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Tunable Transition from Hydration to Monomer-Supported Lubri-

cation in Zwitterionic Monolayers Revealed by Molecular Dynamics

Simulation

Christoph Klein,a,b Christopher R. Iacovella,a,b Clare McCabe,a,b,c and Peter T. Cummings∗a,b

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 0.0011 to 0.12 while subject to phys-

iological pressures. Surfaces functionalized with zwitterionic

polymer brushes mimic aspects of a joint’s composition3 and

can yield friction coefficients as low or lower than those found

in natural synovial joints.4–9 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-polar10 and aqueous solvents11 as

well as non-grafted charged polymers in aqueous solution12.

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 cycles8 and

proposed that these brushes could improve the performance

of artificial hips.13 The mechanism by which such materi-

als are thought to provide ultra-low friction coefficients has

been termed “hydration lubrication”.14–17 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.17 Additionally, the hydration lubri-

cation mechanism itself presents but one pathway for dissi-
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pation of frictional forces in complex systems like zwitteri-

onic polymer brushes.5,11,18 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 mechanisms19–23 but

have not specifically focused on hydration lubrication. Other

simulation studies have investigated both neutral24 and zwit-

terionic25–27 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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Fig. 3 Snapshots of systems with 1.02 (left) and 2.03 (right) chains per nm2 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

VMD37.

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 Fs versus Fn was estimated which pro-

vides an estimate of the friction coefficient, µ . 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.24 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 phospholipid26

and carboxybetaine27 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 structures4,7,8 yet slightly

above the lowest reported values.5,6 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 et al.9, 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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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.
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