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’ INTRODUCTION

Polymers and polymer composites are in demand as coatings
and solid lubricants.1 In many cases, the formation of transfer
films is the critical factor for achieving low friction at polymer
interfaces in sliding contact. For some polymer�polymer sliding
combinations, however, the associated wear is prohibitively
high; this is especially true for PTFE.2,3 One approach to address-
ing the issue of excessive PTFE wear involves the use of con-
fined molecules between the two self-mated polymer surfaces. A
number of fundamental studies4�6 have been conducted to explain
the complex relationships among contact pressure, number of
monolayers, and viscosity to the mechanical and frictional
responses to shear stress, as well as to characterize the nature of
layering dynamics and relaxation times. Here, a more phenom-
enological approach is taken, and confined fluorocarbon mol-
ecules of varying lengths are compressed and sheared between
two individually cross-linked PTFE surfaces.

A variety of similar studies have been carried out previously,
albeit for different material systems. For example, Jia and co-
workers7 discovered through pin-on-disk tribometry of polymer�
polymer sliding combinations that both the friction coefficient
and wear rate of self-mated PTFE were reduced significantly,
by factors of ∼14 and ∼2, respectively, under liquid paraffin.
Additionally, both the friction coefficient and the wear rate
remained low and fairly constant with increased sliding velocity
and applied load. In a somewhat different tribological study,
Zappone et al.8 examined the effect of nanometer-scale rough-
ness on the adhesion and friction of a rough polyurethane surface
against a molecularly smooth mica surface under hydrocarbon oil
conditions using the surface force apparatus. The introduction of
the oil between the sliding surfaces resulted in a decrease in
friction coefficient while eliminating the interfacial adhesive
force. Similar results were found for polymer�polymer sliding
where silicone oil in acrylonitrile-butadiene-styrene (ABS)

polymer showed lower friction values and required higher normal
loads to cause frictional instabilities than without the oil.9

Additionally, Raviv et al.10 found very low friction coefficients
(i.e., ∼0.003) for adsorbed layers of poly(ethylene oxide) in the
solvent toluene sheared against a smooth, curved, solid mica
surface for loads up to 100 MPa. The behavior was attributed to
a combined system effect of being able to accommodate relatively
large loads due to osmotic repulsion between the compressed
layers in the solvent medium and simultaneously maintaining the
fluidity of the sheared interfacial zone within which the frictional
dissipation occurred.

Correspondingly, a number of simulation studies have focused
on the dynamic processes of molecules confined at an interface,
surrounded by a bulk, often solid structure. For example, Wang
and Fichthorn11 investigated confined Lennard-Jones (LJ),
n-decane, and 2,2-dimethyloctane molecules where the n-decane
was simulated between model Pt(111) surfaces at 300 K and 1
atm. Their results showed that molecular films with a higher
degree of ordering demonstrated higher densities, lower transla-
tional diffusivities, and higher shear viscosities, whereas in more
disordered states, the lower bulk diffusivities and viscosities were
recovered. Similarly, Zhang et al.12 carried out nonequilibrium
molecular dynamics on n-decane molecules between Au(111)
surfaces in contact with the bulk at both constant normal loads
and constant surface separation. For the constant surface separa-
tion simulations, slip within the molecular layers was demon-
strated in all cases and was found to increase with increasing
shear velocities. Additionally, their calculated effective viscosity
versus shear rate curves exhibited shear thinning behavior of the
confined n-decane at high shear rates.
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ABSTRACT:We report on the frictional response and atomic process that occur whenmolecular fluorocarbon
molecules of varying lengths are sheared between two polytetrafluoroethylene (PTFE) surfaces. The
thicknesses of the molecular layers are also varied. The approach is classical molecular dynamics simulations
using a reactive bond-order potential parametrized for fluorocarbons. The results indicate that the presence of
the molecules has a significant impact on the measured friction and wear of the surfaces, and that this impact
depends on the nature of the fluorocarbon molecules and the thickness of the molecular film. The molecular
mechanisms responsible for these differences are presented.
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Here, fluorocarbon molecules such as might be generated
during wear are placed at the sliding interface between two
crystalline PTFE surfaces and their effect on friction coefficient
and wear behavior is investigated. The effect of two specific
molecular species is considered. Perfluorooctane (C8F18), which
under standard conditions is a clear, colorless, fully fluorinated
liquid, is nonflammable and thermally and chemically stable. Its
excellent material compatibility and high dielectric strengthmake
it a good choice for lubricant deposition, solvent processing, and
heat transfer. The liquid consists of units having an average
molecular weight of∼438 g/mol, boils at 101 �C (at 1 atm), and
has a pour point of �30 �C.13 Hexafluoroethane (C2F6) is a
colorless, odorless, nonflammable gas with a molecular weight of
138.02 g/mol and melting and boiling temperatures of�101 �C
and�78.2 �C under standard conditions.14 The thickness of the
debris that is generated in macrometer-scale tribology experi-
ments is estimated to range from the molecular scale to 10 s of
micrometers from low to severe wear conditions, respectively.
Therefore, two different film thicknesses of one and four mono-
layers of each of these molecules are examined and the influence
of film thickness is quantified.

’METHODS

We consider the tribological behavior of an initially nonhelical
crystalline phase of PTFE, because we are interested in the response
of the high-pressure phase and the simulations are carried out at
relatively high contact pressures. The system consists of two slabs of
PTFE that are relaxed and then slid against each other under an applied
external normal load. Each PTFE slab is individually cross-linked; this
cross-linking ensures sufficient rigidity to effectively impart the applied
load to the interfacial system, while still maximizing the freedom of
motion of the individual polymer chains. The cross-link density within
each PTFE layer is approximately 2.83 nm�3, or an average of one cross-
link per every 5 CF2 units along any given chain. Physically, the cross-
linking mimics some of the structural reinforcement in semicrystalline
polymers that traditionally arises from the effects of entanglement, which
takes place on a longer length scale than those accessible to these atomic-
level simulations. The density of films simulated here is somewhat higher
than the experimental bulk values for semicrystalline PTFE (Table 1)
for two reasons. First, the PTFE surfaces are 100% crystalline and consist
of all orientated chains in comparison to bulk semicrystalline PTFE that
contains less dense amorphous regions. Second, our simulated PTFE
surfaces slide under high-pressure conditions and are thus rendered
denser by comparison. The effects of cross-link density on interfacial
sliding in the absence of fluorocarbon molecules are discussed
elsewhere.15 Each PTFE crystal or slab contains seven layers of chains
for a total thickness of 4.0 nm and a sliding surface area of 4.5 nm �
4.5 nm.
The PTFE chains in the bottom layer of the lower slab are held fixed,

while the PTFE chains in the top layer of the upper slab move as a rigid

unit to compress and slide the top surface against the bottom surface.
Periodic boundary conditions are applied in the two in-plane directions to
remove edge effects in the sliding surfaces and to more closely mimic real
systems. This computational setup is illustrated schematically in Figure 1.

The interatomic forces are determined using the second-generation,
many-body, reactive empirical bond-order (REBO) potential16,17 for
covalent, short-ranged interactions, while long-ranged van der Waals
forces are calculated using the standard Lennard-Jones 12�6 (LJ)
potential.18 Classical molecular dynamics (MD) simulations are used
in whichNewton’s equations ofmotion are numerically integrated with a
third-order Nordsieck predictor corrector. The MD simulations are
carried out with a constant number of atoms, temperature, and simula-
tion cell size, and the time step is 0.2 fs.

In order to maintain the system at the desired temperature and to
dissipate the excess heat that is generated at the sliding interface,
Langevin18 frictional and stochastic forces are applied in the two
directions normal to the direction of sliding to the two layers of chains
closest to the fixed or rigid moving regions of both the top and bottom
PTFE slabs; these are marked as the thermostat region in Figure 1. The
temperature at the sliding surfaces themselves (in the active region) is
not constrained and experienced substantial fluctuations. A constant

Table 1. Densities of the PTFE Surface with and without Cross-Linksa

PTFE surface cross-links

density (g/cm3) with without

C2F6 fluid

monolayer

C2F6 fluid

4 monolayers

C8F18 fluid

monolayer

C8F18 fluid

4 monolayers

simulation 3.20 2.74 2.05 2.40 2.25 3.07

experiment 2.00�2.302* 1.8786b 1.77c

aThe range for the experimental PTFE value denotes the amorphous and crystalline phases, respectively.22 The individual molecular densities, apart from
that for the PTFE surfaces, are also given. bThe experimental value for the C2F6 in the solid phase.23 cThe molecular13 experimental value for C8F18.

Figure 1. (a) Simulation cell of two aligned cross-linked PTFE slabs.
Each slab is 4.0 nm thick with rigid, thermostatic, and active regions of
approximately 0.6, 1.2, and 2.2 nm thickness, respectively. The system is
periodic along the x and z directions. Schematic views of the x�z plane
at the sliding interface are shown for (b) perpendicular and (c) parallel
sliding. The dark-colored polymer chains in (b) and (c) represent those
at the lower surface of the top PTFE slab, while the light chains denote
those on the top surface of the bottom PTFE slab.
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sliding rate of 10 ms�1 is employed. The frictional and normal forces,
measured at the rigid moving region on the top PTFE slab, are recorded
and analyzed.
Prior to sliding, the two PTFE slabs are equilibrated at the desired

temperature with a 1 nm gap between them, while the system’s normal
force at the interface maintains an average value of zero. The top slab is
then incrementally compressed and equilibrated against the bottom slab
to establish a distinct contact pressure, fluctuating within a narrow range.
Upon achieving the target contact pressure, the system is further
equilibrated for about 106 time steps prior to the initiation of sliding.
During this equilibration period, no effort is made to further modify the
applied load. Throughout the tribological simulations, the upper layer of
atoms is slid unidirectionally. When the compressed PTFE chains in the
two slabs are initially parallel to each other, the top PTFE slab can slide

either parallel to the PTFE chains (parallel sliding) or perpendicular to the
PTFE chains (perpendicular sliding), as indicated in Figure 1. Simulations
for both sliding configurations are carried out with a constant surface
displacement with continuous and constant interfacial contact maintained
during sliding. However, the primary focus of this work is the influence of
fluorocarbon molecules trapped between the two surfaces on the friction
and wear for the PTFE in the perpendicular sliding configuration, somore
emphasis is placed on this configuration. Detailed simulations and
experimental results for both sliding configurations in the absence of
molecular fluorocarbons are discussed extensively elsewhere.19�21

These simulations are carried out at 300 K. The normal loads
considered range from 0 to 40 nN, corresponding to pressures from 0
to 2 GPa. Sliding distances of 14�50 nm are considered, and the lateral
forces and normal forces are monitored throughout. The average of each
is then calculated over the entire sliding event, excluding the first 2 nm of
motion during which the system is accumulating shear strains largely
without slip across the interface. The friction coefficient and a projected
adhesive force for both sliding geometries are then determined from a
least-squares fit to three or four well-spaced frictional forces/normal
forces pairs. The simulations are also carried out at constant volume to
focus on situations where there are no significant changes to the system
dimensions. Given that the sliding of the top PTFE surface is carried out
at constant interfacial displacement as opposed to constant normal load,
small drifts in the normal force over the course of the simulations may
occur due to the evolution of the interfacial contact points.

’RESULTS

Confined Molecular Monolayer. Figure 2 shows snapshots
of the simulation setup for the aligned, self-mated, crystalline
PTFE setup for sliding in the absence of confined fluorocarbon
molecules. The displacement of the interfacial chain atoms due to
sliding of the top PTFE surface is used as the main metric for
determining wear or damage of the system. Figure 3 (left panel)
shows a similar snapshot with one monolayer of confined
molecules and that for four molecular layers (right panel). For
the case with four molecular layers, the different colors depict the
carbon atoms of the different molecular layers which have
become intermixed as a result of equilibration of the system prior
to sliding. Most of the discussion focuses on the perpendicular

Figure 2. MD snapshot of the PTFE system without any confined
molecules (a). The PTFE chains, oriented normal to the plane of the
page are color coded for ease of viewing: top (red carbons) and bottom
(blue carbons) surfaces with green fluorine atoms. The interfacial chains
(with black carbons) of the bottom PTFE surface, the displacement of
which are quantified in Figure 5 are highlighted (b).

Figure 3. MD snapshot of the simulation system with confined molecules between the two sliding PTFE surfaces. The PTFE chains in both surfaces
are oriented normal to the plane of the page. The interfacial chains (with black carbons) of the bottom PTFE surface are highlighted.
Fluorocarbon molecules of either C2F6 or C8F18 are placed between the two surfaces prior to sliding. Left: one confined molecular layer. Right:
four confined molecular layers.
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sliding configuration due to its associated high friction and wear;
however, a few cases for parallel sliding are also considered.
Frictional Response. Figure 4 compares the frictional response

of the perpendicular sliding configuration under three different
interfacial conditions: crystalline PTFE�PTFE sliding: with-
out confined fluorocarbon molecules, with a monolayer of
C2F6 molecules, and with a monolayer of C8F18 molecules at
approximately the same normal load. For the simulations with
confined molecules, the number of carbon atoms confined
between the two sliding surfaces is kept constant (see Table 2).
A comparison of the normal forces in Figure 4 indicates a
significant evolution of the normal force (from ∼6 nN to 15
nN) for the system without the confined molecular monolayer.
This phenomenon is correlated to the corresponding frictional
force in the form of a significant peak after 1�2 nm of sliding,
followed by a series of smaller peaks in the force curve. The first
large peak in the frictional force incorporates the response of
the surfaces to shear and signifies the transition from static to
kinetic friction, while the latter ones denote the run-in period to
steady-state friction and is characterized by the rearrangement
of the interfacial chains.
This behavior is in contrast to the systems with a confined

monolayer between the crystalline sliding PTFE surfaces where no
substantial upward evolution or increase in the normal forces is
predicted. As a result, the normal forces remained fairly constant,
within a narrow range for the duration of sliding. Accordingly,
the initial frictional response (i.e., transition from static to kinetic

friction) is much smoother than the scenario with no confined
molecules; as a result, the first peak is significantly reduced. This
results in overall lower friction for the perpendicular sliding systems
with confined molecules at the interface. A close inspection of
the forces reveal that the normal force for the C2F6 system is
slightly, though consistently, higher than that for the for C8F18
system (see Figure 4). The frictional force for the C2F6 system,
however, remains slightly lower than that for the C8F18 system for
approximately the first 11 nm of sliding and again for the last 4 nm
of sliding. As will be shown later, as a function of normal load for
the monolayer systems, confined C2F6 molecules consistently lead
to lower frictional responses than C8F18 molecules for larger
normal loads in situations where larger quantities of fluorocarbon
molecules are employed.

Figure 4. Effect of the presence of one and four confined monolayers of molecular fluorocarbons on self-mated PTFE friction sliding in the
perpendicular configuration at comparatively equal normal loads.

Table 2. Breakdown of the Number of Molecules, Carbon
Atoms, and Total Number of Atoms for the Various Confined
Molecular Systems Examined

monolayer: number of four monolayers: number of

molecules carbons atoms molecules carbons atoms

C2F6 120 240 960 480 960 3840

C8F18 30 240 780 120 960 3120

Figure 5. Illustration of the interfacial displacement of various compo-
nents in response to the perpendicular sliding of the top PTFE surface.
The figure indicates that interfacial chains of the bottom PTFE surface
(see Figure 2, black carbon atoms) are displaced a little more than 5 nm
in response to∼25 nm of sliding by the top PTFE surface. The presence
of C2F6 and C8F18 molecules reduces the interfacial wear of the bottom
PTFE by approximately the same amount at the expense of intramole-
cular displacement.
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Also to be noted is the approximately sinusoidal, periodic
undulation of the normal forces for the systems with confined
molecules compared with the more random, irregular form for
the case without confinedmolecules. This behavior is highlighted
even more for the systems with four confined monolayers where
the normal loads more consistently oscillate around a constant
value with consistently larger amplitude. In particular, the range
of oscillation is∼3 nN for the four monolayer systems compared
to∼2 nN initially and∼3 nN for the single monolayer cases. The
load at the interface of the two crystalline PTFE surfaces is
transferred through the surfaces via cross-links. The normal and
frictional forces, as mentioned previously, are measured on the
rigid moving layer illustrated in Figure 1. Given that the simula-
tions are carried out at constant surface displacement, it is
reasonable that the normal applied load is somewhat higher
when the interfacial chains in both surfaces are directly on top of
each other and, correspondingly, somewhat lower when both
surfaces interlock. In the absence of confined molecules, these
interfacial corrugations are quickly destroyed during perpendi-
cular sliding, which results in increased randomness and irregu-
larity in the evolution of the associated normal force.
The addition of a monolayer of C8F18 confined molecules

does not result in much change in friction or wear for the parallel
sliding configuration. However, the parallel configuration for the
C2F6 monolayer system has lower friction than either the C8F18
or pristine interface. This is due to the differences in motion of
the C2F6 relative to the longer C8F18 molecules, as discussed in
more detail below.
Interfacial Atomic Displacement. The displacements of the

interfacial atoms with respect to their initial positions for the
perpendicular sliding systems with and without confined molecular
monolayers are given in Figure 5. Here, we quantify the extensive
damage for the latter while demonstrating a clear reduction in
molecular wear for the former. The displacement in response to
sliding the top PTFE surface is calculated for various interfacial
components. In Figure 5, the black solid line represents the
movement of the top PTFE surface, which is the baseline to which
the displacement of the bottom surface interfacial chains and the
monolayer of molecular fluids are compared. The graph compares
the displacement of the bottom surface interfacial chains for the two
systems (filled symbols) to that for the corresponding molecules
(open symbols). It is clear that the interfacial chains (solid squares)
in the absence of confined molecules are displaced by a little more

than 5 nm after approximately 26 nm of sliding by the top PTFE
surface. The addition of either the C2F6 or C8F18 monolayer of
confined molecules reduces the displacement of the interfacial
chains to a value approximately half that for the case in the absence
of confined molecules for the same amount of sliding. Conse-
quently, this reduction is accounted for by extensive displacement
of the molecules in the molecular monolayer. A priori, it may seem
surprising that the confined monolayer with the larger molecular
weight (i.e., C8F18) is displaced to a larger extent than the confined
monolayer with the small, seemingly more mobile molecules (i.e.,
C2F6). This appears to be because the C2F6 molecules roll to a
much greater degree in comparison to the longer C8F18 molecules,
as discussed in more detail in the next section.
Considering that substantial interfacial displacement occurs

within the confinedmonolayer in order to reduce the friction and
molecular wear, analysis is focused on this sacrificial layer.
Comparisons of the C�C and C�F bond length distribution
of the two types of confined monolayers at the sliding interface
(not shown) both before and after sliding exhibit no significant
change as a result of tribological sliding.
Four Confined Molecular Monolayers. Figure 3 (right

panel) shows an MD snapshot of the simulation setup for the four
confined molecular layer systems. In this system, there are four
times as many carbon atoms within the molecular layers compared
to the monolayer system (see Table 2). The carbon atoms within
the molecular layers are color-coded to designate initial distance
from the top PTFE surface. The snapshot in Figure 3 follows
physical and thermal equilibration of the system prior to sliding by
the top PTFE surface. Molecules from the different initial layers
become completely intermixed during equilibration.
Frictional Response. In Figure 4, the frictional response of the

perpendicular system without confined molecules is compared to
the two systems with four confined molecular layers. The results
indicate an even more significant response compared to that for the
monolayer systems. The normal forces for the two systems with
confined molecules are approximately the same, while that for the
system without any confined molecules is slightly lower. The
frictional response for the C8F18 system, however, is consistently
lower than that of the bare interfacial case, while the C2F6 system
demonstrates significantly superior frictional behavior of the three
(i.e., the frictional force of the C2F6 is on average∼five times lower
than the frictional force for the C8F18 case and eight times lower
than the frictional force for the systemwithout confinedmolecules).

Figure 6. Displacement of various interfacial system components in response to the sliding of the top PTFE surface. The interfacial chains of the bottom
PTFE surface (black carbon atoms in Figure 2) are displaced∼5 nm in response to∼25 nm of sliding by the top PTFE surface. The confined C2F6 and
C8F18 molecules reduce the interfacial wear of the bottom PTFE by nearly same amount at the expense of about the same degree of intramolecular
displacements.
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Shearing of Molecular Layers. Figure 6 compares the relative
displacements of interfacial components resulting from the shear
force imposed by the sliding of the top PTFE surface. For both
confined molecular systems, the molecular layers closest to the
moving top PTFE surface experience the largest displacement,
while those further from the surface are progressively displaced
to a lesser degree. The solid circle and square symbols denote the
displacement of the interfacial chains for the systems with and
without confined layers, respectively. For both confined molec-
ular systems, the interfacial chains of the bottom PTFE surface
experience no displacement as a result of sliding by the top PTFE
surface. In other words, the molecular layers account for all of the
molecular rearrangements due to the shear force imposed by the
top sliding surface. It is interesting to note that molecular layer
four (i.e., the layer closet to the moving top PTFE surface) is
displaced to a degree just slightly more than the summed
displacement of the single monolayer and interfacial chains
described previously (compare to Figure 5). Thus, the remaining
three molecular layers account for both the reduction in friction
and the amount of energy required to rearrange the interfacial
chains that experience displacement in the monolayer systems.
The figure also shows that both molecular systems experience
approximately the same degree of interfacial displacement for the
same components (i.e., interfacial chains of the bottom PTFE
surface and the respective molecular layers).
Reorientation of Molecules. Given the similarities in the

degree of displacement in the sliding direction for the interfacial
components of the C8F18 and C2F6 systems, additional analysis is
required to account for the substantial difference in frictional
response for the same normal load. Figure 7 quantifies the degree
of displacement of the molecular layers perpendicular to the
direction of sliding for both the C8F18 and C2F6 systems. A bin
size resolution of 0.02 nm was used to capture the molecular
displacements with respect to their initial positions. The median
displacement value for each layer is reported along with the

associated standard deviation. The figure illustrates a consistent
picture of a wider range of displacement perpendicular to the
direction of sliding of the top PTFE surface for the C2F6 system.
This behavior is highlighted for the intermediate layers
(i.e., layers 2 and 3) where the molecules are less likely to
become attached to or be influenced by the top or bottom
PTFE surfaces. The figure suggests that the C2F6 molecular
system is more likely than the C8F18 system to spread and
traverse over the entire sliding interface. This result is not
unexpected given that the C2F6 layers have a lower density and
higher diffusion coefficient compared to the C8F18 layers, as
indicated in Tables 1 and 3.
Figure 8 considers the amount of rotation experienced in the

plane of the sliding interface bymolecules in the C8F18 molecular
layers while sliding. The figure shows a top-down view of the
bottom PTFE surface onto the plane of the sliding interface. A
bin size resolution of 15� was used to capture the molecular
reorientation with respect to their random initial positions. For
clarification, only one C8F18 molecule is rendered; however, the
four histograms provide a snapshot view of the orientation of

Figure 7. Interfacial planar displacement of confined molecular layers perpendicular to the sliding direction of top PTFE surface with the first layer
being closest to the bottom PTFE surface. The distribution is calculated after 21.4 nm of sliding by the top surface. The bin size used is 0.02 nm. For all
the molecular layers, C2F6 shows a wider range and larger standard deviation of planar molecular displacement.

Table 3. Quantification of Friction Coefficient and Adhesive
Force Using Least-Squares Fitting for Some of the Perpen-
dicular and Parallel Sliding Systems Considered

μ Fad

perpendicular sliding

no confined molecules 0.21 11.6( 0.14

C8F18 monolayer 0.16 16.8( 0.13

C2F6 monolayer 0.20 2.9( 0.05

C8F18 4 monolayers 0.14 8.9( 0.10

parallel sliding

no confined molecules 0.06 7.09( 0.14
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the four confined molecular layers both before and after sliding.
The figure indicates that the sliding direction is the x direction
and the orientation angle of the molecular axis is measured with
respect to the z-axis or in other words, parallel with respect to the
polymer chain orientation (Figure 1 indicates these directions
with respect to the interfacial system). Thus, for the top simula-
tion snapshot shown between the histograms for layers one and
two, the lone C8F18 molecule makes a shallow angle (0�25�)
with the initial chain orientation within the sliding interface.
Similarly, the bottom simulation snapshot, taken after significant
sliding of the top PTFE surface, illustrates that the same C8F18
molecule is now orientated in the direction of sliding. The molecule
forms approximately a 90� angle with the initial interfacial chain
orientation as indicated by the arrow.
Viewed collectively, the four histograms of Figure 8 indicate

that, prior to perpendicular sliding of the top PTFE surface, the
C8F18molecular axis orientation is fairly randomwith no obvious
orientation. After significant sliding of the top PTFE surface, the
orientations of the C8F18 molecules within each of the layers
become more oriented along the x-axis (i.e., the sliding direction
of the top PTFE surface). This is highlighted by two striking
features of the graphs: the sharp reduction in the number of
molecular orientation at low angles with respect to the initial
interfacial chain orientation and the steady and sometimes large
increases at progressively larger angles. Similar findings (not
shown) are found for the C8F18 systems at various normal loads.
The data show little evidence to suggest significant rolling and
alignments characteristic of rolling motion. This argument is
supported by the molecular simulation movies highlighting the
behavior of the C8F18 molecules during sliding.
The same perpendicular orientation analysis is also carried out

for the C2F6 four-layer system. The results for the top-down view
(i.e., along the y-axis) onto the plane of the sliding interface are
given in Figure 9. No significant changes in the alignment of the
C2F6 molecules in any of the four molecular layers are predicted

to occur due to sliding. At various angles, there are small increases
in the alignment toward the sliding direction (i.e., x-direction),
while at others, there are small decreases. Still, at other angles,
there is no change in the alignment due to sliding. Additionally,
the significant drop-off in small angle alignment experienced by
the C8F18 molecules (see Figure 8) is not predicted to occur for
the C2F6 system.
The orientation behavior from the two side views (not

shown) is also considered. Irrespective of the view, whether it is
either along the z-axis and hence parallel to the chain orienta-
tion in both PTFE surface or along the sliding direction (i.e., in
the sliding direction of the top PTFE surface which is perpen-
dicular to the chain orientation in both surfaces or along the
x-axis), the results show a random distribution of molecular
alignment. This suggests that there is likely a strong rolling
component to the motion of the C2F6 molecules in comparison
to that for the C8F18 molecules. Given their respective molec-
ular shapes, one would expect the smaller, less linear molecule
(i.e., C2F6) to exhibit a greater tendency to roll. Indeed, side-
by-side comparison of molecular movies highlighting various
C2F6 and C8F18 molecules visually show a higher degree of
rolling motion (in the presence of sliding motion) for the C2F6
system.
Overall Influence on Friction Coefficient. Using the least-

squares fitting method used by us previously,21 quantitative
values of the frictional response, friction coefficient, and adhesive
force are determined for some of the data and are provided in
Figure 10 and Table 3. The table values indicate a clear decrease
in friction coefficient when the molecular layers are placed
between the crystalline PTFE�PTFE sliding interfaces in the
perpendicular sliding configuration. The reduction is most
dramatic when more confined molecular layers are present. This
is confirmed by the low friction value for the C8F18 four-layer
system given in Table 3 and the relatively low slope for the C2F6
four-layer system shown in Figure 10. The friction coefficient

Figure 8. Reorientation of molecules toward the sliding direction (i.e., x-direction from Figure 1) for the perpendicular sliding of C8F18 confined
molecular system at 300 K. A bin size resolution of 15�was used to capture the molecular reorientation with respect to their random initial positions as a
result of sliding. The snapshots represent a top-down view of the sliding interface. The histograms indicate that the C8F18 confined molecules prefer to
align with the sliding direction.



9917 dx.doi.org/10.1021/la201269c |Langmuir 2011, 27, 9910–9919

Langmuir ARTICLE

values given in Table 3 were calculated with at least three data
points. Thus, a friction coefficient for the C2F6 four-layer system
is not given. Nonetheless, given the comparatively low friction
response, along with the projected slope of the frictional
response at higher normal load, in addition to the almost
nonexistent molecular wear predicted, one can reason that the
case in question would demonstrate a low friction coefficient.
The addition of four layers of C8F18 confined molecules does

not result in a change in friction or wear for the parallel sliding
configuration. Sliding in the parallel configuration for the C2F6
monolayer system produces friction that is equivalent to that of
the C2F6 four layer sliding in the perpendicular sliding config-
uration. The C2F6 four-layer system in the parallel sliding
configuration exhibits even lower frictional behavior.
Influence on Adhesion and Wear. A significant reduction in

friction does not always correspond to a substantial decrease in
the adhesive force as a comparison of the respective values for the
C2F6 monolayer and C8F18 four-layer systems would confirm.
While this behavior is consistent with what has been reported for
PTFE�PTFE sliding19�21 where PTFE�PTFE adhesion plays a
lesser role in the friction response compared to PTFE deforma-
tion (probably owing to the polymer’s low surface energy), other
systems described in the Introduction in which confined mol-
ecules are added to the interface between two sliding polymer
surfaces show reductions in the adhesion. An upper bound

approximation of the adhesion force was obtained by extrapolat-
ing a linear fit to the friction forces as a function of normal load
over a given range (see Figure 10).24 The same general adhesion
behavior is observed in three out of the four applicable cases
(see Table 3 for two of those cases: C2F6 monolayer and C8F18
four-layer); the C2F6 four-layer system is not quantified but, as

Figure 9. Reorientation of molecules toward the sliding direction (i.e., x-direction) for the perpendicular sliding of C2F6 confined molecular system at
300 K. A bin size resolution of 15�was used to capture the molecular reorientation with sliding distance. The snapshots represent a top-down view of the
sliding interface. The histograms indicate that the C2F6 molecules do not prefer to align with the sliding direction but instead adopt a random alignment
configuration.

Figure 10. Frictional force (Ff) versus normal force (Fn) for perpendi-
cular and parallel PTFE�PTFE sliding at 300 K for sliding in the
presence and absence of confined molecular layers.
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indicated by Figure 10, exhibits similar behavior. The lone
exception is the C8F18 monolayer system, which shows relatively
high adhesion.
The reduction in friction coefficient is also accompanied by a

reduction in molecular wear of the PTFE surfaces. Figure 11
provides representative simulation snapshots of the PTFE bot-
tom surface interface after approximately 0 and 21 nm of sliding
for each of the molecular systems. Sliding of the top PTFE
surface is done from right to left horizontally across the plane
of the page or in the �x direction. A careful comparison of
Figure 11E and G indicates that, for the monolayer systems, the
interfacial chains of the bottom PTFE surface experiences a
higher degree of displacement for the C2F6 confined molecular
system compared to the C8F18 case. This is confirmed by noting
the placement of the carbon interfacial chains. In Figure 11E, the
orange carbon chain is further along the sliding direction than in
Figure 11G. The black carbon chain in Figure 11E has already
crossed the periodic boundary. Quantification of the displace-
ment of the interfacial chains of the samemonolayer systems (see
Figure 5) captures this observation as the C2F6 systems exhibit a
slightly smaller degree of displacement between approximately 7
and 18 nm of sliding. The resulting interfacial wear of the C2F6
system also seems to expose comparatively more of the interface
for the bottom PTFE surface.

The four-layer molecular systems also show somewhat differ-
ent behavior. Comparison of Figure 11B and F reveals very little
change in the positions of the interfacial chains of the bottom
PTFE surface for the C2F6 molecular system with the exception
of a slight bow of one of the chains. In contrast, the molecules in
the C8F18 system (Figure 11D and H) cause a slight shift of the
interfacial chains of the bottom PTFE surface to the left or in the
�x direction (i.e., the sliding direction of the top PTFE surface).
This shift represents the initial response of the bottom surface to
the shear force imposed by the sliding of the top surface. This
response is not seen for the C2F6 four-layer confined molecular
system, as its frictional force is substantially lower (see the
corresponding force dependencies in Figure 4). Additional
sliding shows chain scission for the C8F18 case (see Figure 12),
while none is predicted for the C2F6 four-layer confined molec-
ular system up to ∼24 nm of sliding. Given the extremely low
friction and the associated smooth sliding, no wear in the form of
chain scission is predicted for extensive sliding at the given
normal load. The findings here are consistent with our previously
published simulation and experimental results20 on wear at the
sliding interface in the absence of molecular fluorocarbons.

’CONCLUSIONS

We have examined the influence of confined molecular
fluorocarbon layers that mimic the wear debris that is generated
experimentally during macroscale friction experiments.25 There-
fore, the systems considered here are idealized analogues to the
frictional behavior that occurs at PTFE interfaces in the presence
of molecular debris.

Incorporation of confined molecular layers between the two
crystalline PTFE surfaces sliding in the perpendicular configura-
tion made a noticeable impact on the measured friction and wear
of the surfaces. For a normal load of approximately 15 nN, both
the C8F18 and C2F6 monolayers reduced the friction by about
10�30%. A significant drop in the static friction is predicted with
the incorporation of the confined molecules between the sliding
surfaces. In the case of wear, the interfacial chains of the bottom
PTFE surface experience a 50% reduction in displacement due to

Figure 11. Molecular snapshots of the interfacial polymer chain of the bottomPTFE surface (top-down view). The remainder of the bottom surface, the
confined molecules, and the top surface are not shown for clarity. The snapshots are taken from the sliding system within a narrow load range of 15�17
nN (see Figure 10).

Figure 12. Molecular snapshots for additional sliding of the C8F18 four-
layer confined molecular system described in Figure 11.
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sliding when the fluorocarbon molecules are introduced between
the surfaces. The confined molecular monolayer experiences a
higher degree of displacement (more so in the C8F18 case) to
compensate for this reduction. The amount of molecular wear is
still excessive, however, as the confined monolayer does not
result in sliding conditions that are significantly different from
that of a boundary layer with respect to the bare PTFE surfaces.

The normal force for the four-layer confined molecular
systems undergoing perpendicular sliding remains more consis-
tent and shows even more defined undulation than in the
confined monolayer cases. The frictional response of the bare
system drops substantially with sliding distance to a level almost
comparable to that of the C8F18 confined molecular system at a
normal load of∼17 nN. TheC2F6 system shows by far the lowest
frictional response. All interfacial components for the confined
molecular systems are predicted to be displaced to approximately
the same degree. Molecules within the C8F18 system show a
tendency to orient and align parallel to the sliding direction of the
top PTFE surface. This is not the case for the C2F6molecules that
consistently show random alignment. The large difference in
friction between the C2F6 case and the other two cases is due to
the large amount of rolling experienced by the C2F6 molecules
during sliding of the top PTFE surface. No wear in the form of
interfacial chain rearrangement is predicted for the four-layer
confined C2F6 molecular system.

The C2F6 four-layer system in the perpendicular configuration
experiences friction that is lower than that for the bare PTFE
system undergoing sliding in the parallel orientation that was
examined extensively in prior work. The friction and wear results
overall are more favorable for the C2F6 systems in both the
perpendicular and parallel sliding configurations. These results
thus indicate that substantial lubrication may occur in macroscale
tribometry experiments of PTFE that generate large amounts of
smaller molecular fluorocarbon debris.
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