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Abstract We demonstrate that the frictional properties of

alkanethiol self-assembled monolayers (SAMs) with vari-

ous surface-chemical and structural features can be

investigated on a macroscopic scale by employing an

elastomer as the sliding partner in pin-on-disk tribometry.

The mild contact conditions at the elastomeric tribological

interface allow the SAM films to remain virtually intact

despite the tribological stress. Sliding contact between

SAMs and elastomers over the speed range available from

an ordinary tribometer in a liquid environment induced a

broad range of lubrication mechanisms, ranging from

boundary to fluid-film lubrication regimes. Thus, the

impact of both the chemical and structural characteristics

of SAMs on the formation of fluid films and interfacial

friction forces could be probed in the absence of wear

processes. Given the large SAM ‘‘toolbox’’ that is readily

available for the modification of surface-chemical charac-

teristics, this approach provides an opportunity to

investigate the influence of surface chemistry on the fric-

tional properties of elastomeric tribological contacts.

Keywords Self-assembled monolayers (SAMs) �
Elastomer � Pin-on-disk tribometry � Boundary lubrication �
Soft elastohydrodynamic lubrication (soft EHL)

1 Introduction

In the past two decades, self-assembled monolayers

(SAMs) generated from alkanethiols and alkylsilanes have

been extensively studied as model systems for boundary

lubricants [1–24]. Since the structure and chemistry of

SAM films can be systematically tailored at the molecular

level, the majority of reports have focused on the study of

friction and lubricating properties of these systems under

nanoscale contact conditions [1–18]. Technically, this has

become possible for two reasons; firstly, SAMs can be

readily generated on substrates displaying extremely

smooth surfaces, such as monocrystalline gold, mica, and

highly polished silicon, and thus boundary lubricant films

with ideally smooth morphology have become available.

As a comparison, it is worth noting that more classical

boundary lubricant films, such as fatty acids and alcohols

[25–28], have generally been formed on polished metal/

metal oxide surfaces, which display much higher surface

roughness. Secondly, as the counterface to these boundary

lubricant films, a slider consisting of a single asperity, such

as the atomic force microscope (AFM) tip [29, 30], has

become available. Thus, the control of contact pressure

within the contact area became feasible by simply con-

trolling the external load. This is important in that

tribological stress could be applied exclusively onto the

SAM films, i.e., without penetrating to the underlying

substrate, and thus their tribological properties as bound-

ary-lubricant films can be probed. In contrast, tribological

contacts involving SAM films probed by more conven-

tional, macroscale approaches, such as pin-on-disk

tribometry [19–24], have generally resulted in irreversible

damage to the samples, both the SAM films and the sup-

porting substrates, which renders the interpretation of the

observed tribological properties far more complicated.
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Clearly, this is due to the multi-asperity contacts arising

from the counterpart roughness, e.g., the macroscale slider

(pin), and the resulting uncontrolled, extremely high local

contact pressures.

The poor mechanical durability of SAM films, and often

of the supporting substrates themselves in addition, is a

major barrier to fundamental tribological studies of SAM

films on a macroscopic scale. This problem, however, can

be readily overcome if a highly compliant material, such as

a rubber, is employed as the sliding counterpart to the SAM

films. Under ordinary tribometer experiment conditions,

the apparent contact pressure applied by an elastomer can

be easily maintained below the MPa range, and due to its

high compliance, the surface asperities of the elastomer can

readily flatten out under pressure. Thus, the wear problems

arising from uncontrolled asperity contact can be avoided.

In fact, this configuration, either ‘soft’ slider on ‘rigid’

track or ‘rigid’ slider on ‘soft’ track, has routinely been

employed in tribological studies of elastomers [31–33],

especially in soft elastohydrodynamic lubrication (soft

EHL) studies [34–43]. As schematically depicted in Fig. 1,

the effect of using an elastomeric slider for pin-on-disk

tribometric studies of SAM films is to reduce the contact

pressure to a level typically available from nanotribological

contacts or lower, while the contact area and sliding speed

are maintained at levels typical for macrotribological

studies. Thus, the tribological properties of SAM films can

be investigated in a wear-less regime, as is the case with

nanotribological approaches, yet with the possibility of

both macroscopic contact area and high sliding speeds.

Furthermore, the contact area is large enough that standard

surface-analytical approaches can readily access it to

characterize the structural and chemical changes present

after tribological stress; currently, no generally available

surface-analytical approach can access the contact area

generated by an AFM probe other than AFM itself.

We consider that this approach—soft slider on SAM

films/rigid substrate—is particularly useful to investigate

the role of surface chemistry on the efficacy of lubricant-

film formation, which is crucial in the soft elastohydro-

dynamic lubrication (soft EHL) regime. Our recent studies,

[34, 35] involving water and poly(dimethylsiloxane)

(PDMS) as lubricant and elastomeric tribopair, respec-

tively, have shown that the formation of a soft EHL film is

determined not merely by the bulk mechanical and rheo-

logical properties of the tribosystem alone as predicted by

classical theory [44, 45], but that the surface-chemical

properties of tribopairs also play a significant role; when

the surface of the tribopair is insufficiently wetted by the

lubricant, the predicted formation of an EHL film is sig-

nificantly retarded, even if the bulk mechanical properties

meet the conditions for the formation of a soft-EHL film.

Given the wealth of useful approaches that have been

established in self-assembly techniques to modify surface-

chemical characteristics, the effects of a broad range of

surface-chemical modifications on soft EHL can be con-

veniently explored. In the present article, we aim to

establish this methodology by employing SAM systems

whose tribological properties have been well established,

allowing us to focus on testing the proposed methodology.

2 Materials and Methods

2.1 Self-assembled Monolayers (SAMs)

Three types of SAM films have been prepared by spontaneous

adsorption from ethanolic solutions of 11-mercaptoundecanol

(HS(CH2)11OH), 1-dodecanethiol (HS(CH2)11CH3), and

1-hexanethiol (HS(CH2)5CH3) onto polycrystalline gold

surfaces deposited on glass. For simplicity, these SAMs are

abbreviated as C11OH, C11CH3, and C5CH3, respectively,

throughout this article. A schematic illustration of the SAM

films on gold substrates generated from these molecules is
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Fig. 1 A pressure-versus-sliding-speed diagram showing the contact

configuration of an elastomeric slider on self-assembled monolayer

(SAM) films: schematic illustrations for (a) single-asperity contacts

on a nanoscopic scale as in AFM (low contact pressure, low speed),

(b) multi-asperity contacts on a macroscopic scale as in conventional

pin-on-disk tribometry employing rigid sliders (high contact pressure,

high speed) and (c) soft contacts on a macroscopic scale by

employing an elastomeric slider in pin-on-disk tribometry (low

contact pressure, high speed)
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presented in Fig. 2. The alkanethiols (Sigma-Aldrich,

Switzerland) were used as received. Ethanol (Fluka,

Switzerland) was used as solvent for alkanethiol solutions

(1 mM). Soda-lime glass microscope slides (SuperFrost,

Menzel-Gläser, Braunschweig, Germany) were cut into

*2.5 · 2.5 cm2 pieces and used as substrates for the gold

films. The glass substrates were cleaned according to the

following procedure; (a) ultrasonication in ethanol four

times for 15 min—the solvent was exchanged each time

(b) O2 plasma for 2 min (high power, Harrick Plasma

Cleaner/Sterilizer, Ossining, NY, USA). After cleaning, the

substrates were coated with a 10-nm adhesive layer of

chromium, followed by 100-nm layer of gold by thermal

evaporation (MED020 coating system, BALTEC, Balzers,

Lichtenstein). The SAM films were generated by immer-

sion of the substrates in the relevant 1 mM ethanolic

alkanethiol solution overnight. Prior to the immersion step,

the gold substrates were rinsed with pure ethanol and

subsequently dried with nitrogen.

2.2 Poly(dimethylsiloxane)(PDMS)

Poly(dimethylsiloxane) (PDMS) was employed as an

elastomeric counterpart (pin) against the SAM films/gold/

glass in pin-on-disk tribometry experiments. The PDMS

pins were prepared from a commercial silicone elastomer

kit (SYLGARD1 184 silicone elastomer, base and curing

agent, Dow Corning, Midland, MI, USA). In order to

prepare PDMS pins with hemispherical ends, a commercial

polystyrene cell-culture plate with round-shaped wells

(radius 3 mm, 96 MicroWell Plates
TM

, NUNCLON
TM

Delta

Surface, Denmark) was employed as master. The PDMS

pins were prepared according to a conventional recipe [34,

35]. Briefly, the base and crosslinker of the SYLGARD1

184 elastomer kit were mixed at 10:1 ratio (by weight). The

foams generated during mixing were removed by gentle

vacuum. The mixture was transferred into the master and

incubated in an oven (*70 �C) overnight. Planar PDMS

sheets were also prepared for the characterization of sur-

face hydrophilicity according to the same procedure.

The surface of the PDMS pins was hydrophilized by

means of air plasma treatment for 1 min, and thus they are

denoted as ‘ox-PDMS’ throughout this article. For a control

experiment, the PDMS pins were immersed in n-hexane, to

extract uncrosslinked monomer species prior to air-plasma

treatment; the solvent, n-hexane, was exchanged twice

during 24 h.

2.3 Water Contact Angle Measurements

The surface hydrophilicity of the tribopairs, including the

SAM films and ox-PDMS, was characterized by measuring

static water contact angles, hw, by employing a contact-

angle goniometer (Ramé-Hart model 100). All contact-

angle measurements were averaged over five runs.

2.4 Ellipsometry

The dry thicknesses of the SAM films were determined

by variable angle spectroscopic ellipsometry (VASE, M-

2000F, L.O.T. Oriel GmbH, Germany). Measurements

were conducted under ambient conditions at three angles of

incidence (65�, 70�, and 75�) in the spectral range of 370–

995 nm. Measurements were fitted with the WVASE32

analysis software using a three-layer model for an organic

layer on a gold/glass substrate.

2.5 Polarization–Modulation Infrared

Reflection–Absorption Spectroscopy (PM-IRRAS)

Polarization–modulation infrared reflection–absorption

spectra (PM-IRRAS) were recorded on a Bruker IFS 66v

IR spectrometer, equipped with a PMA37 polarization-

modulation accessory (Bruker Optics, Germany). The

interferogram from the spectrometer’s external beam port

was passed through a KRS-5 wire-grid polarizer and a

ZnSe photoelastic modulator before reflecting off the

sample surface at an angle of 80� and being detected with a

liquid-nitrogen-cooled MCT detector. The sample com-

partment was continuously purged with dry air. The sample

holder was suitably modified to be able to record spectra of

different regions of the sample with a 2-mm aperture.

Typically, 1,024 scans of multiplexed interferograms were

collected with 4-cm–1 resolution and processed with the

OPUS software (Bruker Optics, Germany). The spectra

were background corrected with a polynomial.

Fig. 2 Schematic representation of the alkanethiol SAM films on

gold substrate used in this study: (a) 11-mercaptoundecanol

(HS(CH2)11OH), (b) 1-dodecanethiol (HS(CH2)11CH3) and (c) 1-

hexanethiol (HS(CH2)5CH3)
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2.6 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM, Dimension 3000, Veeco

Metrology Group, Santa Barbara, CA, USA) was employed

to characterize the surface morphological and nanotrib-

ological properties of the samples. The surface morphology

was characterized by TappingModeTM AFM; the Ra values

of the SAM films were obtained by directly imaging the

samples, whereas the Ra values of the PDMS pin were

obtained by imaging the polystyrene master. A tapping-

mode silicon cantilever and tip (PointProbe1 Plus,

k = 92 N/m, f0 = 330 kHz, Germany) was used as a probe.

Nanotribological properties of the SAM films were char-

acterized by contact-mode AFM under distilled water

([18 MX). Based on the conventional beam-deflection and

four-quadrant photodetector method [1, 2, 29], the inter-

facial friction force between a sample and a tip was

measured as a function of applied load. Under a fixed load,

the friction force was obtained by subtracting the lateral

force obtained during retrace from that obtained during

trace in a ‘friction loop’ [29, 44]. The friction force under a

given load was obtained at more than 10 different positions

on the samples for statistical evaluation. The scan length

was 1 lm and the sliding speed 2 lm/s. This procedure

was repeated by varying the applied load. Since the pur-

pose of the AFM nanotribological studies in this work is to

provide a reference for the relative order of frictional forces

of the SAM films on a nanoscopic contact scale, the normal

spring constant value of the commercial silicon nitride

cantilevers indicated by the manufacturer (Nanoprobes,

Veeco Metrology Group, Santa Barbara, CA, USA), kN

(0.12 N/m), was employed without further calibration. In

order to ensure valid comparison of the frictional data,

however, all measurements were performed with an iden-

tical tip/cantilever assembly. The applied load varied

between 10 nN and 80 nN. Friction forces were expressed

in arbitrary units, as received from the photodiode detector

without further conversion. Along with friction measure-

ments, the adhesive properties of the SAM films were also

characterized by acquiring force-versus-distance curves

using the identical tip/cantilever assembly. Prior to the

measurements, the tip/cantilever assembly was immersed

in a commercial acidic cleaning solution (Cleaner, COBAS

INTEGRA (HCl 300 mM, detergent 1%), Roche, Ger-

many) for 5 min, followed by immersion in distilled water

for 10 min, and finally oxygen-plasma cleaning for 30 s.

2.7 Pin-on-disk Tribometry

The macroscopic-scale tribological properties of the SAM

films were characterized by means of pin-on-disk tribom-

etry (CSM Instruments SA, Peseux, Switzerland). In this

approach, the load was controlled by dead weights and the

friction forces were measured by a strain gauge. After

forming a contact between the loaded pin and the disk, the

latter was rotated at a controlled speed by a motor, thus

generating sliding friction forces. PDMS with an end-radius

of 3 mm was employed as a standard pin material, but for

comparison, a stainless steel ball (DIN 5401-20 G20, Hy-

drel AG, Romanshorn, Switzerland) with a radius of 3 mm

was also employed as pin. The stainless steel ball was rinsed

with ethanol, blown dry with nitrogen, and oxygen-plasma

cleaned for 30 s. The raw data for the friction forces were

recorded as a function of time (or the number of rotations)

over a fixed track, using the software (InstrumX version

2.5A) provided by the manufacturer. All measurements

were carried out in distilled water ([18 MX).

The standard protocol for the friction measurements

involves the acquisition of l-versus-speed plots (l = fric-

tion force/load) and friction-versus-load plots. For

l-versus-speed plots, the speed was varied from 0.25 mm/s

to 100 mm/s under a fixed load (1 N), and for friction-

versus-load plots, the load was varied from 0.5 N to 5 N

under two fixed speeds (1 mm/s and 50 mm/s). The num-

ber of rotations was 20 for each measurement. The average

friction force from the latter half of these (11–20th) was

obtained to avoid ‘‘running-in’’ effects. For control exper-

iments involving the examination of the sliding track by

PM-IRRAS, the number of rotations was extended to 500

under 1 N.

3 Results and Discussion

3.1 Initial Characterization of the SAM Films

Before the start of the tribological experiments, the SAM

films formed on thermally evaporated gold substrates were

characterized by ellipsometry, water-contact-angle mea-

surements, AFM, and PM-IRRAS. Ellipsometry revealed

monolayer thicknesses of 1.57 ± 0.11 nm for the C11OH,

1.43 ± 0.13 nm for the C11CH3, and 0.47 ± 0.52 nm for

the C5CH3 SAM films. The refractive index for the organic

layers was assumed to be 1.45. The water contact angle,

hw, for the C11OH SAM film, 20 ± 5�, was substantially

lower than those for the C11CH3, 109 ± 2�, and the

C5CH3, 106 ± 2�, films as well as that of bare gold sub-

strate, 70 ± 5�, which indicates the exposure of –OH

(C11OH) and –CH3 (C11CH3 and C5CH3) groups on the

surfaces of the corresponding SAM films. The average

values and the standard deviation of water contact angles

were obtained from more than 10 different measurements

on three different samples for each SAM film. The slightly

lower water contact angle of C5CH3, 106�, than that of

C11CH3, 109�, on average, is generally ascribed to more

232 Tribol Lett (2007) 28:229–239
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probable exposure of methylene groups (–CH2–) arising

from the less well-packed backbone structure of C5CH3

than C11CH3 SAM film [45, 46]. The hw values of the ox-

PDMS surfaces were \3�.

AFM revealed homogenously distributed grainy features

of the gold substrates (diameter: a few tens of nm scale),

which are typical morphological characteristics of ther-

mally evaporated polycrystalline gold surfaces on glass or

silicon oxide. The morphologies of the SAM films on the

gold substrates were indistinguishable from those of the

substrates, which supports the formation of homogenous,

monolayer films. The Ra values obtained from the gold

substrates over 1 lm · 1 lm, 10 lm · 10 lm, and

50 lm · 50 lm, were 1.3, 1.4, and 1.6 nm, respectively

(the error bars are ±0.60 nm), and those for the three SAM

films were virtually identical. In parallel, the topographic

images of the master for the PDMS pins were also

obtained. Compared with the SAM films on gold sub-

strates, slightly rougher surfaces, including some random

features a few tens of nm in height, were observed. The Ra

values obtained over 1 lm · 1 lm, 10 lm · 10 lm, and

50 lm · 50 lm, were 1.2, 2.4, and 3.4 nm, respectively

(the error bars are ±1.10 nm).

Analysis by PM-IRRAS revealed more detailed infor-

mation on the chemical and structural features of the SAM

films. The asymmetric and symmetric methyl C–H stret-

ches, ma(CH3) at 2,962 cm–1 and ms(CH3) at 2,877 cm–1,

respectively, and the band at 2,936 cm–1 assigned to a

Fermi resonance (FR) between the CH3 symmetric

stretching mode and overtones of bending modes, appear

only for C11CH3 and C5CH3 SAM films, but are absent for

C11OH SAM films, as expected. The position and peak

width of the methylene asymmetric C–H stretching modes

are particularly sensitive to the conformational order of the

alkyl chains [15, 16, 45–48]. As seen in Fig. 3, the ma(CH2)

peak of the C11CH3 film appears at 2,919 cm–1, indicating

a highly ordered hydrocarbon backbone structure. The

ma(CH2) peak of the C11OH film was observed at a slightly

higher value of 2,921 cm–1. In contrast, the ma(CH2) peak

of the C5CH3 film is poorly defined and appears much

broader than those of the C11CH3 and C11OH SAM films,

which indicates that the conformation of the C5CH3 film is

very disordered and liquid-like.

As a whole, these data verified that the three SAM films

displaying (a) varying surface hydrophilicity (C11OH

versus C11CH3/C5CH3 SAM films) and (b) varying con-

formational order of the alkyl chains (C11CH3 versus

C5CH3 SAM films) have been successfully generated on

polycrystalline gold substrates.

3.2 Nanotribological Properties of the SAM Films by

Means of AFM

The nanotribological properties of the SAM films gener-

ated from C11OH, C11CH3, and C5CH3 SAM films were

characterized through the measurement of frictional forces

with a plasma-cleaned silicon nitride tip as a function of

load under distilled water. Representative friction-versus-

load plots obtained by AFM are presented in Fig. 4a. The

force-versus-distance curves obtained from the same three

SAM films are shown in Fig. 4b. In order to ensure a sta-

tistically valid comparison, the measurements were

repeated several times in varying order using the same tip/

2750 2800 2850 2900 2950 3000 3050

Wavenumber (cm-1)

CH5CH 3

CH11CH3

CH11OH

νa (CH2)νs (CH2)

νs (CH3) νa (CH3)

νs (CH3 FR)

Fig. 3 PM-IRRA spectra obtained from the three alkanethiol SAM

films

Fig. 4 (a) Friction force versus load plots and (b) force-versus-

distance plots obtained from the interaction between an AFM tip and

the three SAM films in distilled water
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cantilever assembly. Although minor differences were

observed in the frictional and adhesive properties of the

samples, the relative order of friction forces of the SAM

films were consistently observed as in Fig. 4a: C5CH3 [
C11CH3 [ C11OH. This order is highly correlated with

the order of ‘pull-off forces’ obtained from force-

versus-distance curves as shown in Fig. 4b: C5CH3 &
C11CH3 [ C11OH.

As mentioned in Sect. 1, choice of the three SAMs in

this work was motivated by an attempt to employ standard

SAM systems whose tribological properties have been well

established and, therefore, we can focus on the proposed

test methodology. For the CH3-terminated normal alka-

nethiol or alkylsilane SAM films, it has been well known

that longer hydrocarbon chains usually contribute to

enhancing both the packing density and order of the

backbone and, therefore, tend to lower the interfacial

frictional properties [3–9]. While most previous nanotrib-

ological studies of these systems have been carried out

under ambient conditions, we have now shown the same

trend in distilled water: Alkyl-chain deformation still

appears to be the dominant energy-dissipation mechanism

for the two CH3-terminated SAM films.

C11OH and C11CH3 SAM films display similarly well-

ordered backbones, are constructed from identical hydro-

carbon chains, and yet present different terminal groups

(OH– versus CH3–). The tribological properties of SAM

films displaying chemically different terminal groups are

known to be closely associated with their adhesive prop-

erties, which are, in turn, dependent on both the chemical

identity of the counterface and the medium in which the

tribological interaction takes place [9–18]. Since the oxy-

gen-plasma-treated silicon nitride AFM probe in this work

displays hydrophilic surface characteristics (OH-groups),

the work of adhesion between two hydrophilic surfaces (the

AFM probe versus C11OH) is apparently lower than that

involving a hydrophobic surface (the AFM probe versus

C11CH3) in aqueous media [11], as shown in Fig. 4b. The

difference in the adhesive forces for these two SAM films

with the AFM probe is thus mainly responsible for the

difference in the nanotribological properties.

Overall, the nanotribological properties of the SAM films

revealed by AFM in this work serve as a reference for the

intrinsic tribological properties of the films imparted by their

structural and chemical features in a wear-less contact regime.

3.3 Elastomeric Sliding Contact on the SAM Films on

a Macroscopic Scale

Our primary interest in employing an elastomeric (PDMS)

pin as the sliding partner for these three SAM films is to

test if the alkyl-chain-dependent (C5CH3 versus C11CH3

SAMs) and terminal-functional-group-dependent (C11CH3

versus C11OH SAMs) frictional properties, as observed in

AFM experiment (Fig. 4), can be reproduced on a macro-

scopic scale. Figure 5a shows that this is indeed the case;

When the friction-versus-load plots were obtained from the

sliding contacts between ox-PDMS pins, which are chem-

ically similar to the oxidized silicon nitride AFM tip, and

the three SAM films in distilled water; the same order of

the interfacial frictional properties, C5CH3 [ C11CH3 [
C11OH, was measured at 1 mm/s. This trend was consis-

tently observed from the friction-versus-load plot obtained

at much higher sliding speed, 50 mm/s, as shown in

Fig. 5b. However, the l values at 50 mm/s are significantly

lower than those at 1 mm/s for all three SAMs: for

Fig. 5 (a) Friction-force-versus-load plots (sliding speed = 1 mm/s),

(b) friction-force-versus-load plots (sliding speed = 50 mm/s) and (c)

l-versus-speed plots (load = 1 N) obtained from the tribopair of ox-

PDMS/SAM films in distilled water
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instance, 0.008 (50 mm/s) vs. 0.061 (1 mm/s) for the

C11OH film, 0.024 vs. 0.76 for the C11CH3 film, and 0.14

vs. 0.90 for the C5CH3 film, under the load of 5 N. The

speed-dependent frictional behavior of the sliding contacts

of the ox-PDMS/SAM films is more clearly seen in the

l-versus-speed plots (load = 1 N), as shown in Fig. 5c.

While the l values were generally decreasing with

increasing speed for all cases, the onset of the decrease in l
appears to be dependent on the hydrophilicity of the SAM

films. For the two CH3-terminated SAM films, for instance,

the l values started to decrease from ca. 5 mm/s, reaching

0.04–0.05 at the highest speed, whereas the decrease of l
for the C11OH SAM started from the lowest speed,

0.25 mm/s, gradually to the highest speed, 100 mm/s,

reaching a lowest value of l * 0.01. These observations

suggest that the lubrication mechanisms in the low- and

high-speed regimes might be different, despite the same

relative order of the frictional properties of the three SAM

films. This issue will be discussed in detail in Sect. 3.5.

When the SAM films were slid against a hydrophilic

(oxygen-plasma treated), yet rigid slider, a stainless steel

pin, wear of the film and the substrate became so signifi-

cant that the structural and chemical characteristics of

SAM films were not discernable any more, as shown in

Fig. 6. Due to the apparent damage on the sliding track for

each measurement, the sliding track was changed for each

speed condition, and the l values remained constant at ca.

0.15 over the entire range of speed for all three samples

(two SAM films and bare gold substrate). Although some

previous macrotribological studies using a rigid slider have

revealed alkyl-chain-length-dependent frictional properties

of SAMs, this distinction was possible only under a load of

a few mN [20].

The pin-on-disk tribometer experiments in this work

have thus revealed that the frictional properties of the SAM

films observed by AFM could be reproduced on a macro-

scopic contact scale by employing a hydrophilic

elastomeric slider.

3.4 PM-IRRAS Studies on the Sliding Track

One distinct advantage of the macrotribological versus

nanotribological approach is that the sliding tracks are

generally wide enough to be accessed by standard surface-

spectroscopic tools. Given that the tribological properties

of the three SAM films characterized by pin-on-disk trib-

ometer using an elastomer slider, ox-PDMS, revealed the

same order of frictional properties as were observed by

AFM, it is of interest to examine if the SAM films retain

their structural integrity following tribological stress. It is

noted that most tribological experiments on SAM films by

AFM are believed to take place in a wear-less regime.

However, no direct spectroscopic evidence is currently

available due to the very small contact area involved. In

this work, we have employed PM-IRRAS to examine the

molecular structure of the SAM films following tribologi-

cal stress applied by the elastomeric slider. For these

experiments, the sliding of ox-PDMS pin against the

C11OH and C11CH3 SAM films was extended to 500

rotations at 1 mm/s and 1 N. The PM-IRRA spectra

obtained from inside and outside the sliding tracks are

compared in Fig. 7. In Fig. 7a, the spectral region sensitive

to the characteristic structural features of the SAM films is

shown. Firstly, it is notable that the peak positions for the

asymmetric methylene C–H stretch, ma(CH2, 2,919–

2,921 cm–1), are virtually identical for inside (solid line)

and outside (dotted line) the sliding track, which indicates

that the SAM films remain intact and retain a nearly well-

ordered backbone structure despite the tribological stress.

Secondly, the intensity of the asymmetric methyl C–H

stretch, ms(CH3, ca. 2,962 cm–1) has somewhat increased

inside the sliding track, and this change is more significant

for the cases of C11CH3 SAM than of C11OH SAM. The

increase in the intensity of the asymmetric methyl C–H

stretch peak coincides with the occurrence of the peaks at

1,110 and 1,265 cm–1 (arising from Si–O asymmetric

stretching and Si–CH3 asymmetric bending modes,

respectively [48]) inside the sliding track, as shown in

Fig. 7b, which suggests that the transfer of uncrosslinked

monomer species from the pin to the SAM films might

have occurred. In order to test this hypothesis, we have

repeated the same experiments after extracting uncross-

linked monomer species from the PDMS pin network (see

the Sect. 2.2 for extraction process). As shown in Fig. 7a,

the PM-IRRA spectra corresponding to the C–H stretching

modes, from 2,750 cm–1 to 3,050 cm–1, obtained from

inside and outside the sliding track are almost identical. A

slight difference in peak intensity for some cases shown in

Fig. 7a was statistically not significant. The occurrence of

Si–O–Si peaks in the low wavenumber region, Figure 7b,

has also been substantially suppressed for all cases. How-

ever, the transfer of a trace amount of the monomer species

0.01

0.1

1

10

0.1 1 10 100

Sliding speed (mm/s)

µ

Au
C11OH
C5CH3

Fig. 6 l-versus-speed plots (load = 1 N) obtained from the tribopair

of stainless steel/SAM films in distilled water
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to C11OH SAM film by ox-PDMS pins was observed to be

not completely avoidable. The extraction of the monomer

species from the PDMS pins, however, did not influence on

the relative frictional properties of the SAM films shown in

Fig. 5.

Spectroscopic examination of the sliding track by PM-

IRRAS clearly verified that the SAM films retain their

ordered structure following the tribostress provided by the

elastomeric slider. Analysis of the sliding track that has

received the tribological stress is common practice in

macrotribological studies of SAM films [20, 21, 24];

however, it was even easier when an elastomer was

employed as the sliding partner because of the larger

contact area achieved at the elastomeric interface. It should

be emphasized that the spatially resolved PM-IRRAS

measurements presented here were simply measured by

positioning different regions of the sample in the beam path

under normal sampling conditions and, therefore, the

spectra presented above as ‘‘inside’’ the wear track do not

completely exclude the beam sampling some of the area

outside the track, as well. As a rough estimate, the fraction

of the wear track probed by the beam in our measurement,

assuming an ideally aligned beam path and sample posi-

tioning, is about 80%. However, the reasonable resolution

between inside and outside the sliding track by PM-IRRAS

obtained even with such a simple set-up suggests that this

approach holds potential as powerful research methodol-

ogy. Although PM-IRRAS was employed mainly to verify

the mechanical durability of the SAM films in this work,

more diverse and systematic spectroscopic studies associ-

ated with tribological contacts are expected; the detection

of the monomer transfer following the sliding contact

between ox-PDMS/SAM films can be one example.

3.5 Lubrication Mechanisms: The Transition from

Boundary Lubrication to Soft EHL

Another important aspect of macrotribometric approaches

is that they can easily explore the high-speed regime. This

feature is particularly advantageous when the tribological

testing is carried out in a liquid medium as in this work;

with increasing sliding speed, the entrainment of the liquid

into the contact zone and the formation of the fluid film

starts to occur, and thus the transition from boundary

lubrication to fluid-film lubrication is also observed with

increasing speed. Despite its extremely low pressure-

coefficient of viscosity, water can also form a fluid-film

lubricant layer when one or both sides of the tribopair is

comprised of an elastomer, i.e., in the soft-EHL regime

(also known as isoviscous-elastic lubrication regime) [34–

43]. The likelihood of the soft-EHL mechanism occurring

and the corresponding fluid-film thickness for a given

elastomeric tribosystem can be readily predicted according

to the theoretical model described by Hamrock and Dow-

son [42] (later revised by Esfahanian and Hamrock [43])

based upon the bulk mechanical properties of the tribopair

and the rheological properties of the lubricant. When

expressed in terms of the material and measurement

parameters, the minimum film thickness is

hmin � 2:1 � R0:77 � g � usð Þ0:66 � E0�0:45 � w�0:21 ð1Þ

where R is the radius of the slider for a sphere-on-plane

contact (3 mm), g is the viscosity of the lubricant (9 · 10–

4 Pa s), us is the sliding speed (variable), E0 is the reduced

contact modulus, E
0 ¼ 2ðð1� m2

1Þ=E1Þ þ ðð1� m2
2Þ=E2Þ

where m is Poisson ratio (EPDMS = 2 MPa, Eglass = 270

GPa, mPDMS = 0.5, mglass = 0.2) and w is the applied load

(variable). We have carried out the calculation of the film

thickness by employing the parameters employed for the

tribometer experiments (Figs. 4, 5). The results are shown

in Fig. 8a and b. Since the film thickness predicted from

Eq. 1 is that for ideally smooth surfaces (Ra = 0), the

Fig. 7 PM-IRRA spectra obtained from inside and outside the sliding

track of the SAM films. (a) the spectral region sensitive to the

characteristic structural features of the SAM films, (b) the spectral

region sensitive to the Si–O–Si stretching region (A: ox-PDMS/

C11OH, B: ox-PDMS/C11CH3, C: ox-PDMS (extracted)/C11OH, D:

ox-PDMS (extracted)/C11CH3). The tribostress was applied by

generating the sliding contacts between ox-PDMS/SAM films for

500 rotations (load = 1 N and sliding speed = 1 mm/s)
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relative magnitude of the film thickness compared to the

surface roughness can be taken into account by estimating

the ratio between them, i.e., K ratio (K = hmin/r, where r is

the combined surface roughness of the tribopair,

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Rpin
a þ Rdisk

a

q

; and hmin is the minimum film thick-

ness). This K ratio is often employed to estimate the

lubrication mechanism for rough surfaces; generally, fluid-

film lubrication is expected when K ‡ 3, and boundary

lubrication is expected when K £ 1, and mixed lubrication

is expected when 1 £ K £ 3 [49]. It is noted that due to the

larger area of contact for the tribometer experiments in this

work (mm-range in contact radius), the Ra values of the

sample surfaces characterized by AFM (Sect. 3.1) are

extrapolated to the corresponding scale.

Figure 8a shows that the K ratio for the friction-versus-

load plots at 1 mm/s ranged from 0.37 (0.5 N) to 0.23

(5 N), whereas those at 50 mm/s ranged from 4.95

(0.5 N) to 3.05 (5 N), which suggests that the sliding

contacts of ox-PDMS/SAM films might have occurred in

different lubrication regimes in distilled water, i.e.,

boundary lubrication for 1 mm/s and fluid-film lubrication

for 50 mm/s. Although the experimental data for the

fluid-film thickness are currently not available, signifi-

cantly lower l values observed from the friction-versus-

load plots at 50 mm/s (Fig. 5b) compared with those at

1 mm/s (Fig. 5a) are consistent with this argument. The

K-ratio-versus-speed plots in Fig. 8b shows that the

transition to fluid-film lubrication, i.e., K ‡ 3, is expected

to occur from ca. 30 mm/s in the case of an applied load

of 1 N.

It is emphasized that for the experiments carried out in

distilled water, the occurrence of different lubrication

mechanisms at different speeds was only to be expected

for elastomeric contact on the macroscopic scale, such as

the ox-PDMS/SAM film tribopairs tested by means of

pin-on-disk tribometry. When the same calculation was

carried out under the same experimental conditions for

the AFM probe/SAM films tribopair (EAFM tip = 140 GPa,

ESAM = 9.3 GPa, mAFM tip = 0.25, mSAM = 0.35, R =

50 nm, all the parameters quoted from the references [50]

and [51]), the expected film thickness is in the range of

ca. 10–5 nm, and the K ratio is smaller than 7.14 · 10–6 as

shown in Fig. 8c. Even if 1,000 lm/s, upper speed limit

of an ordinary AFM, is employed for the calculation of

the film thickness, the expected film thickness is not

higher than 5.71 · 10–4 nm and the K ratio is also not

higher than 4.23 · 10–4 as also shown in Figure 8(c). In

other words, the transition from boundary lubrication to

fluid-film lubrication is unlikely to occur for typical tri-

bological contacts on SAM films by AFM probes in

distilled water.

3.6 Lubrication Mechanisms: the Role of Surface

Chemistry

The three SAM films employed in this work contributed

to the modification of the interfacial frictional properties

of the sliding contacts of elastomer/rigid substrate in two

Fig. 8 The expected minimum film thickness calculated according to

Eq. 1 for the sliding contacts between the tribopairs in distilled water

and the K ratio between the expected film thickness and the surface

roughness (K = hmin/r, where hmin is the minimum film thickness and

r is the combined surface roughness of the tribopair,

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Rpin
a þ Rdisk

a

q

) (a) for the tribopair of ox-PDMS/glass pair as a

function of load (h1 and L1: sliding speed, 1 mm/s and h2 and L2:

sliding speed, 50 mm/s) in water, (b) for the tribopair of ox-PDMS

and glass as a function of speed in water (h: minimum film thickness,

L: K ratio) and (c) for the tribopair of silicon nitride AFM probe and

SAM film as a function of load in water (h1 and L1: sliding speed,

2 lm/s and h2 and L2: sliding speed, 1,000 lm/s)
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ways. Firstly, in the context of activating the fluid-film

lubrication mechanism, the SAM films provided different

surface hydrophilicities of the sliding track to vary the

interfacial hydrophilicity of the tribopair; as addressed in

a previous study involving self-mated PDMS sliding

contacts in water [34], the bulk mechanical properties of

the tribopairs and the surface roughness, discussed in the

previous section, are, in practice, not the sole parameters

that determine the activation of the soft-EHL mechanism:

The surface chemistry of the tribopairs also plays a very

significant role. Although the C11OH SAM is the most

hydrophilic of the three SAM films used in this work with

hw & 25�, it is less hydrophilic than ox-PDMS, hw \ 3�,

and thus the l values for ox-PDMS/C11OH were

observed to be generally higher than those of ox-PDMS/

ox-PDMS [34]. Secondly, in the boundary-lubrication

regime, where the formation of the soft-EHL film is not

expected (i.e., K \ 1), both surface chemistry and the

structural integrity of the SAM films influenced the

interfacial frictional properties in a similar fashion to that

observed in AFM experiments. In terms of surface

chemistry, the hydrophilic C11OH SAM showed lower

frictional forces than those observed for the two CH3-

terminated SAMs when sliding against an ox-PDMS pin

in the low-speed and/or high-load regime; under such

conditions, however, this trend was not due to the higher

feasibility of forming aqueous fluid-film, but rather due to

the lower work of adhesion for the hydrophilic interface

in an aqueous environment, similarly to the AFM exper-

iments shown in the Sect. 3.2. In terms of the structural

integrity, the C11CH3 SAM revealed lower frictional

forces than the C5CH3 SAM for all cases, again mirroring

the AFM experiments.

4 Conclusions

In this work, we have demonstrated that the intrinsic fric-

tional properties of three alkanethiol SAM films,

previously assessed by nanotribological approaches only,

can be manifested on a macroscopic scale by employing an

elastomer, PDMS, as the sliding partner in pin-on-disk

tribometery. This approach provides unique opportunities

to investigate the tribological properties of SAM films that

have hitherto not been accessible by either conventional

macrotribological or nanotribological approaches. Firstly,

while the contact pressure can be maintained low enough to

retain the integrity of SAM films, as with nanotribological

approaches, high-speed, macroscale tribological contacts

can be achieved by employing a pin-on-disk tribometer

with an elastomeric counterface. Secondly, the wide slid-

ing tracks generated in this approach—even wider than

those obtained in conventional tribometry using rigid

sliders—allow for standard spectroscopic approaches to

access the contact area and characterize the influence of the

tribological contacts on the SAM films. Thirdly, by running

the measurements in a liquid medium, it is possible to

induce a range of lubrication regimes, from boundary

lubrication to fluid-film lubrication, over the speed range

available from an ordinary pin-on-disk tribometer. Given

that a large toolbox of self-assembly approaches to con-

trolling surface chemistry has been established, this

approach possesses the potential for systematic studies to

investigate the influence of surface chemistry on elastomer-

based tribological systems.
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