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Molecular Simulations of Hydration Behavior of Zwitterion Brush

Array and Its Antifouling Property in Aqueous Environment

Yuan Xiang, Rong-Guang Xu, and Yongsheng Leng’

Department of Mechanical & Aerospace Engineering, The George Washington University,
Washington, D.C. 20052, United States

Abstract: We carried out umbrella sampling and molecular dynamics (MD) simulations
to investigate molecular interactions between sulfobetaine zwitterions or between
sulfobetaine brushes in different media. Simulation results show that it is more
energetically favorable for the two sulfobetaine zwitterions or brushes being fully
hydrated in aqueous solutions than in vacuum where strong ion pairs are formed.
Structural properties of hydrated sulfobetaine brush array and its antifouling behavior
against a foulant gel are subsequently studied through steered MD simulations. We find
that sulfobetaine brush arrays with different grafting densities have different structures
and antifouling mechanisms. At a comparably higher grafting density, the sulfobetaine
brush array exhibits a more organized structure which can hold a tightly bound hydration
water layer at the interface. Compression of this hydration layer results in a strong
repulsive force. However, at a comparably lower grafting density, the brush array
exhibits a randomly oriented structure in which the antifouling of the brush array is

through the deformation of the sulfobetaine branches.

" Corresponding author, Tel.: 202-994-5964; e-mail: leng@gwu.edu.
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1. INTRODUCTION

Membrane separation is a widely used technology in water puriﬁcation.l'6
However, the major deficiency of this technique is fouling problem’” induced by the
accumulation of foreign substances on the membrane surface. Membrane fouling can
significantly reduce the membrane performances, such as water flux and effluent quality.
One of the promising techniques to resolve the fouling problem is to modify the surface
chemistry of membrane, which can also improve other properties of membrane, such as
salt rejection, chlorine tolerance, and thermal stability.' Among many antifouling
monomers, polyethylene glycol (PEG) and polyzwitterion (PZ) coatings grafted onto
membrane surfaces''™'® are promising candidates of antifouling materials. Although PEG
has a good antifouling property due to its ability to bind water molecules (hydration
property), it also suffers from oxidization susceptibility and thus may not be a good
choice for long-term applications.!” Compared with PEG coatings, PZ coatings, such as
poly(carboxybetaine) (pCB) and poly(sulfobetaine) (pSB), are more chemically stable
and could bind water molecules even stronger than PEG via localized charges,'® making
them excellent antifouling materials. A PZ molecule contains both positively and
negatively charged functional groups within the same side chain, keeping its total charge
neutrality. In recent years, many methods have been proposed to create PZ coatings on
polyamide membrane surface, including chemical vapor deposition,” click chemistry®
and concentration-polarization-enhanced radical graft polymerization.”’ PZ coatings
exhibit more stable chemical properties than PEG in the presence of oxygen and
transition metal ions, and therefore have received growing interests not only in membrane

technology, but also in marine, biomedical, and other antifouling applications.""'
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Currently, most investigations of PZ coatings focus on grafting methodology or designs

32,33

of PZ interfaces. However, the detailed structural properties of zwitterionic coating at

the interface and its fundamental antifouling mechanism from molecular perspective are

still not fully understood.**>°

For example, what are the hydration structures of
zwitterionic brush arrays at the interface and how does a foulant molecule interact with
the zwitterionic coating when they are in close proximity? Moreover, how does the
grafting density of zwitterionic brushes influence this foulant-coating interaction? These

are the fundamental questions that are critical to the molecular design of antifouling

materials in membrane technology.

Many theoretical studies through molecular dynamics (MD) simulations have
been carried out recently to understand the structural properties of polyamide membranes
3743 and zwitterionic materials.**' These simulations provide molecular details that are
not directly available from experiments. In particular, hydration behaviors of zwitterions
and their association with metal ions were reported by Shao et al,* *® in which they
found that carboxybetaine associated more strongly with Li" and Na’ (smaller ions),
while sulfobetaine associated more strongly with K™ and Cs® (larger ions). High ion
rejection of zwitterion functionalized carbon nanotubes (CNTs) was reported by Chan et
al.* They also calculated the upper bound of membrane performance (water flux) based
on this zwitterion functionalized nanotube. Du et al. investigated hydration properties of
carboxybetaine zwitterion brushes with varying separation distances between the
quaternary ammonium cation and carboxylic anion.** They found that many factors

influenced the hydration behaviors of the carboxybetaine brushes, including the values of

both positive and negative charges, their separation distances and chain interactions. The
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competition between the strong hydration of the charged groups and the dehydration of
the hydrocarbon chains determines hydrophilic/hydrophobic tendency of the brushes.
Various studies on interactions between zwitterions and organic matters have also been
reported. For example, Shao et al. performed molecular simulations to study the

interaction between carboxybetaine and chymotrypsin inhibitor 2 (a protein model)*’ and

showed that the carboxybetaine doesn’t preferentially accumulate near the protein surface.

Using MD simulation, Nagumo et al. reported the free energy profiles of some amino
acids approaching a zwitterionic monomer (a carboxybetaine derivative).*® They found
that these free energy profiles have almost no energetically remarkable minima,
regardless of the type of amino-acid residues, indicating that this carboxybetaine

derivative has an excellent antifouling property.

In our recent molecular simulation studies, we have investigated the antifouling
property of PEG-grafted polyamide membrane.’> We found that PEG coating can hold a
tightly bound hydration water layer. When the alginate gel is dragged to approach the
PEG coating surface, a strong repulsive hydration force is observed due to the
compression of this hydration layer. We have also studied the effect of the PEG coverage
on the membrane—foulant interactions and found that the alginate gel has a strong

tendency to drift to the uncovered polyamide membrane surface.

Following this simulation study, we present our recent work on the hydration

behavior of a sulfobetaine coating and its antifouling properties. This is an extensively

19-21

studied antifouling material in many membrane fouling experiments. Initially, we will

study the ion-pairing behaviors of sulfobetaine zwitterions by an umbrella sampling

53, 54

technique . We will then investigate the different hydration structural properties of
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sulfobetaine brush array at different grafting densities. This is followed by the simulation
studies of foulant-sulfobetaine coating interactions and the effect of grafting density on

its antifouling mechanism.

2. MOLECULAR MODELS AND SIMULATION METHODS

2.1. Molecular Models

2.1.1. Sulfobetaine Brush. Several methods have been developed for grafting
zwitterionic molecules on a polyamide membrane surface, leading to different
zwitterionic brush structures. In this work the sulfobetaine brush model is based on the
click chemistry used by Yu et al.** An alkyne-PZ was first synthesized using reversible
additional-fragmentation, chain-transfer radical polymerization. Polyamide membrane
was then functionalized with azide functional groups through bromination of amide
groups, and subsequently Sn2 nucleophilic substitution of Br with azide functional
groups. Finally, the alkyne-PZ was grafted onto azide-polyamide surface by an azide—
alkyne cycloaddition click reaction. This process is illustrated in Figure 1a.

Our main purpose is to investigate the conformation of the sulfobetaine brush
array (coating) and its interaction with foulant molecules in aqueous environment. In
order to focus on the major molecular interactions and save computing time, several
assumptions and simplifications are made. First, we only consider short sulfobetaine
brushes with each “tree” containing five sulfobetaine branches (see Figure 1a.). Long
sulfobetaine brushes with tens to hundreds of zwitterionic monomers branches certainly

adopt different molecular conformation,” which is beyond current study. Second, the
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grafting density in experiments often refers to the total quantity of grafting materials per
unit area and has no direct correlation to the number density of brushes. However, in
computational simulations, we only consider short sulfobetaine brushes. Therefore, we
use the number density to define the low-, intermediate- and high-grafting densities of
sulfobetaine brushes on a membrane surface. Third, we assume that polyamide
membrane underneath the sulfobetaine coating plays a less important role in foulant-
sulfobetaine coating interactions, thus polyamide membrane surface is not explicitly
modeled in this simulation. We use two saturated benzene rings (see figure la and figure
2) to represent the root of the brush and the polyamide membrane. Further, in order to

4547, 51
24731 two -CH,- groups are arranged between

compare with previous simulation work
the sulfonate and quaternary ammonium groups in a sulfobetaine branch.

The simulation system is prepared by setting the sulfobetaine brushes evenly in a
squared grid. Three grafting densities are considered as shown in Table 1.
Configurational-bias Monte-Carlo sampling®® is performed to sample the initial
configurations. This technique allows for all brush conformations generated with the

correct Boltzmann weight.”” A total of 5100 water molecules are added to the simulation

system to hydrate the sulfobetaine brush array, after 2ns MD equilibration run.

Table 1. Geometric Parameters Related to Different Grafting Densities of

Sulfobetaine Brush Array

number of sulfobetaine area per distance between
brushes brush brushes
low density 9 3.24 nm’ 1.8 nm
6
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intermediate 9 1.44 nm’ 1.2 nm
density
high density 16 0.64 nm” 0.8 nm

2.1.2. Foulant. As in our previous simulation study,”> we select alginate as the
foulant model because this type of molecules are widely found in the environment and
believed to be the major contributor to the organic fouling.”® Alginate contains B-D-
(1—>4)-mannuronic acid (M) and a-L-(1—4)-guluronic acid (G) residues. In this work,
only G residues are considered due to its specific spacing and geometry of the
carboxylate functional groups for cation binding.”” A detailed molecular structure of
alginate is given in Figure 1b. All the carboxyl groups in the G residue are assumed
deprotonated under the neutral pH condition,* considering the acid-dissociation-constant
(pKa) of alginic acid is between 3.38 - 3.65.°" A total of 12 sodium ions are added to
compensate the 12 —COQO" groups in the 4 alginate chains in the simulation system.

Alginate gel consisting of 4 alginate chains is made by adding 10 calcium ions
(Ca®") and 20 chloride co-ions (CI) through calcium binding in a solution system,
containing 3500 water molecules. This subsystem is eventually combined with the

previously built sulfobetaine brush array system, yielding a 0.1M CaCl, solution.

2.2. Simulation Methods

2.2.1. Umbrella Sampling. The umbrella sampling method is used to determine
the free energy profile between two sulfobetaine zwitterions or between two sulfobetaine
brushes in different media.” ** A single collective variable, the center of mass (COM)
distance, 7, between two molecules, is used for calculations. We calculate the free energy

7
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profile G(r) = — kgT In[P(r)] + constant, where kg is the Boltzmann’s constant, 7T is the
temperature, and P(r) is the probability distribution of distance r obtained in the
simulation. During the umbrella sampling, the trajectory is divided into N independent
simulation segments with a constrained potential applied (the so-called the umbrella
potential). A biased distribution of segment i, P(r;), is first obtained, followed by
reconstruction of the unbiased distribution through histogram reweighting methods.> *
Finally a continuous profile of G(r) is obtained. The free energy calculated in this way
reflects the realistic equilibrium property of the system. Detailed parameters for umbrella
sampling will be given in Section 3.1.

2.2.2. MD simulation. MD simulations are carried out to study the equilibrium
properties of sulfobetaine brush arrays and the interactions between the alginate gel and
the sulfobetaine coating in an aqueous solution. The detailed simulation methods have
been discussed in our previous publications.”> ® We use the LAMMPS computational
package for all of the MD simulations.** Periodic boundary conditions are applied in the
three directions. We use the OPLS all-atom force field® ®® to describe the interatomic
interactions among the alginate gel and sulfobetaine arrays. This force field has been
parameterized for most of the organic molecules in solutions. For sulfobetaine molecules,
we use the partial charges developed by Shao et al. from the DFT calculations using the
B3LYP/6-31G** functional and basis set.*® The flexible simple point charge (SPC) water
model®” ®® is employed in MD simulations. We use the Aqvist SPC water compatible
potentials® for the monovalent Na™ and divalent Ca>" ions. As the Aqvist's parameters
are only available for alkali and alkaline-earth metal cations, we choose the potential

1.70

parameters for halide CI" ion developed by Joung et al.”” The particle-particle-particle-
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mesh solver is used to calculate the long-range electrostatic interactions.”' The cut-off
distance for the short-range Lennard-Jones interactions is set to 10 A. The equations of
motion of the particles are propagated through the velocity Verlet algorithm with a time
step of 1 fs in a constant-NV'T ensemble. The temperature is controlled at 300 K using the
Nose-Hoover thermostat.

Figure 2 shows an equilibrium snapshot of the molecular simulation system, in
which the hydrated sulfobetaine brush array at the high grafting density and an alginate
gel are immersed in water. The sulfobetaine brush coating has a thickness around 3.6 nm.
The Ca”" alginate gel is right above the sulfobetaine array. Water layers on the two sides
of the coating have a thickness around 10 nm (upper) and 4 nm (lower), respectively. A
vapor phase of about 20 nm above the upper solution phase (not shown in Figure 2) is
introduced into the system.”> This arrangement allows the system pressure to be

comparable to the water vapor pressure.72

3. RESULTS
3.1. Ion-pairing Behaviors of Sulfobetaine Zwitterions and Sulfobetaine Brushes by

Free Energy Calculations

A sulfobetaine zwitterion contains two oppositely charged functional groups, the
sulfonate group that carries a negative charge and the quaternary ammonium group that
carries a positive charge. Thus noncovalent bond due to electrostatic interactions can be
formed.”® For this type of electrostatic “ion-paring” interaction, we are particularly
interested in its strength in different solvent media. Here, we use the umbrella sampling

53, 54, 79

technique to calculate free energy changes versus the distance between two
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sulfobetaine zwitterions (Figure 3) or between two sulfobetaine brushes (Figure 5) in
different media. For each case, three independent NV7 MD simulations are performed at
T = 300K in (1) vacuum, (2) water, and (3) 0.5M NaCl solution. In the sulfobetaine
zwitterion case, a total of 20 umbrella intervals are set between the two sulfobetaine
zwitterions, whose center of mass (COM) distance varies from 3 A to 13 A. In the
sulfobetaine brush case, a total of 26 intervals between 7 A and 20 A COM distance are
used. The COM distance between the two sulfobetaine zwitterions or brushes are
restrained by a harmonic spring with a spring constant of 20 kJ/(mol-A%). Umbrella
sampling of molecular configuration is carried out by gradually changing the equilibrium
distance of the spring within each interval of 0.5 A. The simulation time for each bin is 2
ns.

Figure 4a shows the free energy changes versus the COM distance between two
zwitterions in the three media. The free energy value with large distance of COM (i.e. 11
A for Figure 4a and 19 A for Figure 4b) is set as the reference. It is seen that the free
energy profile in vacuum is significantly different from that in water or in NaCl solution.
In vacuum, the profile exhibits a global minimum at about 4.5A and a second minimum
at about 8.5 A. The energy barrier between the two is around 30 kJ/mol. The equilibrium
configuration of the two sulfobetaine zwitterions at the global minimum is shown in
Figure 3a, in which two sulfonate-ammonium ion pairs are formed, characterized by the
N-S distance between 4.3 —4.4A. The first energy barrier between 4.5A and 8.5A shown
in Figure 4a corresponds to the energy to dissociate the first ion pair, while the second

energy barrier corresponds to the complete detachment of the two zwitterions.
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The free energy profiles of the two sulfobetaine zwitterions in water and NaCl
solution are very similar. Figure 4a shows a very small energy barrier around 0.5 kJ/mol
at about 5.3A, indicating a negligible free energy change during the dissociation of the
zwitterion pair. Molecular configuration shows that the ion pair between the two
zwitterions are essentially hydrated and separated by water molecules at the local free
energy minimum at about 5A (point C in Figure 4a). This ion-pair structure is far less
stable than that in vacuum. Moreover, only one hydrated, weakly bound ion pair (Fig.3c)
is infrequently observed, characterized by the N-S distance around 4.46A. Thus it is more
energetically favorable for the two sulfobetaine zwitterions being fully hydrated rather
than forming ion-pair in water or in 0.5M NaCl solution. Our results are consistent with
previous simulation results in which no aggregation of sulfobetaine zwitterions was
observed in solutions.*>*®

Figure 4b shows the free energy changes versus the COM distance between two
zwitterion brushes in the three media. The model of sulfobetaine brush is described in
section 2.1.1. Notably, the free energy profiles for the two zwitterion brushes are quite
different from those for the two zwitterion pairs. In vacuum, the free energy minima for
the two zwitterion brushes exhibit a flat region between 11 — 14A COM distances. The
equilibrium configuration of the two sulfobetaine brushes within this region is shown in
Figure 5a, corresponding to point D in Figure 4b. Here, there are two types of sulfonate-
ammonium ion pairs identified. The first type is the intra ion pair from the same
sulfobetaine brush (the purple dashed lines), and the second type is the inter ion pair
between the two sulfobetaine brushes (the blue dashed lines). The bond lengths of these

ion pairs (N-S distance) vary from 4.7 to 5.2 A. When the two brushes are gradually
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pulled apart in the region of 11-14 A COM distances, all ion pairs are kept intact through
the internal adjustments of branches in sulfobetaine brushes, resulting in negligible free
energy changes in this region. The energy barrier of ~18 kJ/mol between the COM
distances 14-15 A is attributed to overcoming the van der Waals (vdw) and electrostatic
interactions between the two brushes, especially between the two adjacent branches in
their own sulfobetaine brushes that are suddenly separated during the internal
adjustments, as shown in Figure 5a and 5b. The next energy barrier of ~30 kJ/mol from
17 to 18.5A, as shown in Figure 4b, corresponds to the energy to dissociate the first inter
ion pair. Molecular configuration corresponding to this first dissociation is shown in
Figure 5c, and the new free energy level is denoted by point F in Figure 4b. This
dissociation barrier is consistent with the ion pair dissociation between the two
sulfobetaine zwitterions (see Figure 4a).

The free energy profiles of sulfobetaine brushes in water and in 0.5M NaCl
solution exhibit a similar trend, as shown in Figure 4b. They both have energy minima at
about 9.4 A distance, followed by an energy ramp during the dissociation. Molecular
configurations at the free energy minima are shown in Figure 5d and 5e, corresponding to
points G and H in Figure 4b. Here, ion pairs between the two sulfobetaine brushes in both
media are rarely observed, and only few intra ion pairs are seen occasionally (the purple
dashed line in Figure 5d and 5e). The fully hydrated state of zwitterion branches leads to
a much extended structure of sulfobetaine brushes (see section 3.3 discussion). An
important question concerns why the energy ramp beyond 9.5A in water is higher by
approximately 5-10 kJ/mol than that in NaCl solution. To understand this, we show in

Figure 5e all the ions within 5A distance from the sulfobetaine brushes. It is clearly seen
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that these ions coordinate with the oppositely charged functional groups, such as Na" ions
around the sulfonate groups and CI" co-ions around the quaternary ammonium groups.
Although these ionic bindings are dynamic and not stable, they impose a screening effect
on the local charges of sulfobetaine branches; therefore reducing the long range
electrostatic interactions in the salt solution, and resulting in a low free energy barrier
during dissociation. Interestingly, it has been reported that the solubility of sulfobetaine

80, 81

derivatives increases significantly in high-concentration salt solutions, which is

consistent with our free energy calculations.

3.2. Hydration Structure of Sulfobetaine Brush Array

Figure 6 shows representative molecular configurations of hydrated sulfobetaine
brush arrays with different grafting densities. At the high grafting density, the brushes
tend to self-assemble into a vertically aligned structure; while at the low grafting density,
they are randomly oriented and fully hydrated by water molecules with very weak ion-
pair interactions. Figure 7 shows the density distributions of sulfobetaine brush arrays
and water, as well as other specific elemental groups in the zwitterions. The water-
zwitterion array boundary is defined as the distance at which the density of water
molecules is about 80% of its bulk value. Accordingly, we estimate the thicknesses of the
high, intermediate and low grafting density brush arrays are 3.6, 2.7, and 1.7 nm,
respectively. The averaged material densities of the three brush arrays are 1.1, 0.5, and
0.35 g/em’, respectively. The different hydration structures of brush arrays with different
material densities lead to the changes of their surface chemistry. For example, the high-

grafting-density brush array exposes more sulfonate groups at the water-zwitterion
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interface than the low-grafting-density brush array does, resulting in a high-density
negatively charged sulfonate groups remaining on the surface and the positively charged
quaternary ammonium groups (the blue N group in Figure 7a) staying largely in the inner
region of the brush array. This shows that at the water-zwitterion coating interface, the
high-density brush array is negatively charged, while the low-density brush array tends to
be a neutral surface.

In order to further study the detailed hydration structure of zwitterion brush array
at different grafting density, in Figure 8a-c, we plot the radial distribution functions
(RDFs) for different contact pairs. The corresponding integrals of these RDFs, the
coordination numbers, are shown in Figure 8d-f. In particular, we investigate the
hydration property of C atoms in the quaternary ammonium group by looking at the C
(quaternary ammonium) — O (water) RDF profile and its integration with distance,
because the central N atom is far away from the surrounding water molecules. Similarly,
for the sulfonate group, we calculate the O (sulfonate) — O (water) RDF profile and its
integration to characterize its hydration property. In Figure 8a, the first and second
hydration shells of the O atom in sulfonate groups are located at about 2.7 A and 5 A,
regardless of the grafting density. In contrast, Figure 8b shows different shifts of RDF
peaks of the C (quaternary ammonium) — O (water) contact pair depending on the
grafting density. For the high grafting density array, the first hydration peak is located at
about 3.1 A. This first peak is shifted by 0.5 A for the intermediate- and low-grafting
densities. The similar shifts are also seen for the second hydration peaks. We attribute
this difference in RDF shift between the O (sulfonate) — O (water) and C (quaternary

ammonium) — O (water) to the different interaction strengths between the quaternary
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ammonium-water and sulfonate—water contact pairs. Namely, the quaternary ammonium-
water interaction is much weaker than the sulfonate-water interaction. Consequently, the
hydration shells around the quaternary ammonium groups are more favorable to deform
under more constraint conditions (i.e. in high-grafting-density array) than the hydration
shells around sulfonate groups. These findings are consistent with Shao et al.’s simulation
results, which show that water molecules around the sulfonate groups have a higher
structure order and a lower mobility than those around quaternary ammonium groups.46

To investigate ion pair interactions, Figure 8c shows the O (sulfonate) — C
(quaternary ammonium) RDFs for three different grafting densities. Note that the
distance between the quaternary ammonium C atoms and the sulfonate O atoms within
the same sulfobetaine zwitterion branch is in the range of 5 — 6 A, while the distance
between the two in an ion pair is about 3 — 3.5 A. Figure 8c and 8f clearly shows the
existence of ion pairs whose total number increases with the grafting density. About 3
quaternary ammonium C atoms coordinate with one sulfonate O in the high-grafting-
density array, while less than 0.5 in the low-grafting-density array.

Figure 8d shows the coordination numbers of water molecules around the oxygen
atoms in sulfonate groups. These functional groups in the high-grafting-density array are
less hydrated than in the low-grafting-density array. Here, only 1.6 water molecules are
within the first hydration shell of sulfonate in the high-grafting-density array, while in the
low-grafting-density array this number of hydration water molecules is increased to 2.3.
In Shao el al.’s paper,* the sulfonate groups have a coordination number of 7.08 water
molecules within the first hydration shell in a fully hydrated state, namely, about 2.36

water molecules around the O atoms in a sulfonate group. Our calculation result for the
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low-grafting-density array is close to their simulation result, indicating that the low-
grafting-density array of sulfobetaine brushes is almost fully hydrated. The overall

inadequate hydration for the high-grafting-density array is also illustrated in Figure 7a,

which shows that the average water density within the brush array is only about 0.2 g/cm3.

3.3. Repulsive Hydration Force between Alginate Gel and Sulfobetaine Brush Array

In order to understand the antifouling mechanism of sulfobetaine zwitterion
coating, we carried out steered molecular dynamics (SMD) simulations to study
molecular interactions between the brush array and an alginate foulant in an aqueous
solution. While the umbrella sampling can be used to find the realistic free energy of the
alginate gel on the surface at different locations, the computational cost is enormous. For
this reason, we follow our previous work by simply dragging the alginate foulant towards
the zwitterion coating surface at different locations. While this method is a very
approximate approach to detect foulant-surface interactions, it can significantly save
computing times. After a 5 ns MD equilibrium run, no attachment of the alginate gel on
the sulfobetaine array is seen, indicating that no strong attractive force exists between the
foulant and the coating surface. This is similar to what we found for PEG coating,’* but
differs from the case of polyamide membrane surfaces, in which we observed strong
jonic binding between an alginate gel and the membrane surface.®”  We choose nine
different locations shown in Figure 9 to run SMD simulations. The alginate gel is pushed
downward to the sulfobetaine brush array by a driving spring without any constraint in
the lateral directions. The driving speed is 0.005 A/ps, slow enough to ensure an

approximately quasistatic approaching to the surface. For each grafting density brush
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array, no significant differences in the force-distance curves is seen for the nine
independent SMD runs. Thus only one force-distance curve from the nine simulations at
each brush array density is chosen for analysis. These force-distance curves at different
brush array densities are shown in Figure 10. Note that repulsive forces in simulations
correspond to negative values, while adhesion forces correspond to positive values. These
are consistent with our previous definitions.>® In all three SMD simulations, repulsive
forces are seen to increase dramatically as the alginate gel is dragged to press the
zwitterion brush array. However, the distance at which the repulsive force begins to
dramatically increase depends on the grafting density. The repulsive force corresponding
to the high-density array starts to increase much earlier and steeper, mainly because of
the denser and thicker zwitterion coating material. This phenomenon can be further
analyzed by looking at the different deformation mechanisms of sulfobetaine branches
under compression. We use three angles 0,,, 0. and 6,. to quantify the orientation of each
branch in brushes. 6., is defined as the angle between the projection of vector R on the x-
v plane and the y-axis (see Figure 1c); vector R is defined from the C atom connecting to
the backbone of the brush to the S atom in the sulfonate group. These two atoms are
highlighted in purple in Figure 1a the middle panel, which shows a typical branch. .. and
0,- follow the similar definition as 6,,, but as they both have the similar distribution as 0,
during the deformation of the brush array, we only focus on 6, orientation distribution
changes. The histograms of 0, in an equilibrium run over 2 ns are shown in Figure 11a. It
is seen that the grafting density influences the orientations of branches: 6, of the high-
grafting-density array takes two major values around —m and © due to the less hydrated,

more organized structure of the self-assembled brush array, while 6, is more evenly
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distributed in the low-grafting-density array due to its fully hydrated, randomly oriented
structure.

When the alginate gel approaches the sulfobetaine array surface, the surface
coating is under compression. Figure 11b shows the redistributions of orientation angle
0Oy, of the three brush arrays under the same load of 1 nN, corresponding to the load
points A, B and C in the three force-distance curves shown in Figure 10. Negligible
changes of 0., distribution are seen for the high-grafting-density array, and dramatic
changes of 6, are seen for the intermediate- and low-grafting-density arrays. We attribute
this 6., re-distribution to the flexibility of zwitterion branches. In Figure 12 we show the
molecular configurations of the high- and intermediate (as the low-density array has the
similar behavior as the intermediate array, we only show the latter)-grafting-density
arrays under 1 nN compression. Compared with the high-density array configuration, the
change in molecular configuration of the intermediate-density array under 1 nN force is
significant, resulting in a large cavity on the surface coating to accommodate the alginate
gel. We further investigate changes of the number of water molecules within a 3A layer
around the van der Waals (vdw) surface of sulfobetaine array. We find that under the
compression of alginate gel, water molecules around the high-density array is only
reduced from 150 +5 to 148+8, indicating that the surface water is difficult to be
squeezed out and thus the repulsive force mainly originates from compressing the densely
populated hydration water between the gel and sulfobetaine array (Figure 12a). This
situation is very similar to our previous findings for the PEG coating.’> For the
intermediate-grafting-density array whose surface morphology has a large change under

alginate compression, water molecules around the vdw surface is reduced from 188+ 12
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to 169 £ 18. We find that the repulsive force is mainly due to the deformation of

zwitterion branches, namely, the change of the configurational entropy of the brush array.
Although there is still a hydration water layer around the array surface, these hydration
water molecules have less contribution to the repulsive force. This conclusion can be
verified in Figure 10, in which we show the hydration water layer-foulant interactions
during SMD simulations for the high-, intermediate- and low-grafting-density array
surfaces. The significantly monotonic increase of alginate gel-water interaction can only
be observed in the high density system. In contrast, force fluctuations around zero
between alginate gel and water layer are observed in the intermediate- or low-grafting
density systems, indicating that compression of hydration water layer has much less
contribution to the total repulsive force. Specifically, for the low-grafting-density array,
we find that several branches are heavily twisted under compression. Note that even the
space between the two brushes in this case is as wide as 18 A, which is much larger than
the average diameter of the alginate gel of ~ 8 A, there is still strong repulsive force due

to the deformation and distortion of zwitterion branches.

4. SUMMARY

In this study, we perform molecular dynamics simulations to investigate the
interactions between two sulfobetaine zwitterions and between two sulfobetaine brushes.
Simulation results show that it is more energetically favorable for the two sulfobetaine
zwitterions or brushes being fully hydrated in aqueous solutions than in vacuum where
strong ion pairs are formed. The energy barriers for dissociation in water and solution are
much lower than that in vacuum. In addition, the energy ramp in water is higher by
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approximately 5-10 kJ/mol than that in NaCl solution, possibly due to ion screening
effect. Three sulfobetaine brush arrays with different grafting densities have been built to
investigate the interactions between foulant gel and sulfobetaine coating in aqueous
environment. The different properties of each array, including the thickness, distribution
of functional groups, hydration structure and the branch orientations have been carefully
studied. The SMD simulations reveal strong repulsive forces between foulant gel and
sulfobetaine array surface regardless of grafting densities, indicating their good
antifouling properties. We also show the different origins of these repulsive forces: in
high-grafting-density array, the major contributor is the surface hydration layer, while
deformation of surface branches has main contribution in the intermediate and low-
density arrays. The present study provides detailed information on the hydration structure
and antifouling mechanisms of sulfobetaine coating from the molecular perspectives.
These findings may help to understand general antifouling mechanisms of various
polyzwitterion coatings using different grafting materials and methodology, and shed

light on the molecular design of future anti-fouling materials.
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Figure 1. (a) The procedure of grafting sulfobetaine zwitterion on a polyamide membrane
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surface; (b) an alginate molecule that contains three L-guluronic acid (G) residues; (c) definition
of 0, to evaluate the orientation of branches in a sulfobetaine brush.
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Figure 2. A snapshot of the simulation system containing sulfobetaine brush array with high
grafting density and the alginate gel in solution. Colors in stick presentation: red, O; white, H;
light blue, C; and dark blue, N. Colors in ball presentation in solution: light blue balls, Ca’" ions.
In order to illustrate the distribution of sulfonate groups and quaternary ammonium groups, all the
S atoms in sulfonate groups are in yellow and all the N atoms in quaternary ammonium groups
are in dark blue using ball presentation. A reference ruler for distance is indicated in the right of
the diagram, which is used to evaluate the distance in Figure 7 and Figure 10. The saturated
benzene rings representing the roots of brushes are located at Snm distance along the z direction.
A schematic of the SMD model applied to the alginate gel is also illustrated in the figure.
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25 Figure 3. Ion pair structures between two sulfobetaine zwitterions. The S atoms in sulfonate

26 functional groups are connected to the N atoms in quaternary ammonium groups with blue dashes
27 lines. The distances between them are also illustrated. In vacuum, panel (a) shows two mutual ion
28 pairs and panel (b) illustrates one single ion pair. Panel (c) shows a weakly bound ion pair

29 structure in water. Water molecules close to this ion pair are also shown. Panel (a), (b) and (c)

30 correspond to point A, B and C in Figure 4a, respectively. Colors: red, O; white, H; light blue, C;

31 dark blue, N; and yellow, S.
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Figure 4. Free energy profiles of (a) two sulfobetaine zwitterions and (b) two sulfobetaine
brushes in various media, calculated by umbrella sampling method. A single collective variable,
the center of mass (COM) distance between two molecules, is used for calculations.
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Figure 5. Typical ion pair structures between two sulfobetaine brushes. The S atoms in sulfonate
42 functional groups are connected to the N atoms in quaternary ammonium groups with colorful

43 dashes lines. The intra ion pairs are in purple and the inter ion pairs are in blue. The distances

44 between them are also illustrated. Panels (a), (b) and (c) show pairs in vacuum. Panels (d) and (e)
45 show brush structures in water and in NaCl solution, respectively. Panel (a), (b), (c), (d) and (e)
correspond to point D, E, F, G and H in Figure 4b, respectively. Two brushes are separated by

48 black dashes lines in order to be distinguished. Colors in stick presentation: red, O; white, H; light
49 blue, C; dark blue, N; and yellow, S. Colors in ball presentation in solution: dark blue, Na’; and
50 yellow, CI'. Water molecules in (d) and (e) are not shown for clarity.
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Figure 6. Snapshots of (a) high-grafting-density, (b) intermediate-grafting-density, and (c) low-
grafting-density sulfobetaine brush arrays in hydrated states. Colors: red, O; white, H; light blue,
C; dark blue, N; and yellow, S. The S atoms in sulfonate are in yellow and the N atoms in
quaternary ammonium are in dark blue using ball presentation. Water molecules in these figures
are not shown for clarity.
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46 Figure 7. Material density profiles of the sulfobetaine brush arrays in hydrated states. Water
47 density distribution is also shown in the figure. Panels (a), (b), and (c) correspond to the high-,
48 intermediate-, and low-grafting-density brush arrays, respectively.
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Figure 8. Radial distribution functions for the contact pairs between (a) oxygen atoms in
sulfonate and water oxygen atoms; (b) carbon atoms in quaternary ammonium and water oxygen
atoms; and (c) oxygen atoms in sulfonate and carbon atoms in quaternary ammonium. Panels (d),
(e), and (f) correspond to coordination numbers of the three contact pairs, respectively.
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Figure 9. Snapshots of the sulfobetaine brush array surfaces with (a) high grafting density and (b)
intermediate grafting density in equilibrium states. The sulfobetaine array surfaces are
represented by the blue van der Waals contours. The white circles with different numbers indicate
the locations at which independent steered molecular dynamics simulations are performed.
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Figure 10. The force-distance profiles obtained from SMD simulations for the high-,

intermediate-, and low-grafting-density array surfaces. The horizontal axis represents the position
of COM of the alginate gel. Negative values correspond to repulsive spring forces.
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:g Figure 11. Histograms of branch orientations 6, for sulfobetaine brush arrays (a) in equilibrium
40 states and (b) under compression of InN by an alginate gel. Angle 6,, is defined in Figure 1c,
41 which varies from —x to + 7.
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Figure 12. Snapshots of the sulfobetaine array surfaces with (a) high grafting density and (b)
intermediate grafting density under compression of 1nN by an alginate gel. The sulfobetaine array
surfaces are represented by the blue van der Waals contours. Hydration water layer near the high-
grafting-density array surface is also shown. Hydration water layer near the intermediate-grafting-
density array surface is not shown for clarity.
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