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Fig. 3-1: Friction on phase 
separated monolayer.5 
5

3. Tribology Fundamentals 
 
Our research on confined materials has been strongly influenced by our work in 

nanotribology. Tribology, although one of the oldest engineering discipline, it is one of the least 
developed classical sciences to date. The reason is that Tribology like Nanoscience is neither 
truly a single discipline nor well represented by steady state processes. It involves all the 
complexities of nano-constrained materials that are experienced over a wide range of scales 
during a shear occurrence.  

Originally, idealized solid lubricant films, such as Langmuir 
Blodgett (LB) films, served as model systems. Thus, first insight into 
nanoscopic friction processes were revealed on phase separated 
monolayer systems, as illustrated in Fig. 3-1.5 For that reason, we 
pioneered a SPM based tool that is known today as friction force 
microscopy (FFM). Our early studies involved various aspects in 
friction, lubrication, wear and adhesion.5,9,19-25 The two most influential 
were the nanoscopic distinction and visualization of material phases,5 
and the first measurement of a truly molecular stick-slip process that 
was thought, at that time, to manifest the origin of “wearless” friction,23 
Fig. 3-2. The nanoscopic distinction of material phases led later to an 
entire subdiscipline in nanoscience probing, referred to as “chemical 
force microscopy”. The wearless molecular scale friction study that 
confirmed the old Prandtl-Tomlinson molecular stick-slip model from 
the 1930s, led to various theoretical developments that currently form 
the state-of-the-art understanding of molecular scale friction, an aspect 
that is critically assessed and redirected towards intrinsic material properties in our current 
research (see following subsection). 

 
 

Fig. 3-2: FFM molecular stick-slip study of a bilayer lipid system (5-(4'-N,N-dihexadecylamino)benzylidene 
barbituric acid). (Left) Macroscopic friction force contrasts (top) are related to the relative alignment of the 
molecular structure (bottom) in respect to the left-to-right scanning direction. The orientation of the 
anisotropic row-like structure dictates the friction force values (contrast). (Right) Friction hysteresis curves 
for “perpendicular (top) and more or less “parallel” sliding directions (bottom). Fst, static friction, is assigned 
to the maximum force occurrence. The average stick-slip value Fdyn corresponds to the dynamic friction 
value determined on large scale micrometer scans.23  
 

With our increasing involvement in polymers and fluids, our attention in tribology related aspects 
turned to confinement effect in thin solid polymer films1,3,4,7,8,10,12,16,18,26-32 and interfacially 
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Fig. 3-3: Generic Friction Model by Prandtl 
and Tomlinson 

confined liquids2,13,33,34. In particular one aspect defined our group’s research in tribology over the 
recent years. It is the true material origin for friction dissipation in condensed matter.  

In general, tribology research, and I include here 
most of the experimental and theoretical research that 
has been conducted, has merely focused on a 
descriptive formalism of the tribological process. This 
claim can easily be justified if one tries to cognitively 
synthesize a lubricant molecule based on fundamental 
research results. It is unattainable, as the information 
available concerning the friction dissipation process is 
not linked to the molecules themselves, but only to 
generic models or processes. With the discussion 
above (Figure 3-2), I provided an example of a generic 
dissipation process – the stick-slip behavior – as 
illustrated in Fig. 3-3 in its simplest form. Note, there is 
no information provided in how the material itself is 
actually involved in dissipating the energy.  

Current molecular models in tribology that go 
beyond the simplistic Prandtl-Tomlinson Model (Fig. 3-
3) are still only employing Langevin equations and 
Fokker-Planck statistical kernels, and thus, focus on 
generic periodic potentials that are thermally and 
mechanically inert. Energy dissipation is described primarily only by viscous dampeners and heat 
generation, without gaining insight into the molecular dissipation process involving material 
intrinsic molecular or submolecular modes of relaxation. Thus, effective molecular models 
necessary to design the next generation of low dissipation tribological interfaces from the bottom-
up are missing.  

The opportunity to observe and consequently engineer the energy transfer from the one-
dimensional frictional sliding motion into the multi-dimensional phase state close to the material’s 
equilibrium condition embodies the main motivation of our current research effort. With the 
experience and insight our group has gained over the years in nanorheology of confined organic 
material systems, we started to pursue a path that treats tribological systems in terms of activated 
processes, involving reaction kinetics and rheology, with activation barriers that are specific to the 
material involved. This concept and our involvements are described for organic solids and liquids 
in the following sections. 

 
3.1 Tribo-Dissipation Involving Intramolecular Constraints 
 

An effective material design concept in tribology involves material synthesis that is tailored 
from the bottom-up (submolecular scale) towards the desired properties and functionalities. This 
involves insight into the material behavior under shear stress sliding conditions. 

Since Bowden and Tabor’s adhesive-concept of energy dissipation, friction has been dealt 
with from a surface science perspective involving a variety of process descriptions (e.g., wear 
phenomena and stick-slip processes, and tribochemistry), while material specific relaxation 
properties moved more into the background. Interestingly, it was Tabor who was one of the 
pioneers besides Grosch, in considering molecular relaxation properties responsible for energy 
dissipation in polymer rubbers.35 This triborheological description of frictional dissipation faced 
significant resistance by surface bonding-debonding theories pioneered by Schallamach and 
others.35 One of the shortcomings of triborheological description in 1950-60 was the inability to 
specifically excite material intrinsic molecular modes of relaxations during phenomenological 
sliding motions. Large and rough contact regimes imposed convoluted signals containing aspects 
of sliding and cutting among others, and trapped the slow relaxing polymer phases in non-
equilibrium states. Also, the material within the interfacial sliding region was rather poorly defined.  
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In contrast to the macro-techniques used by Tabor and others, the ability to probe a material 
closer to its equilibrium has been a hallmark of scanning force microscopy (SFM), as already 
addressed above. In one of our more recent SFM friction studies on atactic and monodisperse 
polystyrene (PS),28 involving IFA,* we showed that the sliding motion can couple to very specific 
submolecular rotational motions within the material, as illustrated in Fig. 3-4 for the phenyl 
rotation at the PS backbone.  

   
Fig. 3-4: Intrinsic friction analysis (IFA) of polystyrene below the glass transition and at low probing 
pressure (L < L*) reveals an activation barrier Ea,I of 8.2 kcal/mol (phenyl rotation).1,28 
 
The coupling of the sliding motion with actuators of the material’s relaxation states gave rise 

to a barrier-hopping fluctuation not unlike the one observed for highly ordered surfaces. Friction-
rate isotherms obtained with a SFM tip on glassy polystyrene could also be collapsed to a master 
curve according to a tribological ramped creep model by Dudko and Sang,28 which considers a 
single asperity sliding over a corrugated surface potential that is biased due to the motion of the 
driven tip. 

Ramped creep scaling is consistent with the solution of the Langevin equation for a perfect 
cantilever oscillator, i.e.,  

 )(),( t
x

txExMxM ξβ =
∂

∂++ ��� , (3.1) 

with the total potential energy E, the position of the tip on the surface x, the mass of tip Μ, the 
linear dampening factor β, and the thermal noise in the form of the random force ξ(t), where 
<ξ(t)ξ(t')> ∝ kBTδ(t-t'). Eq. 3.1 is based on a sinusoidal surface potential continuously overcome 
during the course of frictional sliding. The challenge is the experimental determination of the 
energy barrier E, which provides intrinsic information about the material involved. For example, 
we determined by IFA an energy potential under low pressure conditions of 8.2 ±1 kcal/mol for 
glassy polystyrene that could be assigned to the hindered rotation of the phenyl ring side chains 
about their bond with the backbone.1,28 In this study, friction could be directly linked to the 
“molecular deformation properties” (side-chain relaxations) of the underlying molecular building 
blocks.  

Thus, nanoscale friction-rate isotherms, if treated according to the WLF superposition 
principle (c.f. sec. 1.2), provide submolecular scale information about the relaxation modes 
available. This information can be (i) used to access the dissipative process on a submolecular 
                                                 
* For details about IFA see section 1. 
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scale, and/or (ii) fed back into the manufacturing design process to either cognitively affect the 
molecular synthesis or material processing. 

To put the PS study above (Fig. 3-4) in perspective to a classical tribological analysis, I 
present with Figure 3-5 phenomenological friction-load curves, F(L), over a range of temperatures 
(T < Tg) and scan velocities. The first thing, we notice, is the wealth of information in this plot. 
Below Tg, each of the F(L) isotherms reveals a kink at a critical normal load, L*(T), separating 
each curve into two linear friction-load branches with friction coefficients μI(T) and μII(T). This 
phenomenon is apparent with variations in both temperature and scan rate (Fig. 3-5 inset).  It is 
important to note that the absolute values of L* are dependent on the applied pressure, i.e., 
involve besides the applied load also the cantilever tip size. The friction force at the critical load, 
F*(L*(T,v)), reveals a linear and logarithmic dependence with temperature and velocity, 
respectively, as expected from thermodynamic friction models 

 

 
 
Fig. 3-5: Isothermal friction-load plots for atactic PS subdivided at critical loads Lk

* (k = 1, 2, 3) into two 
friction regimes with friction coefficients μI and μII. The dashed line tracks critical loads; i.e., 
F*(T) = Fo,T - αT, with α = 8.5 pN/K and Fo,T = 3.7 nN. (Inset) Friction-load plots at constant temperature 
with F*(v)=Fo,v+β lnv (dashed line), where β = 0.076 nN and Fo,v = 1.5 nN.1 
 
To elucidate the molecular origin for the two friction regimes, we individually employed IFA to  

the μ−specific branches of the isotherms. The study revealed two apparent activation energies 
Ea,I = 8.2±1 kcal/mol (~ 0.30 eV) and Ea,II= 21.7 ±2 kcal/mol (~ 0.94 eV) below and above the 
critical load L*(T), respectively, as shown in Fig. 3-4 and Fig. 3-6. Hence, the cause for the 
discontinuity in the friction-load curve in Figure 3-5 was found to originate from a transition 
between two loading (more precisely – pressure) dependent material specific relaxation modes.1 
The known preferential orientation of the phenyl pendant groups towards the free-surface normal 
explains why these two modes are separated by a well-defined transition load. As illustrated in 
Figure 3-7, at low load, the phenyls act like surface ball bearings lowering the frictional dissipation 
significantly. At specific, temperature and velocity dependent critical loads, the phenyls are 
displaced and the ‘subsurface’ or bulk relaxation mode, i.e., the translational crankshaft motion, 
takes over as the primary dissipation mechanism. This leads to a significant increase in energy 
dissipation that is caused to a large extent by molecular cooperativity. The transition forces F*(v) 
and F*(T) (see Fig. 3-5) can also be analyzed in a manner analogous to the IFA energy analysis 
presented above in accordance with the superposition principle. We deduced from F*(v)|T-
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L < L*L < L*

L > L*L > L*

Fig. 3-7: Phenyl dominated 
surface. L* resembles a sub-
molecular critical load “capacity”.

isotherms an activation energy of 9.9 ± 1 kcal/mol, which reflects the phenyl loading capacity at 
the free surface.   

 
Fig. 3-6: Intrinsic friction analysis (IFA) of polystyrene below the glass transition and at high probing 
pressure (L > L*) reveals an activation barrier Ea,I of 21.7 kcal/mol (isolated polymer backbone motion).1 

 
As pointed already out in section 1, the apparent activation 

barrier contains an enthalpic and entropic component. While the 
enthalpic component provides the activation barrier for 
submolecular rotations and segmental translations, the entropic 
component provides a measure of the cooperative motion 
involved, also illustrated in Fig. 1-5. The entropic component TRΔS 
can be a significant contributor to the total frictional energy 
dissipation.† In the case of the translational crankshaft motion of 
PS, it raises the energy that is dissipated by 20%.1 Above the 
glass transition this number even quadruples.1 It is important to 
note that such contributions are omitted by enthalpic friction 
models based on Eq. 3-1 with <ξ(t)ξ(t')> ∝ kBTδ(t-t') that consider 
only uncoordinated energy dissipation processes. Based on Eq. 
1.6 and a thermal activation model discussed in more detail in the 
next subsection, we derived an analytical relationship between the 
experimental IFA observable for cooperativity ΔF (vertical shift - 
see section 1, Figs 1-2 and 1-6) and TRΔS, which can be 
approximated by its significant components, as1 

 ASTF R

φ
Δ−≈Δ . (3.2) 

Here, A represents the area of contact and φ the stress activation volume, a measure of the 
spatial effect of cooperativity.  

This study illustrates our efforts in attaining a truly fundamental understanding of friction 
dissipation processes of mechanically compliant material. Further progress in this area will 
provide us with the means to design molecules (possibly assisted by computer simulation) with 
submolecular scale prescribed frictional energy dissipation characteristics. 

                                                 
† See subsection 1.2 (Fig. 1-5) for the definition of the reduced temperature TR. 
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3.2 Liquid-Lubrication: Molecular, Interfacial and Dimensional Constraints 
 

Contrary to dry or solid-lubrication, there has been since Reynolds in the late nineteenth 
century, a much better understanding developed regarding energy dissipation during sliding in 
liquids than in solids. The reason for the early success in obtaining improved basic insight into 
liquid lubrication is due to the incorporation of underlying fundamental theories such as fluid 
mechanics, rheology, and thermodynamics. This has been in general, as pointed out above, the 
shortcoming of dry friction analysis. 

It is well known that the frictional resistance between solids is significantly reduced if 
lubricated. Various characteristic velocity dependencies have been found for liquid lubrication 
depending on the lubricant thickness (or more generally on the Gumbel number). In surface 
forces apparatus (SFA) and in our SFM studies,13 it has been shown that friction involving liquids 
can exhibit a logarithmic behavior in velocity, which is contrary to Reynolds linear creep 
relationship. This transient behavior of liquids 
finds its counterpart in dry or solid-lubrication, 
where logarithmic behaviors have also been 
reported, as discussed above. 

From a thermodynamic point of view, sliding 
discontinuities are caused by activation barriers, 
which are repeatedly overcome during the sliding 
process. Utilizing a thermodynamic activation 
model that goes back to Eyring (refined by 
Briscoe ~1980), we analyzed the energy 
dissipation process involving the "simple" liquids, 
n-hexadecane (n-C16H34) and octamethyl-
cyclotetrasiloxane (OMCTS). 2 As opposing solid 
surfaces served silicon-oxide nanoscale sharp 
SFM tips and ultrasmooth planar silicon-oxide 
wafers (5 Å roughness). The two liquids have 
been selected based on their similar chemical 
affinity to silicon, with distinctly different molecular 
shape; i.e., linear chain (n-C16H34) vs. spherically 
shaped (OMCTS) molecules. We examined the 
degree of interfacial liquid structuring (c.f. sec. 
2.3), and its contribution to localized shear 
processes. While shear approach curves 
provided the thickness of entropically cooled 
boundary layers, Fig. 2-7, a thermomechanical 
analysis involving friction-velocity data, as 
presented in Figure 3-8, reveals distinctly 
different tribological responses. 

 Friction-velocity plots were obtained with 
SFM cantilevers that were fully immersed in the 
liquid lubricant and scanned with a one μm/s-
velocity in an apparent contact with a silicon 
surface at constant load and temperature.2 As 
documented in Figure 3-8, logarithmic friction-
velocity relationships, FF(v) = Fo+αln(v[μm/s]), 
were found for n-hexadecane and OMCTS. The measurements are compared to "dry" SiOx-SiOx 
contact sliding at 18 % relative humidity. Surprisingly on first sight, n-hexadecane exceeds 
OMCTS in its performance as a lubricant for asperity sliding within the observed velocity and 
temperature ranges. This result was unexpected at first as the OMCTS bulk viscosity is 30 % 
lower in comparison to n-hexadecane. After a modulated shear analysis (c.f. sec. 2.3), it became 

Fig. 3-8: FFM measurements of n-hexadecane and 
OMCTS as function of velocity (top) and 
temperature (bottom).2
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clear that the bulk-modified boundary layer of n-hexadecane was responsible for improved 
lubrication properties. 

To analyze the lubrication process from an energetic perspective, we expressed the shear 
velocity as 
 )/('

RBa TkE
oevv −= , (3.3) 

with the relaxation temperature TR, and the apparent Arrhenius 
activation energy of the form 
 τφ−Ω+= PQEa '' . (3.4) 

As illustrated in Figure 3-9, Q’ is the potential barrier height 
with respect to the plastic deformation, P is the pressure 
imposed, Ω is the pressure activation volume, τ is the shear 
stress, and φ is the stress activation volume. With this Ansatz, 
we followed Eyring’s footsteps and discussed the liquid at rest 
in terms of a thermal activation model, wherein the individual liquid molecules experience a 
"cage-like" barrier that hinders molecular free motion, because of the close packing in liquids. The 
stress activation volume φ can be conceived as a process coherence volume, and interpreted as 
the size of the moving segment in the unit shear process, whether it is a part of a molecule or a 
dislocation line. This model yields for the stress,2 
 To βττ −= ' , (3.5) 
a linear relationship with temperature, and 

 ( )Ω++⎟⎟
⎠
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⎝

⎛
= PQvTk

o
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φφ
τ 1

v
ln , (3.6) 

a logarithmic relationship with the scan velocity. Both are in accordance with our experiments, 
Fig. 3-8. Considering that the shear strength can be expressed as the friction force, FF(v) = 
Fo+αln(v[μm/s]), per unit area A, the following equation can be directly derived from Eq. (3.6) for 
constant temperature and pressure: 

 
α

φ Tk
A

B= . (3.7) 

The normalized stress activation volume of our study 
is provided in Fig. 3-10. As expected, the stress activation 
length (or coherence length) in a dry contact situation 
dominates the ones in lubricated junction. However it has 
to be pointed out that the origin of the activation barrier (or 
jump probability) in dry SFM friction experiments of 
incompliant material is not just caused by phonon 
excitations in the material, which are too fast to be 
observable, but by instability jumps (stick-slip) of the 
cantilever tip,23 as addressed at the beginning of this 
section. To what extent lubricated SFM tip-sliding 
measurements reflect trapping probabilities is unknown. 
As there is a recognizable difference in the stress 
activation length between n-hexadecane and OMTS (Fig. 
3-10), for two liquids with similar chemical affinity and bulk 
rheology, we can conclude that the intrinsic molecular response time of the liquid (i.e. self-
diffusion) is in part responsible for the liquid-specific FF(v)  relationship. In other words, n-
hexadecane shows higher stress coordination than OMCTS. This interpretation is in accordance 
with the modulated approach measurements presented in section 2.3. 

Studies such as this illuminate constraints imposed on liquids in the interfacial regime. They 
provide insight into the activation energies involved. In this particular case, we estimated based 

Fig. 3-9: Thermodynamic shear 
activation model. 

Fig. 3-10: Stress activation volume – a 
measure of the stress coordination.
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on the characteristic velocity, vo=νd (composed of the process frequency, ν, and a jump distance, 
d) the process activation energy Q to be on the order of 10-20 J.23 Although the entropically cooled 
boundary layer is far from freezing, it shall be noted that the heat of fusion at the melting point is 
1.99 × 10-20 J and 8.85×10-20 J for OMCTS and n-hexadecane, respectively. Thus, shear induced 
phase/structural changes are very likely to occur. 

In summary, our research in liquid lubrication has focused on intrinsic constraints, and shear 
deformation. We have tried to avoid external pressure induced constraints (i.e., molecule 
trapping), and thus, have stayed as close as possible to the material equilibrated state. The 
research presented here gave us insight into molecular-shape-induced structuring if dimensional 
constraints are involved. It also showed the strong impact on frictional dissipation, which cannot 
be explained by viscometric data.  Research that is on-going and planned will also involve to a 
greater degree temperature and size effects. 

 
3.3 Two-Dimensional Polymer Liquids and Reaction Kinetics 
 

Our research has been addressing over the years many aspects involving monolayer 
systems.5,9,13,19,20,22-25,36-40 Of recent interest has been the interplay between thermomechanical 
properties of monolayers and their reaction kinetics towards substrates. This has shown to be of 
great importance, for instance, in hard drive lubrication involving “smart” lubricant monolayers, 
where the molecules have to backfill very quickly any lubricant layer defects after a slider 
impacts.  

In collaboration with IBM we have studied the molecular mobility of hydroxyl-terminated 
perfluoropolyether (PFPE-OH) monolayer films, Fig. 3-11 that are widely used in lubrication of 
magnetic storage devices. These fluids exhibit spatially terraced flow profiles indicative of film 
layering, and a spreading dynamics that is diffusive in nature. In magnetic storage devices the 
hydroxylated chain ends of molecularly-thin PFPE-OH films interact with the solid surface, an 
amorphous carbon surface, via the formation of hydrogen-bonds with the polar, carbon-oxygen 
functionalities located on the carbon surface. The bonding of the PFPE-OH polymer to carbon 
depends on the ability of the PFPE backbone to spatially deliver the hydroxyl end-group to within 
a sufficiently close distance to the surface active sites. 

 

 
Fig. 3-11: PFPE-OH monolayer lubrication of wear protective amorphous carbon (a-Carbon) layer. 
Chemical formula Fomblin ZDOL®, a widely used PFPE-OH polymer.‡ 
 
Kinetic measurements probing the bonding of the PFPE-OH polymer to the carbon reveal two 

distinctive kinetic behaviors. Below 56 oC the kinetics are described with a time-dependent rate 
coefficient of the form k(t) = kbt-1/2 and at temperatures above 85 oC with k(t) = kbt -1. Our kinetic 
experiments reveal an abrupt increase in the bonding rate constants, kB, above ~50 °C as 
illustrated in Fig. 3-12. 

The bonding kinetics in the low-temperature regime is characteristic of a diffusion-limited 
reaction occurring from a glass-like state of the molecularly-thin PFPE-OH film. The mobility of 
the PFPE chain in the glass-like state is limited by the propagation of holes, or packets of free 
volume, which facilitate configurational rearrangements of the chain. The onset of changes in the 
                                                 
‡ Fomblin ZDOL® is a random copolymer of perfluorinated ethylene oxide and perfluorinated methylene oxide 
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bonding kinetics at nominally T > 56 o signifies a fundamental change in the mobility of the 
molecularly thin PFPE-OH film. Specifically, the transition in the fractal time dependence 
suggests that delivery of the hydroxyl moiety to the surface is no longer limited by hole diffusion, 
and the increase in the initial rate constant indicates an enhancement in the backbone flexibility.  
These results are consistent with a transition in the film from a glass-like to a liquid-like state, as 
illustrated in Fig. 3-13, where the enhanced PFPE-OH segmental mobility results from rotations 
about the ether oxygen linkages in the chain that become increasingly facile. The time 
dependence observed in the high-temperature rate coefficients, k(t) = kbt -1, is characteristic of a 
process occurring from a confined liquid-like state in which the activation energy increases as the 
extent of the reaction increases.  
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Fig. 3-12: (Left) Representative kinetic data for the bonding of PFPE-OH (tradename: Fomblin Zdol®) to 
amorphous carbon at T = 50 oC and T = 90 oC.  Solid lines represent fits using a rate coefficient of the form 
k(t) = kbt -α with α = 0.5 for T = 50 oC and α = 1.0 for T = 90 oC. (Right) Change in bonding rate constants 
kB.  Temperature dependence of the initial bonding rate constants for a 10.5 Å PFPE-OH film. Vertical lines 
delineate the non-classical kinetic regimes. 
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Fig. 3-13: SM-FM Analysis on Zdol: (Left) Amplitude response reveals three regimes as found in the kinetic 
studies. (Right) Parallel measured out of phase response identifies the material phase as frozen below 50 
oC and in a liquid-like melt state above 90 oC. 

 
Currently, very limited research is conducted in analyzing reaction processes at interfaces 

with intrinsic thermomechanical material properties. Typical approaches are limited to statistical 
considerations and oversimplified rate models.  This research illustrates the importance of the 
underlying molecular mobility on the reaction kinetics. As the molecular mobility within a 
condensed phase can be affected by a variety of physical constraints (internal, external, size, 
etc.), it is imperative to expand our efforts in investigation local thermomechanical properties, as it 
was illustrated in this section, and throughout the entire document.    
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