/COOH >CH;/CHs >COOH/CHj (Fig. 10a) (Noy et al., 1995). The
adhesive force difference between COOH/COOH and CH3;/CHs may be result from the
item of Fp. Specifically, the COOH polar groups tend to form intermolecolar hydrogen
bonding to boost the chemical bonding force. Compared with the asymmetric pair of
COOH/CHs, the adhesive force for CHs/CHs is higher. This can be explained as follows:
the adhesive force is the product of tip radius R and adhesive work Wi, specifically,

Fy =1572RWy,(Wy =¥ + 71 — 7st) (6)

where v, y; and ys are the surface energy of sample, CFM tip and interface energy between
them, respectively (Noy et al.,, 1995; Tsukruk et al., 1998). For the symmetric pair of
CH3/CHjs, the null interface energy y. will result in a higher adhesive work and adhesive
force. Correspondingly, friction of different pairs are arranged in the same order, viz,
COOH/COOH >CHj3/CH; >COOH/CHj (Fig. 10b)

a cooncn, | B
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0 1 2 3 4 5 0 1 2 3 4 2 3 4 5 5 10 15 20 25 30 35
Adhesive Force(nN) Adhesive Force(nN) Adhesive Force(nN) Load Force (nN)

Fig. 10. Adhesion and friction for different pairs. Reproduced from Noy et al., 1995.

Fr is always generated between the charged tip and the charged samples. When tested in
liquid medium, Fr is dependent on not only the nature of tail groups but also the pH value
of the aqueous solution (Tsukruk & Blivnyuk, 1998). To be specific, in the pH range of
pKi~pK: (pK1 and pK; are the isoelectric points of the sample and the tip, respectively, Fig.
11), attraction between the tip and sample is generated, which result in a high friction. In the
cases of pH value lower than pK; or higher than pKj repulsion and lower friction is
correspondingly obtained.

The spatial orientation of the tail groups also has a prominent impact on adhesion and
friction. For example, an “odd-even” effect is observed for SAMs with same tail groups but
different CH, number (odd or even) in the alkyl chain (Chang et al., 1994; Lee et al., 2001;
Smith & Porter, 1993; Tao, 1993; Wong et al., 1998). As shown in Fig. 12, the spatial
orientation of the -COOH tail groups are different for the two SAMs with odd or even
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number of CH; units. As a result, intra-film hydrogen bonds are produced within a film for
the pairs of odd-COOH SAMs, while inter-film hydrogen bonds are gegerated between the
two surfaces for the pairs of even-COOH SAMs. It is then expectedly found that higher
adhesion and friction were obtained for the pairs of even-COOH surfaces due to the inter-
film hydrogen bonds. (Kim & Houston, 2000).

e s/
N

pH pH

repulsion Y

attraction

Fig. 11. Expected variation of adhesion-repulsion balance for interacting surfaces with two
isoelectric points (a), and a scheme of tip/surface pairs with different surface charge
distributions and force balances at different pH values (b). Reproduced from Tsukruk &
Blivnyuk, 1998.

Based on the surface energy, tail groups of SAMs can be sorted into two categories of polar
terminal groups (such as -OH, -NH, and -COOH) with high surface energy and apolar
terminal groups (such as -CHjz and -CFz) with low surface energy. The SAMs with apolar
terminal groups generally possess lower surface energy and relatively weak interaction
between two sliding surfaces, which result in a lower adhesion and less energy loss leading
to a lower friction force (Liu et al., 1996; Tsukruk et al., 1996, Zhang et al., 2002). However,
although the surface energy of -CF3 (12.9 mJ/m?) is lower than that of -CH3 (~24 mJ/m?)
(Bushan et al., 2005; Luengo et al., 1997), the fluorocarbon SAMs produce higher friction in
AFM studies (Bushan et al., 2005; Kim et al., 1997; Peach et al., 1996, Houston et al., 2005).
The unexpected higher friction is attributed to the larger size and higher electronegativity of
the fluorine atom, which result in two major variations in the surface properties of SAMs
(Kim et al., 1997). On one hand, the replacement of -CH3 with larger tail groups of -CFj3 into

the close-packed (\/§ x~/3 ) R30° lattice gives rise to increased surface steric interactions.
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Fig. 12. A schematic representation of the -COOH end group orientations for alkanethiol
SAMs having both odd and even numbers of methylene groups (a) and the plots of the
lateral friction force vs. interfacial force for various end-group combinations (b).
Reproduced from Kim & Houston, 2000.

During sliding, more energy is imparted to the film to overcome the consequent increased
steric barriers and then results in higher friction (Kim et al., 1997; Peach et al, 1996). On the
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other hand, the strong surface dipoles in CFs-teminated monolayer would cause much
higher attractive force between the AFM tip and the surface of SAMs, and eventually cause
more energy loss to increase the friction (Houston, 2005). This size effect is also observed
between the tail groups of ~-CH(CHz)2 and -CHj3 (Kim et al., 1999) as well as C60, phenyl and
-CHj3 (Lee et al., 2001).

2.2 Mixed SAMs

Co-deposition of molecules with different terminal groups or alkyl chain lengths to form
mixed SAMs is also extensively studied, which allows an in-depth understanding of the
relationship between structure and performance of SAMs. Several reports have revealed the
frictional behaviors of the mixed SAMs derived from akanethiols or alkylsilanes. For
instance, the mixed monolayers with chemically heterogeneous surface composed of
mercaptoundecanoic acid (MUA) and dodecanethiol (DDT) or mercaptoundecanol (MUO)
and DDT have been prepared (Brewer & Leggett, 2004; Beake & Leggett, 1999). SFM tips
immoblized with COOH or CHj; groups were applied as the probes to investigate the
tribological behaviors. As shown in Table 1, the adhesion for the symmetric pairs (polar-
polar or apolar-apolar) is relatively higher, which can be well understood by referring to the
equation (6), where y is much lower for the symmetric pairs. The surface composition of
the mixed SAMs can be reflected by the water contact angle 6. In other words, high fraction
of polar group-terminated adsorbate (e.g. MUO) will produce a small 6 and high cosf value.
The relationship between friction coefficient and cost is depicted in Fig. 13. It can be seen
that, when COOH tip is applied, friction coefficient increases with increasing the cosf (i.e.,
increasing the MUO fraction). Correspondingly, when CHj tip is applied, friction coefficient
increases with decreasing the cosf (i.e., increasing the DDT fraction). It is therefore
concluded that the friction coefficient increases due to the enhanced interaction of the
symmetric tip-sample pairs.

Sample Tip

COOH CH;
CH; 0.57£0.17; 0.58+0.26 1.2+0.54
COOH 1.6%0.41; 2.1+0.85 0.78+0.26
OH 1.9£0.34 0.76+0.20

Table 1. Mean adhesion forces (nN) in ethanol between different tip-sample pairs. Obtained
from Beake & Leggett, 1999.

When a non-modified SisNy tip was applied to investigate the tribological behaviors of
MUA/DDT mixed SAMs, friction force increased with increasing the relative amounts of
MUA in the mixed SAMs (Fig. 13c). This attributes to that higher MUA fraction raises the
interaction between the scanning tip and the mixed SAMs, eventually increasing the energy
dissipation and friction.

Studies on comparing the tribological properties of one-component SAMs with mixed ones
are also performed. As revealed by Whitesides et al., mixed SAMs composed of
octadecanethiol (ODT) and dodecanethiol (DDT) on Au substrate exhibit higher friction
than one-component SAMs (Fig. 14a) (Bain & Whiteside, 1989). Such difference is attributed
to the different structures of the two SAMs. Le. the one-component SAMs is well-ordered,

www.intechopen.com



412 New Tribological Ways

a composenal o Fmined SAMs [

5 12

§
Relative value of I
& o ﬂg O_.ll 0;8 0;! 1
Relative value of p
08

[N Si,N, tip
o

| CooHtip =| CH, tip
,,,,,,,, - ] | - I'_

=

He ™

-

SH T i N N "-G"C'H P
(MUO) HOOC., /

or

r

Relative friction coefficient

HOOC—
\

n |
2
402 0 03 04 08 08 10 04 02 & 02 04 06 0 10 04 02 00 02 04 06 08 10
cos @ cos @ cos @

“cooH

(MuA) Hooc”

Fig. 13. The molecular structures of ODT, MUO, and MUA and the functionlized tips used
to determine the tribological properties of the mixed SAMs (a); Friction coefficient as a
function of cost for carboxylic acid-terminated tips and methyl-terminated tips (b);
Correlation of relative friction coefficient with cosine of the water contact angle for mixed
MUA/DDT monolayers (c). Reproduced from Brewer & Leggett, 2004 (b) and Beake &
Leggett, 2000 (c).

while the mixed SAMs possess an outer region with disordered structure (Fig. 14b), which
would increase the tip-sample interaction greatly and therefore producing a higher friction.
However, a different tribological phenomenon has been observed for the mixed SAMs of
alkylsilanes with different chain lengths on Si wafer. The friction for the mixed SAMs is
lower than that of one-component SAMs. It is explained that the better lubrication
performance of the mixed SAMs is attributed to the higher mobility of the tethered
molecules in the monolayers, which can be evidenced by the much shorter relaxation time
than that of one component SAMs (Zhang & Archer, 2003; Zhang & Archer, 2005).
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Fig. 14. Variation in relative friction coefficient with composition of mixed DDT/ODT
monolayers (a); Structures of the mixed monolayers (b). Reproduced from Beake & Leggett,
2000 (a) and Bain & Whiteside, 1989 (b).

3. SAMFs

3.1 Functional group embedded SAMFs

As a potential lubricant in MEMS/NEMS, SAMs can reduce the adhesion and friction
greatly. However, the load-carrying capacity of SAMs is relatively low, which significantly
limits its service life. A promising way to further ameliorate the tribological behaviors of
SAMs, especially the load-carrying capacity, is to enhance the stability of the films. It is
revealed that the SAMFs with synergetic components generally exhibits longer anti-wear
life (Ren et al., 2003; Ren et al., 2004; a, Song et al., 2008). The reason for the enhanced wear
resistance is ascribed to the special structures of the SAMFs. Generally speaking, there are
two approaches to construct SAMFs with unique structures, viz, one-step assembling and
multi-step assembling. As to the one-step process, the pre-designed target precursors are
assembled onto the substrate (Tam-Chang et al., 1995; Clegg & Hutchison, 1999; Clegg et al.,
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1999; Song et al., 2006; Chambers et al., 2005); The multistep method involves common self-
assembling and subsequent interface chemical reaction (Ren et al, 2003; Jiao et al., 2006). In
most cases, the synthesis and the succedent purification for precursor molecules are too
difficult to perform. So, compared to the one-step method, the stepwise strategy is more
suitable to construct SAMFs with unique molecular architectures.

For SAMFs, the attachment to the substrate and the tail groups exposed to the ambient
environment remain almost the same with SAMs. The most dramatic difference is related to
the bulk chain. Specifically, the attraction between adjacent alkyl chains of normal SAMs is
the weak van der Waals force. Within SAMFs, the inter-chain interaction is enhanced by
functional groups, such as diacetylene (Mowery et al., 1999), peptide (Clegg & Hutchison,
1996; Sabapathy et al., 1998), and sulfone (Evans et al., 1991). It is hypothesized that the
functional groups interact laterally taking the form of hydrogen bonding, dipole interaction,
n-stacking, or covalent attachment, which are able to influence the integrity, stability and
the tribological performances of the film (Ren et al., 2003; a, Song et al, 2008).
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To obtain nano film with promising application in the lubricant system of MEMS/NEMS,
much effort in our group has been paid to construct a series of SAMFs with improved
tribological properties better than SAMs. For example, taking advantage of amidation
reaction between carboxyl (-COOH) and amine (-NH.) groups, SAMFs consisting of 3-
aminopropyl triethoxysilane (APTES) (Ren et al., 2003) or polyetherimide (PEI) (Ren et al,,
2004) underlayer and stearic acid (STA) outerlayer has been prepared (Fig. 15a). The as-
obtained SAMFs of STA-APTES and STA-PEI strongly attach to the substrate and possess a
hydrophobic surface and a flexible alkyl chain outerlayers, which make them exhibiting
excellent adhesion resistance and low nano-friction (Fig. 15b, c). Moreover, the interaction
between adjacent chains intensified by the hydrogen bonding is assumed to be responsible
for the improved wear resistance. Comparing with OTS-SAMs, the STA-APTES and STA-
PEI SAMFs show much better load carrying and anti-wear capacity, demonstrating that the
tribological properties of self-assembled films can be greatly improved by controlling the
chemical structure and composition of the SAMFs.

To investigate the influence of underlayer structures on tribological properties, a
systematical research has also been done in our group (b, Song et al., 2008). It is found that
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the structures of underlayer have a great effect on the frictional behaviors. Specifically,
SAMFs with different underlayers of APTES, N-[3-(trimethoxylsilyl)propyl]ethylenediamine
(DA) or N-[3-(trimethoxylsilyl)propyl]-diethylenetriamine (TA) and indentical outerlayer of
lauroyl chloride (coded as C12) have been constructed via amidation reaction (Fig. 16). As
attenuated total reflection-Fourier transform infrared spectrometry (ATR-FTIR) analyses

e " =Bl Mo

e,
L L N

™ G5l

M
H
\(""\_.—"’“'xf"“\/"‘-\ef"‘-vf" OBl _ s M.~
I H
Q
N
H

o =i T . W i

H o TA-C12 DA-C12 d H APTES-C12

Fig. 16. Schematic structures of TA-C12, DA-C12, and APTES-C12 SAMFs.

indicated, the packing density of the as-prepared films follows the order DA-C12> TA-C12 >
APTES-C12. The higher packing density of DA/TA-C12 is due to their longer chains of the
underlayers. Even though TA has a longer molecular chain, TA-C12 is slightly less ordered
than DA-C12, which is probably due to one more ~-CH,CH,>NH- unit contained in the chain
of TA (one more ~-CH,CH,NH- means that more random intermolecular hydrogen bonds
could be formed between TA molecules). The lower packing density of APTES-C12 results
in higher friction coefficient, both in nanoscale and macroscale.

In the above cases, the lateral interaction between adjacent chains is the weak hydrogen
bonding. Zhao et al have constructed a triple-layer film (abridged as GAO) with lateral
covalent network structures, which is composed of OTS outerlayer, APTES interlayer and 3-
glycidoxypropyl-trimethoxysilane (GPTMS) underlayer (Zhao et al, 2009). The structure of
the triple-layer film is depicted in Fig. 17a. It is belived that the APTES molecule serves as
the linkage to combine the GPTMS with OTS. Specifically, the amine groups of APTES can
react with the tail groups of GPTMS-SAMs and the hydroxyl groups formed by the
hydroxylation are served as the active points to induce the self assembling of OTS
molecules. The as-constructed film shows much better wear resistance as compared with
OTS-SAMs, which is ascribed to the lateral Si-O-Si network structures (Fig. 17b).

3.2 Polymer SAMFs

The polymer nano-film with cross-linking network structures can sustain high compression
and shear stress (Tsukruk et al., 1999; Luzinov et al., 2000; Luzinov et al., 2001; Maeda et al.,
2002). So, polymeric thin film has been used as boundary lubricant coating in many fields
including MEMS/NEMS, artificial joints, and computer hard disks, etc. However, physically
adsorbed polymer films are easily peeled off during friction. Recently, there are two ways to
construct chemically tethered polymer SAMFs, viz, “grafting to” or “grafting from”
approaches. In a “grafting to” approach, the presynthesized end-functionalized polymer
molecules react with a certain substrate to form polymer brushes. For example, a copolymer
of poly[styrene-b-(ethylene-co-butylene)-b-styrene] (coded as SEBS) functionalized with 2%
maleic anhydride into the hydrocarbon chains was assembled onto the surface of epoxy-
terminated monolayer (Fig. 18a-d) (Luzinov et al., 2001). The as-fabricated films possess low
friction coefficient, modest adhesion, low stiction, and good wear stability. To further
improve the wear resistance, a SAMF with trilayer sandwiched architecture have been
constructed (Fig. 18e, f) (Sidorenko et al., 2002). As expected, the anti wear life is much
longer than epoxy composite layer (Fig. 18f).
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However, few species of polymers can be immobilized onto the surface by “grafting to”
approach due to the following two considerations (Zhao & Brittain, 2000). On one hand, it is
difficult to synthesis polymer with functional anchoring groups. On the other hand, the as-
synthesized polymer has complicated chain structures, which result in a low grafting
density and thick film thickness. To circumvent this problem, “grafting from” approach has
been proposed to prepare relatively thicker polymer brush with a higher grafting density. A
representative “grafting from” approach, also called surface initiated polymerization (SIP),
includes steps of introducing initiators on the substrate surface and succedent in-situ
polymerization. Generally speaking, the immobilization of initiators is achieved by forming
initiator-containing SAMs on the substrate. For instance, Takahara et al has prepared
covalently tethered poly(methyl methacrylate) (PMMA) brushes on the Si wafer
immobilized with an initiator SAMs of 2-bromoisobutylate moiety, abridged as DMSB (Fig.
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19a) (Sakata et al., 2005). Compared with the spin-coated PMMA film, the self-assembled
PMMA brush is found possessing much better wear resistance (Fig. 19b). However, this
kind of initiator with complex molecular structure is also difficult to synthesis. Zhou et al.
has developed a novel and much easier strategy to prepare PMMA film with comparable
thickness based on the surface radical chain-transfer reaction (Zhou et al., 2001). The basic
strategy of this novel process is depicted in Fig. 19c. It is clearly shown that, during this
simple SIP process, the Si substrate was pre-modified by a SAMs of
mercaptopropyltrimethoxylsilane (MPTES) rather than the complex initiators. As revealed
by Yan et al, polystyrene (PSt) film can also be prepared by the same procedure (Zhao et al.,
2008). The covalently tethered PSt film showed excellent scratch and adhesion resistance
(Fig. 19d).
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Fig. 19. The synthesis of DMSB and the PMMA brush (a); Friction coefficient versus sliding
time for PMMA brush and cast film under a load of 0.49 N at a sliding velocity of 90
mm/min in air (b); A simple strategy to prepare PMMA and PSt brush (c); (d) Adhesion and
scratch resistance of the PSt brush. Reproduced from Sakata et al., 2005 (a, b), Zhou et al.,
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silicon wafer (a); The nano- and macrotribological behaviors of different samples (b).
Reproduced from Ou et al., 2009.

Recently, inspired by the “structure-property” correlation of SAMs, a robust polymer-based
film has been constructed in our group by adopting APTES-SAMs as “headgroup”,
polydopamine (PDA) as “bulk chain”, and stearoyl chloride SAMs as “tailgroup” (Ou et al.,
2009). The in-situ polymerization of PDA on the APTES-SAMs surface is more like “grafting
from” approach. The inherent special chemical structure, viz, the high adhesion to the
substrate, the covalent combination between adjacent layers, the cross-linked PDA, as well
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as the hydrophobic and flexible C18 chain, takes main responsibility for the enhanced load-
carrying capacity and lengthened anti-wear life (Fig. 20).

4. SAIFs and SAO-ICFs

Zirconia (ZrO;) and ZrO, based nanocomposite film is a popular candidate for lubricant
coating in nano-devices. Several different methods, such as physical vapor deposition and
plasma spraying, have been established to prepare ZrO, based nanocomposite film (Pakala
et al, 1997). High quality films with uniform structure, good compactness and high
adherence to the substrate can be obtained by these techniques. However, some strategies
need large apparatus and are high energy-consuming. Therefore, lots of efforts have been
made to develop novel and feasible technique for deposition of ZrO, nanofilm and ZrO,
based nanocomposite film. Among these researches, aqueous deposition onto SAMs with
particular functional tail groups, such as -SO;H (Wang et al.,, 2004; Wang et al., 2005;
Zlotnikov et al., 2008), -PO(OH); (Zhang et al., 2006) and -OH (Ou et al., 2001), are studied
intensively. For example, Wang et al. have prepared a crystalline ZrO,-SAIFs on the Si
substrate mediated by a sulfonated MPTES-SAMs (Fig. 21a) (Wang et al., 2004; Wang et al.,
2005). As experimental results shown, the as-deposited ZrO,-SAIFs is characterized by poor
mechanical and tribological behaviors (Fig. 21b), which may be ascribed to the loose-packed
structures caused by defects. Fortunately, it is found that a simple post-annealing (Fig. 21b)
(Wang et al., 2005) or a unique preparation process with high pressure (Fig. 21c, d) (Zhang
et al., 2006) can ameliorate the mechanical and tribological properties effectively.
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Fig. 21. Schematic of growth of ZrO; thin film on SAMs in aqueous medium (a); Friction
coefficients as a function of sliding cycles at a load of 0.5 N (b); Mechanical properties of the
ZrO; films prepared with a hydrothermal process at 135 °C, ~5 atm, for 24 h, as compared to
those prepared with no pressure (c, d). Reproduced from Wang et al., 2004 (a), Wang et al.,
2005 (b) and Zhang et al., 2006 (c, d).

To prepare ZrO, based SAO-ICFs, layer-by-layer (LbL) assembly technique is often applied.
Generally speaking, LbL technique is based on sequential adsorption of oppositely charged
materials, such as polyelectrolytes and inorganic nanomaterials. For example, Claus et al
have obtained a superhard ZrO,/PSS SAO-ICFs by a LbL process which is based on the
electrostatic interaction between ZrO; nanoparticles (positive charged) and PSS (negative
charged) (Fig. 22) (Rosidian et al., 1998).

However, this electrostatic LbL technique is confined to the charged materials. To expand
the appliction of the LbL, a novel non-electrostatic layer-by-layer (NELbL) assembly
technique has been invented in our group (Ou et al., 2010). The newly-reported PDA is
served as the building block for its special nature, viz, high adhesion to almost all surfaces
and the active surface with functional groups (such as -OH and -NH>). As schematically
illustrated in Fig. 23, PDA can be chemically grafted onto the amine groups of APTES-SAMs

www.intechopen.com



418 New Tribological Ways

NH P.i.H.I'PSﬁQ

CH CH GCHy
d ) 15 [ : C‘- o]
A—{-n_c—;::—?; —f—CHyg—= e Gy € = b Quintz or Bllcan Subatrets
¥ o L2 =]
GH: )
| i
MHy CF

Fig. 22. The molecular structures of PAH, PSS and PS119 (a); Schematic of multilayer
fabrication of ZrO,/PSS SAO-ICF (b). Reproduced from Rosidian et al., 1998.

(Fig. 23, Process II) or hydroxyl groups of ZrO; film (Fig. 23, Process IV). Besides, the ZrO;
clusters formed in the Zr(SO4); solution can deposit onto the PDA surface via chelation (Fig.
23, Process III). Thus, the sequential deposition of ZrO, and PDA can present a novel non-
electrostatic strategy to construct ZrO,/PDA SAO-ICFs. The microhardness and elastic
modulus of the annealed 15-cycle ZrO,/PDA film are measured to be as high as 24.10 and
250 GPa, respectively. This microhardness is comparable with that of ZrO,/PSS SAO-ICF
(25.13 GPa) (Rosidian et al., 1998). The outstanding mechanical properties of the ZrO,/PDA
SAO-ICFs can be ascribed to the in-suit deposition and organic-inorganic hybrid
microstructures (Ou et al., 2001).
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Fig. 23. A schematic view for constructing ZrO,/PDA SAO-ICFs. Reproduced from Ou et
al., 2001.

5. Conclusion

Based on the above discussions, it can be obtained that the tribological behaviors of SANFs
are mainly structure dependent. Namely, the interfacial and interfilm interaction is
supposed to influence the tribological properties of the prepared SANFs. With the efforts of
many researchers, principal dependence between tribological performance and different
parts of SAMs, viz, head/tail groups and bulk chains, has been proposed. This can be a
basic understanding for us to investigate more complicated systems, such as SAMFs, SAIFs
and SAO-ICFs. It is expected that the extracted “structures-properties” correlation can serve
as the guidance to direct the further designing of lubricant coatings for MEMS/NEMS and
other devices in molecule-level.
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