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Tunable Transition from Hydration to Monomer-Supported Lubri-
cation in Zwitterionic Monolayers Revealed by Molecular Dynamics

Simulation

Christoph Klein,*” Christopher R. Iacovella,"” Clare McCabe,*” and Peter T. Cummings*®”

The tribology of 2-methacryloyloxyethyl phosphorylcholine monolayers in water is studied using molecular dynamics simula-
tions. Our results show two distinct shear regimes where the first is dominated by hydration lubrication, exhibiting near zero
friction coefficients, and the second by chain-chain interactions, resembling monomer-supported lubrication. These results pro-
vide insight into the hydration lubrication mechanism - a phenomena thought to underlie the extremely efficient lubrication
provided by surfaces functionalized with polyzwitterionic polymer brushes and the mammalian synovial joint.

1 Introduction

Natural, mammalian synovial joints can sustain friction coef-
ficients in the range of 0.001" to 0.1% while subject to phys-
iological pressures. Surfaces functionalized with zwitterionic
polymer brushes mimic aspects of a joint’s composition® and
can yield friction coefficients as low or lower than those found
in natural synovial joints.*® Such materials resist compres-
sion up to normal loads of several MPa while maintaining
friction coefficients orders of magnitude lower than compara-
ble neutral polymers in non-polar '° and aqueous solvents'! as
well as non-grafted charged polymers in aqueous solution 2.
Kyomoto et al. compared polymer brushes comprised of dif-
ferent neutral, charged and zwitterionic monomers and found
that those grown from 2-methacryloyloxyethyl phosphoryl-
choline (MPC) exhibited the lowest coefficients of friction
while enduring negligible wear over millions of cycles® and
proposed that these brushes could improve the performance
of artificial hips.'3 The mechanism by which such materi-
als are thought to provide ultra-low friction coefficients has
been termed “hydration lubrication”. '4!7 Qualitatively, wa-
ter is hypothesized to facilitate this mechanism by rapidly re-
laxing between hydration shells surrounding charged groups
while simultaneously supporting high normal loads due to the
tightly bound nature of these hydration shells. The rapid re-
laxation of water molecules allows systems to exhibit a fluid
shear response. However, the precise nature of this mecha-
nism and hence the validity of the hypothesized mechanism
has yet to be determined.'” Additionally, the hydration lubri-
cation mechanism itself presents but one pathway for dissi-

1 Electronic Supplementary Information (ESI) available: Details of system
charges and chain arrangements as well as film thickness results.
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pation of frictional forces in complex systems like zwitteri-
onic polymer brushes.>!-!® Molecular dynamics simulation,
as used herein, provides a promising avenue for studying this
mechanism and its role in more complex systems as it grants
direct insight into the dynamic motion of charged groups and
water molecules during shearing.

Previous studies have demonstrated the utility of molecu-
lar simulation in elucidating tribological mechanisms %23 but
have not specifically focused on hydration lubrication. Other
simulation studies have investigated both neutral?* and zwit-
terionic>>~?’ monolayer systems in aqueous environments.
However, these simulation studies considered densely popu-
lated monolayers that do not compare to the environment ex-
isting within the experimentally studied brush systems thought
to exhibit hydration lubrication. Moreover the foci of the
studies considering zwitterionic monolayers were not centered
directly on the behavior within zwitterionic brush films but
rather on dense phospholipid and carboxybetaine coated sur-
faces and their interactions with solvated ions.

In this work, atomistic molecular dynamics simulations
are used to study the frictional properties of sparse, silane-
functionalized MPC (Figure 1A) monolayers in an aqueous
environment. More specifically, the aim is not to directly
model the behavior of pMPC brush films but rather gain a
deeper understanding of the molecular level environment sur-
rounding individual monomers found in the brushes. Addi-
tionally, the monolayers studied herein differ from previously
studied monolayers in two primary ways. First, the zwitteri-
onic nature of the monomers clearly distinguishes them from
neutral monolayers such as aklysilanes. Second, in contrast
to previously studied densely packed monolayers (both neu-
tral and zwitterionic), our sparse monolayers are designed to
mimic the aqueous environment found in experimentally stud-
ied pMPC brushes where water can interpenetrate the poly-
mer film. Clearly the experimental brush systems are more
complex due to the network of chain-chain interactions but
the goal of this study is to clearly capture the MPC-water in-
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teractions, largely eliminating the chain-chain interactions to
establish a baseline behavior.

2 Methods

Monolayers were created on 4.1x4.7 nm (19.7 nm?) B-
cristobalite silica substrates which provide an atomically
smooth surface with well defined binding sites to enable exam-
ination of tribological phenomena under idealized conditions.
Previous work has shown that this system size is sufficiently
large to avoid any size effects related to periodic bound-
ary conditions during tribological simulations®®.  Silane-
functionalized MPC monomers were randomly attached to
oxygen atoms with open valencies on the silica surfaces via
the monomers’ terminal silane groups.

Surface oxygen atoms not bound to a monomer were ter-
minated as hydroxyl groups. Two systems were prepared
with average chain surface densities of 1.02 and 2.03 chains
per nm? which corresponds to monomers attached to 20 and
40% of the under-coordinated surface oxygens, respectively.
The chain arrangement for both systems is shown in the sup-
plemental information (Figure S1) where opposing substrates
were mirrored. The sparser chain density (1.02 chains per
nm?) was chosen because monomers in the experimentally
studied polymer brush systems are likely to possess higher
mobility than would be granted by a densely packed mono-
layer on a flat substrate. The denser system (2.03 chains
per nm?) compares to chain densities found in previous sim-
ulation studies of zwitterionic monolayers (1.98 chains per
nm?)>> and thus provides a reference point. The previously
studied monolayers, however, consisted of longer, more linear
monomers than MPC and were formed in regular lattice ar-
rangements that did not allow for water to penetrate into the
monolayer. Additionally, observing similar results across two
chain densities allows us to rule out anomalous behavior aris-
ing from one particular system. Both systems were then sol-
vated in TIP3P water to create a density of ~1.0 g/cm? in the
interstitial water layer post-compression, at the largest sepa-
ration distances where friction simulations were performed.
The separation distance, D, between opposing monolayers is
defined as the distance between the outermost layers of silicon
atoms in each substrate. A schematic overview of the system
setup is given in Figure 1B. The number of water molecules
remains constant for all separation distances thus represent-
ing the edge case where compression happens fast enough to
prevent significant squeeze out of water molecules during the
elapsed simulation time. This model makes sense for a closed
system where squeeze out occurs on a much longer timescale
than the simulations performed here; e.g., we are considering a
nanoscale segment of what would typically be a milli- to cen-
timeter scale substrate where water may not be able to rapidly
escape from the highly absorbent zwitterionic films. The other

edge case, not considered in this work, would consider com-
plete equilibration with bulk water outside of the pore at each
separation distance.

X

Fig. 1 A) Silane functionalized MPC monomer. B) Schematic slice
of solvated, unequilibrated systems. Silica substrates shown in
red/yellow; chains in black/white; water in blue. Plus/minus
symbols denote approximate locations of charged regions. The
non-periodic z-dimension is defined as normal to the substrates; the
x- and y-dimensions are both periodic and shearing is performed in
the x-dimension.

Simulations were performed in LAMMPS > using OPLS-
aa parameters for both the MPC monomers®® and the sub-
strate?!. To ensure charge neutrality of the system, partial
charges were adjusted from their values for free chains, which
by construction are essentially charge neutral; these adjusted
charges were localized to the region around the attachment
site to avoid significantly altering more relevant components
of the original model. The partial charges used in this work
are summarized in Table S1. The rRESPA multi-timestep in-
tegrator>> was applied to the MPC chains and water molecules
with timesteps of 0.25 fs for bonds, 0.5 fs for angles/dihedrals
and 1 fs for non-bonded interactions. Periodic boundary con-
ditions were applied in the x- and y-directions to simulate an
infinite surface. Electrostatic interactions were modeled us-
ing the 2D particle-particle particle-mesh algorithm** where
the real space component is calculated within a 1 nm radius.
Lennard-Jones interactions were calculated with a 1 nm cutoff
radius. The temperature of the water and chain molecules was
maintained at 300 K using the Nosé-Hoover thermostat3*33

Two distinct sets of simulations were performed. First,
compression runs were carried out by fixing the bottom sub-
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strate in space and displacing the top substrate down at
0.001 nm/ps. Second, using configurations obtained from the
compression runs as input, systems with fixed separation were
examined under shear. Shearing simulations were performed
at separation distances of 4.1-2.8 nm and 3.8-2.5 nm in incre-
ments of 0.05 nm for chain densities of 2.03 and 1.02 chains
per nm?, respectively, for a total of 54 shearing simulations.
Shear stresses were induced by displacing the top substrate
at 10 m/s in the x-direction. From each independent shear-
ing simulations, 15-30 ns of post-equilibration data were col-
lected; systems with higher separation distances were sampled
for longer periods of time due to larger fluctuations in shear
forces. Normal and shear forces were calculated by summing
the forces experienced by the bottom substrate plus chains in
the z- and x-directions, respectively. These forces were sam-
pled every 1 ps and block averaged across each simulation to
yield the data points and standard errors shown in Figure 4.
Although shearing speeds of 10 m/s are greater than those
typically studied experimentally, they are frequently encoun-
tered in practical applications. For example, micro- and nano-
electromechanical devices routinely operate at speeds on the
order of 10-20 m/s and natural joints can experience shearing
on the order of 1 m/s, e.g., when a kicking motion is made
where angular velocities can reach over 20 rad/s.3® Consid-
ering artificial joints or cartilage scaffolds as real world ap-
plications for materials lubricated via the mechanisms studied
here, speeds experienced in knee joints are of obvious interest.
Additionally, both experimental® and simulation studies*® of
shearing, functionalized surfaces show little dependence on
shearing velocities across several orders of magnitude. This
is not to suggest that there is no dependence but that the ef-
fects are minimal within the, respectively, accessible ranges
of shearing speeds for experimental and simulation studies.

3 Results and Discussion

3.1 Effects of Compression

In Figure 2 we present the normal force response for the aque-
ous MPC system as it is compressed for both surface densities
of 1.02 and 2.03 chains per nm?. Both systems show nearly
identical trends, although the less dense system (1.02 chains
per nm?) appears to have its force curve shifted to smaller sep-
arations (~0.22 nm lower) and a lower normal force, roughly
proportional to surface coverage. This phenomenon is high-
lighted in the inset of Figure 2 where the base line normal
forces are shifted to zero and the separation distance of the
denser system is shifted by 0.22 nm to show the overlap. The
general trend shows that as separation distances between the
substrates decrease, normal forces increase. However, there
are noticeable deviations from the overall trend.

Two clear regimes are observed with respect to compres-
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Fig. 2 Normal force responses during compression of MPC
systems. In main plot, shown forces are acting on substrate only in
order to highlight the effects of chain density. Summing the forces
acting on both the substrate and chains shifts the curves down the
y-axis, yielding a base line normal force (at high separation) of
approximately zero; additionally, shifting the separation distance by
0.22 nm for the denser system shows almost complete overlap in
trend behavior for the two systems (shown in inset). The diagonal
solid line approximately denotes the two regimes (a and b) discussed
in text and highlighted in Figure 3. The upper and lower horizontal
dashed lines correspond to ranges of separations across which we
performed shearing simulations for the respective chain densities.

sion (hereinafter referred to as a and b). In systems of 2.03
and 1.02 chains per nm?2, the transitions between these two
regimes respectively occur at approximately 3.4 nm & 3.1 nm.
This transition is consistent between the two surface densi-
ties, although, as noted, shifted to lower separations for the
less dense monolayer. In regime a, as highlighted in Figure 3,
an interstitial water layer separates the opposing monolayers.
The transition, from a to b, approximately corresponds to the
first contact of terminal groups of chains attached to opposing
substrates, rather than just a pure interstitial water layer (com-
pare Figure 3a to Figure 3b). Throughout the transition and
beyond, a large spike in normal force occurs. Examination
of the total amount of water within the monolayer region as a
function of separation reveals a similar trend to Figure 2; rel-
atively constant values within regime a and an increase as we
cross over into regime b (see Figure S2). These phenomena
suggests a high resistance to compression marked by swelling
of the monolayer with water, which is qualitatively consistent
with experimental studies of polymeric brushes built from the

same monomers. 48
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Fig. 3 Snapshots of systems with 1.02 (left) and 2.03 (right) chains per nm? at various separation distances. Regime a) Interstitial water layer
separates surfaces. Regime b) Interstitial water layer no longer exists and chains from opposing substrates contact one another. Substrates are
shown as black van der Waals spheres, chains as red van der Waals spheres and water is depicted as blue van der Waals spheres in the left
image for every configuration and a surface map in the right image for the same configuration. All visualizations were performed using

VMD?7.

3.2 Effects of Shearing

Figure 4 shows shear stresses experienced by substrates at dif-
ferent normal forces that fall within regimes a and b. The
normal force values on the x-axis correspond to the aforemen-
tioned separation distances and do not fluctuate significantly.
At normal forces below ~35 nN, which corresponds to regime
a and approximately 1.8 GPa, shear stresses increase with a
nearly linear trend. By performing linear least squares fitting
of the data, the slope of F; versus F, was estimated which pro-
vides an estimate of the friction coefficient, . In regime a, we
find friction coefficients of 0.014 for the sparser system and
0.016 for the denser system which are comparable to those
exhibited by neutral, densely packed alkylsilane monolayers
separated by water.2* However, the MPC monolayers sustain
this coefficient of friction at normal loads nearly an order of
magnitude higher. Unlike in dense hydrophobic monolayers,
the sparse, flexible, zwitterionic monolayers enable water to
penetrate into the monolayer. Instead of being restricted to a
narrow regime bounded by the chains’ terminal groups, wa-
ter is able to penetrate into the monolayers and provide sim-
ilarly low friction coefficients at higher normal loads. Simi-
larly, our sparse monolayers provide much lower friction co-
efficients when compared to densely packed phospholipid?®
and carboxybetaine?’ monolayers which range from ~0.2-0.5
under the studied conditions. The friction coefficients found in
regime a are, in fact, comparable to values reported for exper-
imentally synthesized pMPC brush structures*”-8 yet slightly

above the lowest reported values.>® Since our system is a
monolayer analogue to the experimentally studied one that
features much larger polymer brushes, we cannot offer a di-
rect comparison to these experimental results. However, the
similarly low coefficients of friction at high normal loads ob-
served here suggest that regime a, may be a good model for
the local environment between brushes in the experimentally
synthesized systems which are able to leverage the hydration
lubrication mechanism to provide an efficient dissipation path-
way for frictional forces. Here, chains attached to opposing
surfaces or different polymer backbones, such as in the looped
bottle brushes synthesized by Banquy e al.®, come into close
proximity but are still separated by a few water molecules that
form the hydration shells around monomers and can rapidly
exchange between shells.

As normal loads trend towards zero, shown in the top left in-
set of Figure 4, the average shear stresses fluctuate about zero.
Portions of this regime correspond to the normal force fluctu-
ations observed during compression beginning around 3.8 nm
for the sparser system and 4.1 nm for the denser system (Fig-
ure 2). We suspect that some of this behavior is caused by the
transition from the attractive regime, where the two substrates
are not yet in compressive contact, to the repulsive regime.

At normal forces exceeding ~35 nN (1.8 GPa), which cor-
responds to regime b, shear stresses monotonically increase
in a linear trend. In regime b, we find friction coefficients
of 0.072 for the sparser system and 0.077 for the denser sys-
tem. This magnitude of friction coefficients is comparable to
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Fig. 4 Block averaged shear stresses as a function of normal force
per area. Colors correspond to Figure 2. Error bars represent
standard errors of the means; x-axis error bars are plotted but
smaller than data markers for all points. Friction coefficients, i,
correspond to the slope of Fy versus F, as determined by linear least
squares fitting. R-values are shown in parentheses. The friction
coefficients and fitted slopes near a and b respectively correspond to
the regimes discussed in text and highlighted in Figure 3.

those reported in previous experimental and simulation studies
of neutral, densely packed monolayers without water>%+2 but
again at higher normal loads. Due to consistent chain-chain
interactions between opposing monolayers, the shear response
in this regime is likely more similar to that of systems without
water which gives rise to the comparable friction coefficients.
Just as in other studies without water, chains from opposing
monolayers provide the primary normal load and shear stress
response as opposed to the water molecules exchanging via
the hydration lubrication mechanism. The chains are far less
mobile than water molecules and are thus unable to provide a
comparably fluid shear response yet they are able to provide a
strong resistance to compression as shown in Figure 2.

We also note that additional shearing simulations conducted
at 1 m/s demonstrate the same trends; these results are sum-
marized in Figure S3.

3.3 Water Distribution During Shearing

In the low shear stress regime, interactions between chains
from opposing substrates are rare as is reflected in the velocity
profiles shown in the top panels of Figure 5. Here, all parts
of the chains are moving at approximately the speed of the
substrate as is a layer of water approximately as tall as the
chains. There is also a distinct layer of water separating the
two monolayers. Above ~35 nN (1.8 GPa), opposing chains

begin to consistently interact as shown in the bottom panels of
Figure 5. Opposing chains’ terminal choline groups interpen-
etrate, drag each other and displace the interstitial water layer.
The water velocity profiles in our systems differ from pro-
files of nanoconfined water*>** and water confined between
alkylsilane monolayers?*; where these systems exhibit a near
linear slope from wall-to-wall or chain-to-chain with approx-
imate boundary layers of less than 0.5 nm. The profiles in
our systems assume an S-like shape with water layers over
1 nm thick within the sparse, zwitterionic monolayers. While
monolayer thickness does decrease with decreasing separation
distances (Figure 6), the change in thickness is relatively min-
imal. A decrease in separation distance of 1.3 nm for both sys-
tems, yields only a decrease in film thickness of about 0.13 and
0.12 nm for 1.02 and 2.03 chains per nm?” respectively. This
almost negligible change suggests that the monolayers swell
with water as normal loads increase - a phenomenon also ob-
served experimentally. 13

1.02 chains / nm? 2.03 chains / nm?
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Fig. 5 Velocity profiles of system components in the shear
direction. The dashed lines denote the monolayer film thickness,
wherein 90% of the monolayer atoms remain over the course of a
simulation. Film thickness calculation is detailed in Figure S4 and
trends as a function of separation are shown in Figure 6. Note that in
the bottom two panels, interpenetration of chains from opposing
monolayers occurs for portions outside the defined film thickness
cutoff thus displacing the interstitial water layer.

Figure 7 further details the distribution of water across the
pores. The bulk of the water remains in the interstitial area
but spreads into the outer parts of the monolayers (approxi-
mately denoted by the dashed lines) where it appears to bind
near where the choline headgroups are located. As the sys-
tems are compressed and they transition from regime a to b
the interstitial water does densify but water is also pushed into
the monolayers as is particularly evident in the sparser system.
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Fig. 6 Dependence of monolayer thickness on separation distance
during shearing. Equilibrated MPC chain in vacuo shown for
reference (to scale of y-axis). Error bars correspond to standard
deviations through time.
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Fig. 7 Water density across xy-planes as a function of normal force.
The y-axis denotes the normalized position in the pore from the
bottom substrate at O to the top substrate at 1. Solid vertical lines
denote approximate transitions between regimes a and b as
discussed in text and highlighted in Figure 3. The dashed lines
denote the monolayer film thickness, wherein 90% of the monolayer
atoms remain over the course of a simulation and which the choline
headgroups frequently protrude from. Note that these are local
water densities which do not include the monomers.

3.4 Water Mobility During Shearing

Experimental studies suggest that ultra-low shear stresses in
hydration lubrication schemes arise due to rapid water ex-
change rates between hydration shells or hydration shells and
a bulk-like fluid state. >>%1115-17 In Figure 8, we quantify wa-
ter mobility, by considering flux through xy-planes as a func-
tion of normal force. Low normal forces allow for rapid water
exchange in the interstitial region as well as with water bound
to the choline headgroups. Comparing to Figure 4, at both
chain densities, systems with the highest interstitial water flux
correspond to those operating in regime a where fluxes are up
to three times higher than in regime b and friction coefficients
are up to an order of magnitude lower. Upon transitioning
to regime b, where the hydration lubrication mechanism does
not seem to be the dominant mechanism due to a lack of water
mobility, the chains are still able to provide some form of lu-

brication while simultaneously resisting higher normal loads.
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Fig. 8 Water flux across xy-planes as a function of normal force.
The y-axis denotes the normalized position in the pore from the
bottom substrate at 0 to the top substrate at 1. Solid vertical lines
denote approximate transitions between regimes a and b as
discussed in text and highlighted in Figure 3. The dashed lines
denote the monolayer film thickness, wherein 90% of the monolayer
atoms remain over the course of a simulation and which the choline
headgroups frequently protrude from.

4 Conclusions

Overall, these results qualitatively support the hypothesized
hydration lubrication mechanism where tight binding of water
molecules to charged groups allows materials to support high
normal loads while simultaneously allowing water molecules
to rapidly relax between bound states thus providing a fluid
shear response.!” The results show that substrates sparsely
functionalized with zwitterionic MPC monolayers in water
provide strong resistance to normal loads by allowing water
molecules to swell into the monolayers and allowing strongly
repulsive monomer-monomer interactions to resist compres-
sion. Simultaneously, when shearing at normal loads where
water mobility remains high, shear stresses fluctuate about
zero and yield friction coefficients as low as 0.014. Our
results show two regimes with distinct shear responses. In
the high shear stress regime, monomer-monomer interactions
dominate the shear response which thus resembles the re-
sponse of previously studied dense alkyl silane monolayers
without water. 3342 The low shear regime, where friction coef-
ficients compare to those observed in experimental brush sys-
tems*7?, is characterized by a thin layer of water separating
monomers in opposing substrates. Estimates of friction coef-
ficients in these regimes approximately agree with other sim-
ulation and experimental studies of systems with respectively
comparable environments. In the low shear regime, hydra-
tion shells surrounding opposing headgroups efficiently slide
past one another by exchanging water molecules via the hy-
dration lubrication mechanism. While experimental studies
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have thus far examined large polymer brushes composed of
the monomers studied here, our simulations present a picture
of the local environment surrounding individual monomers
and how phenomena occurring on this scale result in favorable
frictional properties. The examination of zwitterionic mono-
layers further demonstrates the importance of water mobil-
ity and how sparse zwitterionic monolayers behave differently
than dense monolayer systems, both in their shearing mecha-
nisms and their ability to sustain lower coefficients of friction
to higher normal loads.
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Molecular dynamics simulations of zwitterionic monolayers reveal a transition from a
hydration lubrication dominated shearing regime to a monomer-supported lubrication
dominated regime which depends on the separation distance of opposing surfaces.
Our analysis suggests that the transition between regimes depends primarily on the
mobility of water molecules.



