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Monolayers presenting methyl-terminated (hydrophobic) and hydroxyl-terminated (hydrophilic)
surfaces on silica have been studied by molecular dynamics simulation and the effects of hydro-
gen bonding, chain length, and chain mixing on the frictional properties determined. The hydroxyl-
terminated monolayers were found to show large adhesion zones as a result of strong interfacial inter-
layer hydrogen bonds; the interfacial sliding forces observed in the hydroxyl-terminated monolayers
being one order of magnitude higher than the interfacial forces for the hydrophobic surfaces at the
characteristic point of zero-load. Mixed hydroxyl- and methyl-terminated monolayers of equal length
were found to exhibit intermediate shear stress values between those observed for pure monolayers,
with the magnitude of the shear stress depending on the surface content of the hydroxyl-terminated
chains. For mixed monolayers of unequal chain lengths, at high loads a maximum in the magni-
tude of the shear stress as a function of the length of the methyl-terminated chain was observed
due to the creation of a buffer zone between the hydroxyl-terminated chains that produces strong
hydrogen-bonding interactions. The effect of a constant normal load or constant separation simula-
tion ensemble on the results has also been studied and in general found to have minimal influence
on the observed behavior, although some differences are observed for the shear stress at intermediate
normal loads due to the formation of stronger hydrogen bond networks at constant load compared to
constant separation. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4729312]

. INTRODUCTION example, the reviews of Harrison et al,'© Zhang and
Mylvaganam,'" and Bhushan®). Monolayer films prepared
from n-alkyltrichlorosilanes on silicon'?>~!> and n-alkanethiols
on gold'> have been shown to greatly decrease sliding friction
coefficients by reducing the interaction strength between the
sliding probe and the surface. A particular advantage of these
monolayers is the ability to tailor the surface/probe interac-
tions by using different terminal groups on the adsorbate and
different monolayer thickness by varying the chain length of
the adsorbate.!> For example, it has been shown experimen-
tally that friction decreases in alkylsilane films as the length
of the alkane portion of the monolayer chain increases up to
C1»,'% because the longer chains pack more effectively, creat-
ing a smoother interface, which in turn reduces friction. For
longer chains (>Cj,), the friction forces tend to an asymptotic
value.!”-2!

In this work, the frictional properties of sliding OH-
terminated monolayers have been investigated using molecu-
lar simulations over a wide range of normal loads for the first
time. Although such surfaces have high friction forces due
to their high surface energy, the presence of water between
hydrophilic terminated monolayers has been shown to reduce
frictional properties considerably, even at very low water con-
3 Authors to whom correspondence should be addressed. Electronic centrations when the water molecules do not condense.”?*

addresses: c.mccabe @ vanderbilt.edu and rivera_jose_l@yahoo.com. Furthermore, surfaces coated with OH-terminated chains

Understanding and controlling the forces acting in mi-
croelectromechanical (MEMS) and nanoelectromechanical
(NEMS) devices, where surfaces are in normal and/or slid-
ing contact, is of critical importance to the wide-spread com-
mercial realization and successful operation of such systems.'
These devices are typically fabricated from silicon; however,
silicon oxidizes easily, forming an exterior layer that contains
hydrogen-bonding groups.”™ Due to the nature of these sur-
face hydroxyl groups, silica has a high friction coefficient and
high wear rate. Effective lubrication is therefore central to the
successful operation of durable devices with moving parts and
the control of adhesion, friction, and wear. Traditional lubri-
cants (oils) have been shown to be too viscous to infiltrate
the channels and crevices of MEMS/NEMS devices and pro-
vide only modest protection.>® As a result, alternative lubri-
cation schemes have been investigated, such as thin-film coat-
ings of diamond-like carbon and self-assembled monolayers
(SAMs). ™

A wide range of SAMs on different surfaces have
been studied by both experiment and simulation (see, for
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have the possibility to serve as a support for lubricants that
can weakly attach to these surfaces through hydrogen bond-
ing and so allows the creation of new lubricating systems,
where not only the contact surface is important for the tri-
bological behavior, but also the friction forces between the
OH-terminated surface and the lubricant. Through tuning of
the chain length of one of the components in a mixed mono-
layer system, a bound-mobile lubrication scheme can also be
studied. Bound-mobile lubrication couples the stability of a
bound layer with the mobility of a liquid or liquid-like layer
in order to provide both good frictional properties as well as
good durability.?+30

The frictional behavior of contacting surfaces containing
functional groups that can form hydrogen bonds is complex
and depends on a number of factors, including the length and
flexibility of the chains that attach the hydrogen bond form-
ing groups to the surface,?"3 the surface coverage and sep-
aration of the chains,'®?%3%3* temperature,® pH,*® surface
disorder,"? sliding velocity,? etc. The frictional properties of
self-assembled monolayers of alkanethiol molecules on gold
surfaces containing COOH-terminal groups have been stud-
ied experimentally and compared to the properties of
alkanethiol molecules containing CHj3- terminal groups; at
zero-load hydrogen bonds formed in the COOH- terminated
monolayers results in friction forces ~17 times higher than
those for monolayers with CHz-terminal groups.’’-3® Simi-
lar results have been found in simulations of self-assembled
monolayers of OH-terminated alkanethiols on gold tips,*
with the friction forces shown to be mostly due to the break-
ing and formation of intra- and interlayer hydrogen bonds;
while the number of intralayer hydrogen bonds remained al-
most constant as a function of load, the number of interlayer
hydrogen bonds increased rapidly over the range of normal
loads studied.*’ Simulations of self-assembled monolayers of
OH-terminated alkanethiols on gold tips have also shown that
surfaces covered with these alkanethiols are less easily pen-
etrated by a tip than CHj-terminated alkanethiol monolayers
and therefore show improved antiwear properties.>!

Here, we study the frictional behavior of alkylsilanes
with OH-terminated chains and examine the effect of normal
load from weak interacting distances to normal loads near the
rupture of silica. Results for CH;-terminated chains are also
reported for comparison purposes. The influence of the length
of the alkylsilane chain on the friction forces and the effect
of mixing OH-terminated chains with CH3-terminated chains
at different surface concentrations has also been studied. Fi-
nally, the use of longer CHj3-terminated chains mixed with
the OH-terminated chains to create a bound-mobile lubrica-
tion scheme has been examined.

Il. SIMULATION DETAILS

The simulated systems are composed of two opposing
silica surfaces coated with functionalized alkylsilanes. The
structure of the silica surfaces corresponds to the ideal -
cristoballite,***> which is composed of tetrahedral SiO, alter-
natively pointing up and down in a layered hexagonal lattice.
Six tetrahedral SiO4 layers were used yielding a thickness of
~12 A and an area of 53.87 x 46.66 A2. In constructing the
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silicon surfaces, there are two possible surfaces of silica onto
which the alkylsilane chains can be chemisorbed; when the
outer layer of the silica surface consists of tetrahedra pointing
outwards, each tetrahedra has three oxygen sites to chemisorb
the alkylsilane chains (high surface density) and when the
tetrahedra are pointing inwards, each tetrahedra has only one
site to chemisorb the alkylsilane chains (low surface density).
In this work, an alkylsilane chain was chemisorbed onto one
of the three oxygen atoms of the high surface density layer,
as this produces a surface density of ~25 A2 per chain and is
similar to reported experimental values for full coverage.*>**
Using this approach 100 chains were attached to each silica
surface, which has been shown in previous simulation studies
to be large enough to avoid any system size effects.'®

The force field parameters for the silica surface are based
on the optimized potentials for liquid simulations (OPLS)
all-atom potential®® and have been used previously to sim-
ulate the frictional behavior of methyl-terminated,*®*’ and
fluorinated*® coatings chemisorbed on silica. The methyl- and
hydroxyl-terminated chains were modeled using the OPLS
all-atom potentials for alkanes and alcohols, respectively.*’
The simulations were carried out using the LAMMPS molec-
ular dynamics code.*’ Electrostatic interactions were com-
puted using the particle-particle particle-mesh algorithm in
2D.*" Electrostatic and Lennard-Jones interactions were com-
puted using a cutoff radius of 10 A. Long-range corrections
were not used. All interactions were computed under peri-
odic boundary conditions in the surface plane to simulate an
infinite surface. All systems were simulated at 300 K using
the Nose-Hoover thermostat,’' >3 and the equations of motion
integrated using the multiple time step algorithm rRESPA,>*
with time steps of 0.125 fs for bonded interactions, 0.250 fs
for angle interactions (both valence and dihedral), and 0.50 fs
for all intermolecular interactions.

Simulations were performed in both the constant sepa-
ration (CS) and constant normal load (CL) ensembles to de-
termine the effect, if any, of the simulation conditions on the
results. In the CS ensemble, the separation between the outer-
most layer of silicon atoms in the top and bottom monolayers
is fixed and a constant velocity of 5 m/s is imposed in each
sliding direction, with the two monolayers moving in oppo-
site directions and so yields a net sliding velocity of 10 m/s.
Previous studies at shear velocities in the range from cm/s
to m/s have shown a weak dependency between the friction
forces and the shear velocity, while the trends in the shear
stress behavior did not change in the range of shear veloci-
ties studied.?’ This is also consistent with the work of Chan-
dross et al.'® and Lorenz et al.** who observed no frictional
dependence on sliding velocity for either fluorocarbon or hy-
drocarbon monolayer systems at moderate loads. The move-
ment of the outermost layer of atoms in the normal direc-
tion is restricted by setting the normal and lateral forces to
zero during the simulations. The CL ensemble also restricts
movement in the lateral direction in the same way as the CS
ensemble, but applies external forces to produce a constant
normal load rather than a constant separation. In the CL
ensemble, the normal load and shear stresses are calcu-
lated as the sum of the intermolecular interactions between
the monolayers before setting the forces in the normal and
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FIG. 1. Snapshots of —Si(OH),(CH;)sOH monolayers at (a) near zero-load
and zero-adhesion state (separation 49 A) and (b) at ~3.25 GPa (separation
38 A), under sliding at a constant velocity of 10 m/s and 300 K. Top-down
views at near zero-load and zero-adhesion (c) and at ~3.25 GPa (d) are also
shown. Light blue spheres represent carbon atoms, red oxygens, gray hy-
drogens, and yellow silicons. In (c) and (d) the hydrogen atoms of the CH,
groups are not shown for clarity.

sliding directions, respectively, to zero. Previous simulations
of interacting chains with simple interactions (van der Waals
forces), using CS and CL ensembles have been shown to
produce different results,”> and which ensemble produces
a better approximation for specific experimental setups has
been debated.’®>” In this work, we explore the effects of
the ensemble on systems that involve hydrogen-bonding
interactions, which has not been previously examined.

lll. RESULTS
A. Pure OH-terminated monolayers

The structural and frictional properties of pure
—Si(OH),(CH;)6(OH) monolayers in contact under shear
in both the CS and CL ensembles was first studied and
their frictional properties compared to those of pure
alkyl-terminated monolayers of similar chain length [i.e.,
—Si(OH),(CH;,)5(CH3)]. Although the number of carbon
atoms is the same in both systems, the length of the OH
terminated chains is slightly longer than the CH;-terminated
chains due to the size of the hydroxyl group relative to
hydrogen. Snapshots of sliding states of the OH-terminated
monolayers at very low (~0 GPa) and very high (~3.25 GPa)
normal loads are shown in Figs. 1(a) and 1(b), respectively.
After an equilibration period of 0.25 ns, the chains re-
organize in order to minimize unfavorable steric interactions,
as shown in the top down views of Figs. 1(c) and 1(d), from
which we can see that at high normal loads the CH, groups
are exposed, reflecting the tilting of the chains. The tilt angle

J. Chem. Phys. 136, 244701 (2012)
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FIG. 2. Distribution of tilt angles observed in —Si(OH)2(CH2)sOH monolay-
ers at near zero-load state (left curve) and at ~3.25 GPa (right curve) under
sliding at a constant velocity of 10 m/s and 300 K.

of the chains can be defined by the angle between the vector
normal to the silica surface and the line between the silicon
atom of the alkylsilane and the oxygen atom of the terminal
OH group of the chain. As expected, in the simulations the
average tilt angle of the OH-terminated chains increases
(by ~20° from 23.75° to 44.5°) when the load changes
from 0 to ~3.25 GPa in both ensembles (CS and CL), as
seen in the probability distributions of Fig. 2. In previous
work, we reported similar tilt angles for CHj-terminated
surfaces sliding at 10 m/s and also observed that the tilt
angle increases at higher sliding velocities.*® Experimentally,
the average tilt angles obtained for n-octadecylsiloxane
chains (C;3)°%®>? are found to be small (10°—13°) for surface
coverages between 86%—98%; however, we note that in
the experimental systems crosslinking between the chains
occurs and the films will likely contain defects, unlike those
studied in a simulation. If we compare the results obtained
from the simulations at the near zero-load and zero-adhesion
state, which corresponds to a state in which the monolayers
still interact, but the repulsive and attractive interactions
in the normal direction are balanced and on average are
zero and so the monolayers are expected to be unaffected
by the presence of the opposite layer (even under sliding),
we find that our results (including the previously reported
CHj;-terminated layers)*® are ~10° higher than experimental
values. The higher tilt angles observed in the simulations are
presumably due to a combination of the stability generated
by the periodically replicated defect-free silica surface in the
simulations and possible force field effects, since the force
fields used were originally parameterized for the study of
bulk fluids.

At very low loads, chains within the layer interact
through intralayer hydrogen bonds forming rows of hydrogen
bonds parallel to the sliding direction. At very high loads, the
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TABLE I. Number of hydrogen bonds for —Si(OH),(CH;)sOH monolayers
under sliding at a constant velocity of 10 m/s and 300 K. A hydrogen bond is
defined by oxygen — hydrogen and oxygen — oxygen separations of less than
2.6 A and 3.6 A, respectively, following the work of Kelkar er al.%

Interlayer Intralayer

Ensemble Load (GPa) Separation(A) Total Matching Total Matching

CS ~0.15 42 147 90 22 8

~3.25 38 73 40 52 11

CL 0 154 68 18 5
3 118 56 25

tilt angles of the chains reach an average value of 45° and
an ordered hydrogen bond network is no longer observed;
however, due to the short separation between the monolay-
ers, intermolecular hydrogen bonds between the two mono-
layers are observed, with hydrogen bonds continuously form-
ing and breaking as the sliding progresses. To provide insight
into this behavior, the average number of hydrogen bonds was
determined from the simulations as a function of separation
and is reported in Table I. If the two chain ends belong to
the same monolayers an intralayer hydrogen bond is formed,
otherwise an interlayer is formed. Looking at Table I and the
results from the CS simulations, we can see that on average
at high loads (~3.25 GPa) approximately half of the inter-
layer hydrogen bonds formed at low loads (~0.15 GPa) are
observed. This is perhaps to be expected, as although the ter-
minal OH-groups are present at the contact surface, the high
load increases the number of repulsive interactions leaving the
terminal groups with less opportunity to interact through at-
tractive interactions (hydrogen bonds). Interestingly, the num-
ber of intralayer hydrogen bonds increases by more than 50%
when the load is increased from ~0.15 to 3.25 GPa. This is
presumably a related effect, in that, if the terminal OH-groups
have less opportunity to interact with the terminal OH-groups
in the opposite layer due to the increasing number of repul-
sive interactions, they will be forced to interact more closely
with the OH-groups within the same monolayer. In Fig. 3, the
distribution of intermolecular hydrogen bonds as a function of
the hydrogen-oxygen distance at separations of 42 A, which
corresponds to a normal load of 0 GPa and 38 A (normal load
~3.25 GPa) are presented. From the figure, we can see that
the distribution of hydrogen bonds for the separation of 42 A
has a peak at ~1.89 A and a minimum at ~2.6 A. The position
of the peak is similar to the normal hydrogen bond distance
of bulk water at the same temperature,®' indicating that the
end OH-groups intermolecularly associate as in bulk water,
even though their coordination and dynamics are influenced
by the sliding process. Furthermore, the results obtained for
the peak and minimum in the hydrogen-bonding histograms
for the sliding hydroxyl chains are in agreement with those
reported from simulations of alcohols in the bulk.®’ For the
interlayer separation of 38 A (normal load ~3.25 GPa),
the number of hydrogen bonds decreases considerably over
the value seen at 42 A (~0.15 GPa), as can be seen by the re-
duced distribution of intermolecular oxygen-hydrogen atoms
with separations less than 2.6 A in Fig. 3. The trend in the
number of interlayer hydrogen bonds observed in Table I

J. Chem. Phys. 136, 244701 (2012)
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FIG. 3. Distribution of hydrogen bonds for —Si(OH),(CH2)¢OH monolayers
as a function of the oxygen-hydrogen separation at constant separations of
38 A (solid line), and 42 A (slashed line), and constant load of 3 GPa (dotted
line).

when the normal load changes from 0.15 to 3.25 GPa, is also
observed in the peaks of Fig. 3; the peak at 3.25 GPa is around
half the magnitude of the peak at 0.15 GPa. The higher nor-
mal load also affects the position of the first minimum, which
for a normal load of 3.25 GPa decreases to ~2.5 A.

In order to obtain a more complete view of the inter-
actions between the layers, the number of hydrogen bonds
formed between the corresponding rows of chains in the top
and bottom surfaces was also measured. We define a matching
hydrogen bond as one formed between the hydroxyl groups
in two corresponding rows and a hydrogen bond as non-
matching when it is formed between hydroxyl groups in offset
rows. The calculated average number of matching hydrogen
bonds is also reported in Table I. At low loads (~0.15 GPa)
around 3/5 of the average total hydrogen bonds are between
corresponding rows. If we consider that rows are separated
by ~4.7 A, we can conclude that the sliding process results
in a continuous lateral tilting of the chains and a cycle of cor-
responding hydrogen bonds forming and then breaking, the
chains bending laterally, and then hydrogen bonds forming
and breaking between non-corresponding chains. When the
load is increased to ~3.25 GPa the number of matching hy-
drogen bonds decreases by 50%, as was observed for the total
number of hydrogen bonds.

Previous simulations of CHj3-terminated chains on silica
have reported that the normal load under sliding and the sepa-
ration between the monolayers are directly proportional;**-4¢
however, for OH-terminated chains we find that the behavior
is more complex due to the strong adhesive forces between
the monolayers as a result of hydrogen bonds between the
OH groups in the two opposing monolayers. The dependence
of the separation of the monolayers (measured as the distance
between the outermost layers of silicon atoms in each silica
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FIG. 4. Normal load as a function of separation for —Si(OH),(CH;)sOH (cir-
cles) and Si(OH),(CH;)sCH3 (squares) monolayers simulated under con-
stant separation (filled symbols) and constant normal load (open symbols)
at a sliding velocity of 10 m/s and 300 K. Standard deviations of the data
are smaller than the size of the symbols, except for the system with OH-
terminated chains, using the constant load ensemble, which shows standard
deviations of up to 0.25 A at the average separation of 43.82 A.

surface) on the normal load under sliding is shown in Fig. 4
for CH3- and OH-terminated chains in both the CS and CL en-
sembles. From Fig. 4, we can see that the normal load curve
for OH-terminated monolayers using the CS ensemble crosses
the x axis twice and represents force balances between adhe-
sive and external forces; the adhesion zone, characterized by
negative loads, extends for ~6.7 A. The first intercept (~42
A) represents the transition from repulsive to adhesive states,
while the second (~49 A) represents the transition from adhe-
sive to non-adhesive states, characterized by a zero-load and
zero-adhesion, and is the point at which no load nor adhe-
sion forces exist between the monolayers. The chains in the
monolayers at both zero-load intercepts are well ordered and
extended, with the total number of hydrogen bonds observed
essentially the same; however, the number of intralayer hy-
drogen bonds is higher at the second intercept, as interlayer
hydrogen bonds are not observed at a separation of 49 A. We
note that the adhesion zone shows a minimum at the sepa-
ration of 46 A and that the distance between the position of
the minimum and the position where the normal load changes
from negative to positive values is ~3.4 A, which is slightly
larger than the oxygen — oxygen van der Waals radius em-
ployed in the simulations (3.12 A). Once the normal load
takes positive values, chains in the OH- and CH3-terminated
monolayers behave similarly, presumably because the van der
Waals forces in the normal direction are dominating the inter-
actions between the monolayers at positive loads.

By analyzing the shear stress profiles and the forma-
tion/breaking of hydrogen bonds as a function of the simu-
lation time, we can study the dynamics of the chains during

J. Chem. Phys. 136, 244701 (2012)
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FIG. 5. Shear stress (a) and number of (b) interlayer hydrogen bonds, (c) in-
terlayer non-matching hydrogen bonds, and (d) interlayer matching hydrogen
bonds, as a function of time for —Si(OH),(CH)¢OH monolayers simulated
at 300 K and a constant separation of 42 A and sliding velocity of 10 m/s.

the sliding process, the results of which are reported for the
separation of 42 A in Fig. 5. The shear stress shows clear pe-
riodic behavior indicating stick-slip behavior with a period of
~50 ps, which corresponds to the time needed for one chain
to pass over another chain at 10 m/s in the sliding direction.
The stick of the chains takes most of the time period and has
a complex behavior; for approximately half of the 50 ps, the
shear stress remains almost constant (~ —0.3 GPa), while for
the other half the shear stress increases gradually to the max-
imum value (~ —0.8 GPa), after which the slip of the chains
occurs within a few ps. Within the stick and slip period, the
formation and breakage of hydrogen bonds also exhibits two
separate phenomena. In the first part (~25-50 ps), when the
shear stress remains almost constant, the number of matching
interlayer hydrogen bonds doubles in magnitude before they
break at the end of the 25 ps period. In the second half of the
process (~50 ps—75 ps), as the shear stress increases slowly,
the number of non-matching hydrogen bonds doubles in mag-
nitude; they then break, slip occurs, and the shear stress
suddenly decreases. We can therefore conclude that the slip
process primarily involves the breaking of non-matching
hydrogen bonds. This is also supported by the animation pro-
vided in the supplementary material.%?
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FIG. 6. Shear stress as a function of normal load at a sliding velocity
of 10m/s and 300 K for silica coated with —Si(OH),(CH;)¢OH chains at
constant separation (filled circles) and constant normal load (open circles).
Results for the —Si(OH),(CH;)sCH3 monolayers are also shown for constant
separation (filled squares) and constant load (open squares) ensembles. Lines
are provided as a guide to the eye.

Compared to the CS simulations, we find that the sim-
ulations performed in the CL ensemble produce essentially
the same separations at loads up to 2 GPa for both OH-
terminated and CHj3-terminated chains, as shown in Fig. 4.
Above 2 GPa, differences between the CL and CS ensembles
are observed for the OH-terminated chains. The differences
between the two ensembles above 2 GPa can be attributed
to the fact that under a CL ensemble the molecules are able
to reorganize more easily than in the CS ensemble through
fluctuations in the separation distance;®® the reorganization
allows more closely packed structures to be formed, which
reduces the volume between the monolayers and, therefore,
reduces the separation between the layers. When comparing
the results from the two different ensembles, the effect on
the friction forces for OH-terminated chains was found to be
stronger than the effect observed on the normal load. To il-
lustrate, in Fig. 6 the shear stress as a function of load for
OH-terminated and CHs-terminated chains simulated in both
ensembles is reported. Shear stresses in the OH-terminated
monolayers are 0.273 GPa (CS) and 0.347 GPa (CL), which
are between 13 and 17 times, respectively, higher than that
for CH;3-terminated monolayers at zero-load (0.021 GPa, CL).
In the adhesion zone (negative loads) for the OH-terminated
monolayers, the friction forces show positive values inter-
secting the zero-load line at 0.27 (CS) and 0.34 GPa (CL)
in the shear stress, while for the CHj-terminated monolay-
ers both curves intersect the zero-load line at ~0.02 GPa.
AFM simulations and experiments have both shown a sim-
ilar ratio between the friction forces of CHs-terminated and
OH-terminated chains at zero-loads and found that friction
forces of OH-terminated chains are an order of magnitude

J. Chem. Phys. 136, 244701 (2012)

higher than CH;-terminated chains.>’~ Additionally, experi-
ments using interfacial force microscopy to study the friction
forces as a function of the normal force for self-assembled
COOH-terminated alkanethiol chains on gold with similar
chain length as studied in this work show the same behavior
as that reported herein; a large zone of negative normal forces
with positive friction forces and non-zero friction forces in-
tersecting the normal zero-force axis.>’ The only simulated
system that shows a linear behavior over the complete range
of loads studied is the CHj-terminated chains under the CL
ensemble; a linear regression produces a friction coefficient
of ~0.1 and is similar to that obtained in previous simulation
work.!?

For the OH-terminated chains, the CL ensemble produces
higher shear stresses than the CS ensemble at positive loads,
with both systems reporting essentially the same value at very
high (>3 GPa) normal loads. For the CH3-terminated chains,
the CL ensemble produces the opposite effect, with the shear
stresses being lower than those seen in the CS ensemble. We
note that similar behavior has been reported in sliding studies
of hydrogen-terminated silicon.®* As for the OH-terminated
chains, at very low and very high loads the friction forces
for the CHj3-terminated chains are very similar in both en-
sembles. As described in Sec. I, in the simulated systems the
surface coverage is 100% (i.e., a chain is bonded to each sur-
face silicon site), which leads to a chain separation of ~5 A
and is considerably larger than the C—C van der Waals ra-
dius, resulting in the terminal atoms of each chain having
some freedom to move in the surface plane. The CL ensem-
ble enhances the chain freedom for short periods of time and
allows the molecules to reorganize and minimize unfavor-
able steric interactions more easily than in the CS ensem-
ble, producing lower shear stresses for systems dominated
by short-range dispersion interactions in the sliding direction
(i.e., CHs-terminated chains), and higher shear stresses for
systems dominated by long-range Coulombic forces in the
sliding direction (OH-terminated chains). The animation of
the CL simulation provided in the supplementary material®?
illustrates how the chains in the OH-terminated monolayers
organize in the CL ensemble; hydrogen bonds form in the sur-
face plane, followed by an expansion in the system volume in
the normal direction as the two surfaces move relative to each
other, the hydrogen bonds then break and the system returns
to its original separation.

Hydrogen bond formation was also monitored in the CL
simulations and the average total number of hydrogen bonds
calculated and reported in Fig. 3 and Table I in order to com-
pare to the results at constant separation. Comparing the dis-
tribution of hydrogen bonds as a function of the oxygen —
hydrogen separation obtained in the CL ensemble at 3 GPa
with those from the CS ensemble at a separation of 38 A
(average load of ~3.25 GPa), we find the peak in the dis-
tribution of hydrogen bonds is located at essentially the same
hydrogen-oxygen separation in both ensembles, though the
CL simulation exhibits considerably higher counts of hydro-
gen bonds. The total number of hydrogen bonds using the CS
ensemble is ~3/5 of the number seen using the CL ensemble,
which provides support for the argument that chain reorgani-
zation is at the root of the main differences between the CS

Downloaded 03 Sep 2013 to 132.248.12.211. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



244701-7 Rivera, Jennings, and McCabe

and CL ensembles in OH-terminated systems. We also note
that the results from the CL ensemble for the OH-terminated
chains have the same qualitative behavior as the CS ensemble
in terms of the change in the total number of inter- and in-
tralayer hydrogen bonds at loads from 0 to 3 GPA. In the CL
ensemble the changes in the number of hydrogen bonds are
smaller; the smaller decrease in the total number of interlayer
hydrogen bonds is also probably due to the ability to reorga-
nize the hydrogen bond network, while the smaller increase
in the number of intralayer hydrogen bonds can be attributed
to the lower repulsive forces between layers favoring the for-
mation of interlayer hydrogen bonds.

B. Mixed OH-terminated and CH;-terminated
monolayers of variable composition

The frictional properties of monolayers with chains of
different surface energy (hydrophobic vs. hydrophilic) de-
pends not only on the composition of the mixture and the na-
ture of the short- or long-ranged interlayer interactions, but
also on the cohesiveness of the layers and the nature of the
short- and long-ranged intralayer interactions.*’ To probe this
behavior, we have studied 3 monolayer systems of different
surface compositions: Xog = {0.25, 0.50, and 0.75}. To sim-
ulate the composition Xoy = 0.25, every other chain in every
other row of a pure CHj3-terminated layer was replaced with
an OH-terminated chain. For Xog = 0.75, every other chain in
every other row of a pure OH-terminated layer was replaced
by a CHs-terminated chain. For Xog = 0.5, two different sur-
face distributions were studied, the first created by completely
replacing every other row of a pure CHj3-terminated surface
with a row of OH-terminated chains and the second produced
by exchanging every other CH3-terminated chain in every row
with an OH-terminated chain. Since the simulations of pure
monolayers showed that the CS and CL ensembles produce
essentially the same behavior over a wide range of normal
loads, all remaining simulations were performed in the CS
ensemble only.

Results for the shear stress as a function of the normal
load for all of the mixed monolayers studied are shown in
Fig. 7. Similar to the results obtained from AFM experi-
ments of friction in mixed HS(CH,);5COOH/HS(CH,);5CH3
monolayers,?” we find that the profiles for the mixed chains
exhibit high friction forces that fall between those of the pure
OH- and CHj;-terminated monolayers. In accordance with the
behavior seen in the pure monolayers studied in this work,
the shear stress profiles for the mixed monolayers show non-
linear behavior at loads up to 1 GPa, after which the profiles
exhibit essentially linear behavior with similar coefficients
of friction (~0.1), indicating that other forces play an im-
portant role at high pressures. At a constant zero-load (in-
set of Fig. 7), the shear stress shows a linear dependence
with surface composition for Xoy > 0.25, indicating that at
low loads the chains remain essentially straight and the in-
teraction between OH-terminated chains dominates the shear
stress. At the higher loads of 3 GPa, also reported in the
inset of Fig. 7, the data suggest a nonlinear dependence,
though we note that the data have non-negligible uncertain-
ties. In order to verify the effect of the hydrogen bonds on
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FIG. 7. Shear stress as a function of normal load under sliding at a con-
stant velocity of 10 m/s and 300 K for mixed —Si(OH)2(CH;)sOH and
—Si(OH),(CH,)sCH3 monolayers using the constant separation ensemble.
Values for pure —Si(OH)»(CH2)¢OH and —Si(OH)>(CH;)sCH3 monolayers
are depicted with filled circles and filled squares, respectively. Open circles
and open squares represent mixed systems with Xog = 0.75 and Xon
= 0.25, respectively. Filled and open diamonds represent the two distribu-
tions of surface chains at Xog = 0.5. Lines are provided only as a guide to
the eye. (Inset graph) Interpolations of the shear stress at constant load as
a function of the surface concentration for OH-terminated chains at normal
loads of 3 GPa (circles) and 0 GPa (zero-load) (squares).

the behavior of the shear stress, the average number of hy-
drogen bonds was calculated, and are reported in Table II and
Fig. 8. At zero-load, the data clearly show that the sum of
both the intra- and interlayer hydrogen bonds increases lin-
early with the surface concentration of hydroxyl groups, in
agreement with the observed linear dependence of the shear
stress on surface concentration at zero-load (inset graph of
Fig. 7). The shear stress therefore also has a linear depen-
dency on the sum of the intra- and interlayer hydrogen bonds.
Similar behavior was observed experimentally in AFM mea-
surements of COOH/CH3; monolayers with chains of compa-
rable length.’” We also note Table II confirms that for one of
the mixtures at Xog = 0.50, there is no possibility to form
non-matching hydrogen bonds, because the rows with hy-
droxyl groups are separated by ~10 A, and so all hydrogen

TABLE II. Number of hydrogen bonds for mixed monolayers of
—Si(OH),(CH;)6¢OH and —Si(OH),(CH2)sCH3 chains at different composi-
tions under sliding at a constant velocity of 10 m/s and 300 K.

Interlayer Intralayer
Xon Total Matching Total Matching
0.25 11 11 0 0
0.50 51 26 12 0
0.50 66 66 3 3
0.75 94 65 19 4
1.00 147 90 22 8
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FIG. 8. Sum of intra- and interlayer hydrogen bonds as a function of the sur-
face concentration for mixed —Si(OH),(CH;)¢OH and —Si(OH),(CH;)sCH3
monolayers sliding at a constant velocity of 10 m/s and 300 K in the constant
separation ensemble. Filled and open symbols represent results at 0.15 and
3.25 GPa, respectively. The lines are provided as a guide to the eye and rep-
resent linear (0.15 GPa) and quadratic (3.25 GPa) fittings. Inset graph: Shear
stresses as a function of the sum of intra- and inter-layer hydrogen bonds.
Symbols represent the same states as the main figure.

bonds (intra- and interlayer) are matching. At higher pres-
sures, the monolayer chains tilt towards the surface and so
interactions involving the atoms of the interior CH, groups
will increase (cf. Fig. 1(d)), the separation between interlayer
OH groups decreases, and the interactions due to repulsive
van der Waals interactions become more important. This con-
clusion is supported by both the slight nonlinear behavior
observed in the shear stress at 3 GPa shown in the inset of
Fig. 7 (less OH and more CH, interactions will lower the
shear stress) and the similar nonlinear tendency between the
monolayer composition and the number of hydrogen bonds,
as shown in Fig. 8. Moreover, if the shear stress is plotted
as a function of the number of hydrogen bonds (as shown in
the inset of Fig. 8), the two weak nonlinearities are counter-
balanced, leaving a largely linear relationship between shear
stress and number of hydrogen bonds at both 0 GPa and
3 GPa. This shows quite clearly that, at both pressures, there
is a component of the shear stress driven by the hydrogen
bonding.

C. Mixed OH-terminated and CHs-terminated chains
of variable length

Another way to modify the surface interactions in mixed
monolayer systems is to modify the chain length of the CH3-
terminated chains. Depending upon the chain length of the
alkyl chains this can create a mobile-bound lubrication sys-
tem in which the OH-terminated chains provide the bound
lubrication layer and the longer alkyl chains provide a mobile
component. To investigate this behavior, the sliding behavior
and shear stresses of 50:50 mixed OH- and CHj3-terminated
chains with —Si(OH),(CH,),CHj3, where n = {5,7,9,11,13,15,
and 17}, were examined and the results presented in Fig. 10.

J. Chem. Phys. 136, 244701 (2012)
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FIG. 9. Snapshot from simulations of mixed —Si(OH)2(CHz)sOH (50%) and
—Si(OH),(CH,);1CH3 (50%) monolayers under sliding at constant velocity
of 10 m/s and 300 K using the constant separation ensemble at a normal load
of 0.15 GPa. Hydrogens linked to the carbon atoms are not shown to facilitate
the localization of OH groups. Color scheme is the same as Fig. 1.

All the systems studied were found to exhibit lower shear
stresses than the pure OH-terminated monolayers, with nar-
rower adhesion zones than those seen in the pure system. Fur-
thermore, as the length of the CHj3-terminated chains is in-
creased, a buffer zone separating the OH-terminated chains
of each layer is observed, as seen in Fig. 9 for the mixed sys-
tem —(CH;)sOH/—(CH;);;CHj3. The buffer zone is created by
the difference in chain length of the CHj-terminated chains
over the OH-terminated chains. At normal loads near zero,
the chains remain parallel to the surface normal indicating
that the friction forces are dominated by van der Waals
interactions and so the terminal CH3 groups are primarily par-
ticipating in the friction interactions. The buffer zone affects
noticeably the shear stress at normal loads above ~0.5 GPa. In
order to compare the systems directly, in the inset of Fig. 10
we show the shear stress at constant loads of 0 and 3 GPa
(extrapolated as needed). At zero loads as the chain length is
increased, the shear stress is found to decrease due to con-
formational ordering; longer chains tend to retain molecular
order under sliding, due to higher cohesive forces between
the chains.!*%*% At a constant load of 3 GPa, a maximum in
the shear stress is observed for the system with —(CH;)9CHj3
chains, after which the shear stress decreases with any further
increase in chain length, within the range of chain lengths
studied. Given the uncertainties in the original data, as in-
dicated by the error bars in Fig. 10, in order to confirm the
observed maximum and explain the differences in the shear
stresses as the length of the CHj-terminated chains is in-
creased at high loads, we have examined how the size of the
buffer zone affects the intermolecular interactions between
the OH groups. Clearly, as the alkylsilane chain length is in-
creased, a larger buffer zone develops due to the increased
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FIG. 10. Shear stress as a function of normal load under sliding at constant
velocity of 10 m/s and 300 K for silica coated with mixed —(CH;)sOH-
terminated (50%) and —(CH;),CH3-terminated (50%) chains using the con-
stant separation ensemble. Values for pure —(CH;)¢OH-terminated chains
are depicted with filled circles. Open squares represent the mixed systems
with n = 5, filled squares n = 7, open circles n = 9, and filled triangles n
= 17. Lines are provided only as a guide to the eye. (Inset graph) Interpola-
tion of the shear stress at constant normal load as a function of the number of
the methylene groups in the (CH;),CH3-terminated chains at normal loads
of 3 GPa (circles) and 0 GPa (zero-load) (squares).

difference in length between the CHj-terminated and the
OH-terminated chains (whose length is kept constant). The
probability of finding oxygen atoms between the monolay-
ers along the normal direction for all systems was examined
and the results for (—(CH,)sCH3) (the shortest system stud-
ied), (<(CH;)9CHj3) (the system showing the maximum shear
stress), (<(CH;)10CHj3) and (—<(CH;)7CHj3) (the longest sys-
tem studied), are presented in Fig. 11. For the mixed system
with -(CH;)sCHj; chains, the oxygen atoms are clearly lo-
cated at the center of the two opposing monolayers (z = 0);
there is no buffer zone in this system as the OH-terminated
chains are slightly longer than the CHj-terminated chains.
As the length of the hydrocarbon chains is increased, the in-
termolecular separation between the oxygens of each layer
increases and the buffer zone develops. For the mixed sys-
tem with —(CH,)9CHj3 chains, a small region develops in
which the OH groups of opposing monolayers can interact
and the separation between the two main peaks is ~3.2 A.
The separation between the nearest peaks increases to ~4.9 A
for the mixed system with —(CHj;);;CHj; chains and to 10.5 A
for the —(CH;)7CH3 system. The shear stress values in
Fig. 10 for the shorter system can therefore be attributed to
weak interlayer hydrogen bonds between the oxygen atoms
in both monolayers, while the maximum seen for the sys-
tem with —(CH,)9CHj3 chains is due to strong interlayer hy-
drogen bonds as the resulting separation of the OH groups
is near optimal for hydrogen bond formation. During slid-
ing, the strong hydrogen bonds in the normal direction are
transformed into strong hydrogen bonds in the sliding di-
rection, until the chains move a sufficient distance that the

J. Chem. Phys. 136, 244701 (2012)
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FIG. 11. Distributions of oxygen atoms in —Si(OH)2(CH;)sOH chains
along the normal direction for the mixed —Si(OH)2(CH,)sOH (50%) and
—Si(OH),(CH2),CH3-t (50%) monolayers at 300 K and a constant separa-
tion of ~38 A (normal load ~3 GPa) and a sliding velocity of 10 m/s. (a) n
=5,(b)n=9,(c)n=11, and (d) n = 17. z = 0 indicates the position at the
center of the simulated system between the two monolayers.

hydrogen bonds break and new hydrogen bonds with the next
chain form, producing a pronounced stick and slip behavior as
shown from the time profile of the shear stress at ~3 GPa in
Fig. 12. For mixed systems of longer chain lengths, the sepa-
ration between the oxygens in both monolayers is larger than
the optimal hydrogen bond distance, and so only weak hydro-
gen bonds are able to form and the shear stress is therefore
lower.

0 100 200 300
Time (ps)

FIG. 12. Shear stress as a function of simulation time for the mixed
—Si(OH)2(CH2)6OH (50%) and —Si(OH),(CH2)9CH3 (50%) monolayer un-
der sliding at a constant velocity of 10 m/s and 300 K using the constant
separation ensemble at a normal load ~3 GPa.
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IV. CONCLUSIONS

We have performed molecular dynamics simulations to
study the frictional behavior of functionalized alkylsilanes
coating silica surfaces over a wide range of normal loads at
300 K and a sliding velocity of 10 m/s. Van der Waals and
hydrogen bond interactions between the terminal (methyl and
hydroxyl) and chain groups (methylene) at high normal loads
are found to be the main contributors to the friction forces.

In pure OH terminated surfaces, we find that hydrogen
bonds strongly affect the adhesion and sliding behavior. The
hydrogen bonds result in wide adhesion zones located be-
tween the state of zero-load and the state of zero-load and
zero-adhesion. The adhesion zones show low shear stress val-
ues due to the fact that the monolayers have long interlayer
separations, where only weak Coulombic interactions con-
tribute to the frictional forces. At zero loads, the shear stresses
are one order of magnitude higher than the shear stresses seen
for CHs-terminated chains at the same normal load, in agree-
ment with experimental work.3”-3® In the region of positive
normal loads, the shear stress increases with the normal load
in a nonlinear fashion. When the constant load ensemble is
used to study the hydrophilic chains, the shear stress exhibits
larger values than those observed in the constant separation
ensemble; for OH-terminated monolayers the behavior is op-
posite to that seen for CH3-terminated monolayers, as the con-
stant load ensemble allows the chains to reorganize and form
stronger hydrogen bond networks, which are more difficult to
break and so produce higher friction forces.

The sliding behavior of mixed hydroxyl- and methyl-
terminated chains of the same chain length was also stud-
ied and showed intermediate behavior between that observed
for the pure chains. The shear stress was naturally found
to depend on the fraction of the surface that had hydroxyl-
terminated chains; close to zero loads, the shear stress in-
creased linearly with the number of hydroxyl-terminated
chains, but at high loads, the chains tilt, and interactions with
CH, groups dominate, which along with repulsive van der
Waals interlayer interactions between the hydroxyl groups,
produces a slightly nonlinear behavior in the shear stress with
increasing hydroxyl-termination.

For mixed monolayers of hydroxyl- and methyl-
terminated chains, the chain length of the methyl-terminated
chains also affects the behavior of the shear stress at high
loads. In simulations performed of mixed —(CH;)sOH and
methyl-terminated chains of increasing chain length a max-
imum in the shear stress for the system with —(CH;)oCHj3
chains was observed. The maximum is seen as the methyl-
terminated chains produce a buffer zone of optimal length
that facilitates the formation of interlayer hydrogen bonds.
At low loads, the methyl-terminated chains do not bend over
the shorter OH-terminated chains, keeping the separation dis-
tances too large for hydrogen bonds to form.
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