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Abstract

Molecular dynamics simulations were performed to study nanoscale friction on hy-
drophilic and hydrophobic self-assembled monolayers (SAMs) immersed in water. Slid-
ing was simulated in two different directions to capture anisotropy due to the direction
of motion relative to the inherent titled orientation of the molecules. It was shown that
friction depends on both hydrophobicity and sliding direction, with the highest friction
observed for sliding on hydrophobic SAM in the direction against the initial orientation
of the molecules. The origins of the friction trends were analyzed by differentiating the
tip-SAM and tip-water force contributions to friction. The tip-water force was higher
on the hydrophilic SAM and this was shown to be due to the presence of a dense layer
of water adjacent to the surface and hydrogen bonding. In contrast, the tip-SAM force
was higher on the hydrophobic SAM due to a water depletion layer which enabled the
tip to be closer to the SAM terminal group. The higher friction cases all exhibited
greater penetration of the tip below the surface of the SAM, accommodated by further

tilting and reorientation of the SAM molecules.



Introduction

Self-assembled monolayers (SAMs) have many different applications and are important for
modification of surface and interface properties in micro-electro-mechanical systems (MEMS),
electronic devices, and biomaterials.' * SAMs can modify surface properties like adhesion,®”
liquid repellency,®1° and various tribological characteristics.®™® SAMs can also be used for
lubrication and protection of MEMS surfaces and interfaces. ! The properties of SAMs, such
as contact angle, adhesion, and friction, are directly correlated to their molecular features,
e.g., chain length and terminal group chemistry.'?!® Therefore, understanding, predicting,
and controlling the properties of SAMs is important to their use in a variety of applications. !?

Various experimental techniques, such as X-ray diffraction,'* infrared spectroscopy, !

16,17 interfacial force microscopy'® and atomic force microscopy

scanning force microscopy,
(AFM) 1921 have been used to study the structural and mechanical properties of SAMs.
Particularly, AFM has been used to characterize friction on SAMs using a wide range of
different tips (SizN,, Au, and -CH; or -OH terminated SAMs), 162224 gubstrates (Au, Si),?> %
and environments (ethanol, hexadecane, water, humid air, and dry air).263%3% The sliding
systems studied using AFM have included SAM-SAM,3¢ tip-SAM, and SAM-tip-water 2635
combinations.

Experimental work has been complemented by molecular dynamics (MD) simulations
of SAMs. 11353741 D simulation is a powerful tool to study nanoscale interfaces because
it can precisely control the factors affecting friction, such as sliding direction, load, and
velocity. Friction has been shown to be higher on hydrophilic vs. hydrophobic SAMs. 3542
In addition, the presence of water molecules can change the magnitude of friction force on
hydrophilic SAM. 26:3%41:42 For a hydrophilic silicon nitride tip or hydrophilic SAM sliding on
hydrophilic SAM, water lowers friction due to layering of the water molecules between the
sliding surfaces, thus providing lubrication.?®*! However, when a carbon tip is sliding over

hydrophilic SAM, water increases friction due to hydrogen bonding (H-bonding) between the

water molecules and the terminal -OH groups on the SAM, thus offering additional resistance



to sliding.?"

Both experiments and simulations have reported that friction on SAMs is anisotropic, 113943
where anisotropy refers to the observation that friction is dependent on the sliding direc-
tion. Some studies have attributed friction anisotropy to the tilt angle (with respect to the
surface-normal direction) and the orientation angle (with respect to the sliding direction) of
the SAM molecules. 13743 MD simulations of SAM-SAM sliding in vacuum reported higher
friction when the SAMs were aligned in the direction of sliding.** The same study proposed
that subtle structural variations could affect friction due to steric constraints leading to dif-

ferent van der Waals interactions between the terminal groups and an interacting surface.**

3545 friction

Although friction on SAMs in water has been studied with MD simulations,
anisotropy on SAMs in a liquid environment has not been modeled.

In this work, we performed MD simulations of atomic scale friction between a nanoscale
AFM probe and alkanethiol monolayers terminated with -CH; (hydrophobic) or -OH (hy-
drophilic) groups in the presence of water to study friction anisotropy. In our model, hy-
drophilic and hydrophobic SAMs with the same chain length were positioned next to each
other on a gold substrate in the model system such that the friction force could be measured
by sliding the tip from one type of SAM to the other along a single scan line. The model
was designed to mimic previous AFM experiments in which SAM friction was studied by
measuring friction of multiple SAMs on the same sample. 22293546 In the simulations, fric-
tion anisotropy on both hydrophilic and hydrophobic SAMs was analyzed across a range of
normal loads. The friction trends were analyzed in terms of the force between the tip and
SAMs (tip-SAM force) and the tip and water (tip-water force), layering and position of water
adjacent to the SAM terminal groups, number of H-bonds formed between the water and the
hydrophilic SAM molecules, SAM tilt and orientation angles, and the depth of penetration

of the tip into the SAMs while sliding.



Methods and Models

As shown in Fig. la, the model SAMs consisted of hydrophilic 11-mercapto-1-undecanol
(—S(CH,),;OH) and hydrophobic 1-dodecanethiol (—S(CH,),; CHj;), respectively. The model
was created by arranging 120 molecules of each type on an approximately 1.2 nm thick atom-
ically flat Au (111) surface. A tip with hemispherical apex of radius 1.5 nm composed of
carbon atoms in a diamond crystallographic lattice was placed above the SAMs surface.
Although the model tip radius is smaller than those used in AFM experiments,3>4648 it is
consistent with previous MD simulations that modeled very small tips due to computational
limitations. 33384950 Since only the apex of the tip was explicitly modeled in the simulations,
the stiffness of the remainder of the tip and cantilever was captured by connecting the model
tip apex to a virtual atom through a harmonic spring.*?3 The spring stiffness was set to
1.6 N/m in the x- and y-directions, consistent with previous modeling studies and compa-
rable to the stiffness of cantilevers used for friction force microscopy.® The space above the
SAMs and the surrounding the tip was filled with water with a density of approximately
1.0 g/em3. Periodic boundary conditions were applied to the simulation box. The model
was constructed using Avogadro 1.2%% and Moltemplate®® tools, while Ovito®” was used for
the visualization of the models. All simulations were performed using LAMMPS (Large-scale
Atomic/Molecular Massively Parallel Simulator).®®
The details of model construction were described in our previous studies.?3°%6" Briefly,

the water molecules were modeled using the extended simple point charge potential (SPC/E).6!

162,63

The sulfur-gold interactions were modeled using the Morse potentia while the Lorentz-

4

Berthelot mixing rules % and the Lennard-Jones potential % were used for all other long-

range interactions. The united atom model '2

was used for modeling -CH, and -CHj.
The embedded atom method and an adaptive intermolecular reactive empirical bond or-
der (AIREBO) potential were used for modeling the interactions within the gold substrate

and the tip, respectively. During simulations, the bottom 0.1 nm of the gold substrate was

fixed and the top few layers of tip atoms were treated as a rigid body.
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Figure 1: (a) Snapshot of half of the equilibrated simulation model and (b) schematic illus-
tration the tilt and orientation angles of a SAM molecule. @ is the tilt angle of the molecules
with respect to the surface-normal (z-direction) while v is the orientation angle of the SAMs
relative to the sliding direction (y-direction).

The system was equilibrated in the NPT ensemble at 0.1 MPa and 300 K, and then in
the NVT ensemble at 300 K, for 50 ps each. The Nosé-Hoover thermostat and barostat
were used with damping factors of 0.1 and 1.0 ps, respectively. The SAM molecules ex-
hibited tilt and orientation angles, as defined in Fig. 1b. At equilibrium, the average tilt
angle with respect to surface-normal was 28.6+4.0° for the hydrophilic SAM and 30.0+2.3°
for the hydrophobic SAM, both of which are close to the value (33.740.3°) measured for
—S(CH,),;CH; chains using X-ray diffraction.'® The equilibrium orientation angles (with
respect to sliding direction) for the hydrophilic and hydrophobic SAMs were 64.4+10.2° and
64.01+4.4°, respectively.

After equilibration, normal loads between 0.4 and 1.0 nN were applied on the tip, followed
by another system equilibration in an NVT ensemble until the z-position of the tip reached
steady state. Generally, steady state was achieved in 3.5 to 4.5 ns. The corresponding
maximum contact pressures ranged from 0.24 to 0.39 GPa, estimated based on the Hertz
contact model. To simulate sliding, the virtual atom was dragged with a velocity of 2 m/s

over the SAMs surface in either the positive (forward) or negative (backward) y-direction.



The tip motion in both the x- and y-directions was limited by the harmonic spring and the
rotation of the top few layers of tip atoms was restricted. The z-axis is orthogonal to the Au
(111) plane while the sliding direction (y-axis) is orthogonal to the (110) plane.

The friction force was calculated as the force on the spring in the direction opposite to the
sliding. All friction simulations were repeated six times, realized by allowing the tip to pass
through the periodic boundaries of the simulation box six times, each referred to as a cycle.
Next, the friction force was averaged over five sliding cycles, excluding the static friction
exhibited in the first cycle. The results were then averaged again over lateral distances of
1.5 to 3.5 nm for hydrophilic SAM and 6.5 to 8.5 nm for hydrophobic SAM. These lateral

distance ranges were chosen to minimize the effects of the boundaries between the two SAMs.

Results and Discussion

The tip was slid forward and backward over the SAMs immersed in water. Representative
plots of friction force versus lateral distance in both sliding directions at a load of 0.8 nN
are shown in Fig. 2. Here, forward refers to the positive y-direction while backward refers
to the negative y-direction.

The average friction (for cycles 2 through 6) as a function of load is shown in Fig. 3.
Friction force generally increased with increasing load and the friction coefficient was cal-
culated from linear fits to the data. The friction force and coefficient were the largest for
hydrophobic SAM in the backward sliding case. The lowest friction force was observed for
forward sliding on the hydrophobic SAM and the lowest friction coefficient was found for the
hydrophilic SAM with backward sliding. These results show that both hydrophobicity and

sliding direction affect the friction on SAMs.
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Figure 2: Friction force on the SAMs in water as a function of the lateral position of the tip
sliding in the (a) forward and (b) backward directions sliding over the hydrophilic (1.5-3.5 nm,
purple and blue) and hydrophobic (6.5-8.5 nm red and orange) SAMs with a normal load
of 0.8 nN. The gray regions are the friction when the tip is near the boundary between the
hydrophobic and hydrophilic SAMs. This data is excluded from results shown subsequently
in the paper. The solid lines show the friction force averaged over the last five sliding cycles,
while the light color regions are the standard error.
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Figure 3: Average friction as a function of load for hydrophilic and hydrophobic SAMs with
sliding in the forward and backward directions. Forward is defined as sliding in the positive
y-direction and backward as sliding in the negative y-direction. The error bars show standard
error over five sliding cycles. Dashed lines show linear fits to the data where the slope is the
friction coefficient, value given to the right of the 1.0 nN data point for each case.



Both tip-SAM and tip-water forces contribute to the total friction,® so these forces are
analyzed separately, as shown in Fig. 4. We first consider the force between the tip and the
water. As shown in Fig. 4a, the tip-water force is significantly higher on the hydrophilic

SAM than on the hydrophobic SAM for sliding in either direction and at any load.
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Figure 4: Contributions of the lateral force between (a) the tip and water and (b) the tip
and SAM molecules to the total friction force. The error bars show standard error over five
sliding cycles.

The larger tip-water force on the hydrophilic SAM can be attributable to a dense layer of
water near the SAM surface. 263541 The presence of this layer was confirmed by calculating
the radial distribution function (RDF) for the distance between the terminal group of the
SAM molecules and the O atom in the water molecules, as shown in Fig. 5. For both
hydrophobic and hydrophilic SAMs, the first peak in the RDF corresponding to the first
layer of water adjacent to the SAM terminal groups. For the hydrophobic SAM, the RDF
peak suggests that the water layer is further from the surface (~0.38 nm), indicating the
existence of a depletion layer.% The depletion layer can explain the relatively small tip-water
force on the hydrophobic SAM. In contrast, the RDF peak for the hydrophilic SAM is at
~0.28 nm, indicating a dense layer of water adjacent to the SAM surface. The tip interacts
with the water in this dense layer as it slides, which increases friction on the hydrophilic

surface.
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Figure 5: Distribution of distances, g(r), between the water and the terminal group on

the hydrophilic (blue line) and hydrophobic (red line) SAMs. The peak at 0.28 nm for the
hydrophilic SAM indicates a dense water layer adjacent to the surface while water is repelled

from the hydrophobic SAM creating a depletion layer.
We repeated the RDF calculation for both hydrophilic SAM-water and hydrophobic
SAM-water distances at all loads and the same first peak position was observed at all loads
(Figure S1). Note that these RDFs correspond to the distance between the SAMs and water.
We also calculated the RDF for the O-O distance between water molecules, to evaluate the
possibility of an ice-like structure forming between the tip and SAM.*® However, there was no
additional peak indicative of ice-like structure (Figure S2), likely because of the relatively low
pressure in these simulations and the small tip size that confines only a few water molecules
at any given time.
H-bonding may also contribute to the tip-water force trends since the -OH tails of hy-

drophilic SAM not only interact with each other through H-bonding 37#4? but also form
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H-bonds with water molecules in their vicinity.3® The hydrophilic SAM-water H-bonds are
broken during sliding, contributing to friction. To quantify this effect, first, H-bonds were
identified based on the distances and angles between atoms using previously established cri-
teria.3>%” Then, the number of bonds broken per sliding cycle was calculated as the difference
between the average number of hydrophilic SAM-water H-bonds when the tip was sliding
on the hydrophilic SAM (distances 1.5 to 3.5 nm) and the average number of hydrophilic
SAM-water H-bonds when the tip was sliding on the hydrophobic SAM (distances 6.5 to
8.5 nm). As shown in Fig. 6, approximately 6 to 15 H-bonds were broken per sliding cycle,
at various normal loads ranging from 0.4 to 1.0 nN. The extra energy required to break

H-bonds when sliding on the hydrophilic SAM contributes to higher tip-water force.
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Figure 6: Number of hydrophilic SAM-water H-bonds broken per cycle as a function of load.
The error bars show standard error over five sliding cycles.

Friction is also due to tip-SAM forces. As shown in Fig. 4b, the tip-SAM force is higher
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on the hydrophobic SAM than the hydrophilic SAM for sliding in both directions. This can
be partially explained by the RDFs in Fig. 5, since the lack of water in the depletion layer
means the tip is closer to the SAMs and there is larger tip-SAM force.®®

Previous experiments as well as MD simulation studies have reported that the friction
force on SAMs can be attributed to plowing,® which occurs due to the penetration of tip
into the SAM.3%8 To quantify this, we tracked the position of the tip in the surface-normal
direction during sliding. Penetration depth was defined as the average distance between
the bottom-most atoms of the tip apex during sliding and the equilibrium positions of the
terminal groups of the hydrophilic or hydrophobic SAM molecules. The average depth of
penetration calculated at various normal loads is reported in Fig. 7. Consistent with the
tip-SAM force trends in Fig. 4b, the penetration depth is the largest for the hydrophobic
SAM during backward sliding.

The penetration depth trends may be attributed to differences in the compression of
the SAM chains3%%% and reorientation of the chains that affects packing and density.3?°
Reorientation was quantified by the average tilt and orientation angles of SAMs at each load,
shown in Fig. 8. Friction anisotropy has been attributed to tilt angles in previous research 37
and here is shown to explain the tip-SAM contribution to friction. Although the tilt angles
on both SAMs are around 30° at equilibrium, they increase once sliding starts and reach a
larger steady state value after the first cycle (see Figure S3). This indicates that the motion
of the tip pushes the molecules down toward the substrate. The average steady-state tilt
angles are shown in Fig. 8a and it can be seen that the tilt angle is consistently higher for
the hydrophobic than the hydrophilic SAM. This is consistent with the greater penetration
of the tip into the SAMs in Fig. 7 and the higher tip-SAM force of the hydrophobic SAM.

Similar trends are exhibited by the orientation angles. The average steady-state orienta-
tion angles for the two SAMs as a function of load are shown in Fig. 8b. Like the tilt angles,
the orientation angles are larger on the hydrophobic SAM, indicating that SAM chains are

pushed further out to the sides and away from the sliding direction. There are also a sta-
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Figure 7: Penetration depth as a function of load for hydrophilic and hydrophobic SAMs
sliding in the forward and backward directions. The error bars show standard error over five
sliding cycles.

tistically significant differences between the orientation angles in the forward and backward
directions on hydrophobic SAM at several loads. This can be explained by considering the
evolution of orientation angle with cycle (see Figure S4). In the forward sliding case, the
orientation angle starts (at cycle 0) around 65° and ends up around 50°. However, for back-
ward sliding, this same starting configuration corresponds to 115° orientation (with respect
to the negative y-axis). Then, during steady-state sliding in the backward direction, the
orientation angle is a little over 60°. These results are consistent with the trends exhibited
by the depth of penetration as a function of cycle (Figure S5), indicating that the tip ini-

tially had to reorient the chains to slide backward, which enabled more penetration into the
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SAM surface, thereby increasing friction. These results indicate that the tip is able to move
down into the SAM when the chains are tilted further from the surface-normal direction and
pushed out to the side of the sliding path by the tip. The energy required to tilt the chains

and push them aside contributes to higher friction.
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Figure 8: (a) Tilt and (b) orientation angles as a function of load for hydrophilic and
hydrophobic SAMs with sliding in the forward and backward directions. The angles are
defined as shown in Fig. 1b. The error bars show standard error over five sliding cycles.

Conclusions

We studied the friction anisotropy on hydrophilic and hydrophobic SAMs immersed in water
for sliding in two opposite directions. It was found that both hydrophobicity and sliding di-
rection affect friction. Multiple mechanisms, including H-bonding between SAM and water
molecules, tip-SAM interactions, the depth of tip penetration into SAM molecules, and the
SAM molecule orientation and tilt angles, were analyzed to identify mechanisms underlying
the observed friction trends. It was found that the tip-water force was dominant for the hy-
drophilic SAM and there was no significant direction dependence. However, for hydrophobic
SAM, the friction was due mostly to tip-SAM force and direction dependence was observed.

The water depletion layer on the hydrophobic SAM caused stronger interactions between

14



the tip and SAM, such that the tip had to push the SAM downward (increased tilt angle)
and to the side (increased orientation angle) to slide. The energy required to reorient the
SAMs increased the overall friction force. Overall, the results show that friction on SAMs
in water is determined by both tip-SAM and tip-water force, and that both of these are
affected by SAM terminal group chemistry and sliding direction. The findings also demon-
strate that a key energy dissipation mechanism for SAMs is associated with their inherently
tilted configuration relative to the surface and the ability to change orientation in response

to sliding.
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