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4 ABSTRACT: Polyzwitterions (PZs) are promising materials for the antifouling in
5 reverse osmosis and nanofiltration membrane technology for water treatment.
6 Fundamental understanding of the structure and molecular interactions involving
7 zwitterions is crucial to the optimal design of antifouling in membrane separation.
8 Here we employ the umbrella sampling and molecular dynamics simulations to
9 investigate molecular interactions between sulfobetaine/carboxybetaine zwitterions
10 and different metal ions (Na+, K+, and Ca2+) in an aqueous solution. The simulation
11 results show that these ions can form stable or metastable contact ionic/solvent-
12 shared-ionic pairs with zwitterions. Simulations at different grafting densities of PZ
13 brush arrays reveal complex competitive association mechanisms, which are
14 attributed to nonbonded electrostatic and van der Waals interactions among
15 zwitterions, water molecules, and different metal ions in an aqueous environment.
16 While the high-grafting density of the PZ brush array leads to a strong branch
17 association between different zwitterions in water, this association is decreased at intermediate- and low-grafting densities due to
18 strong zwitterion−water interactions. More importantly, adding ions into water at intermediate- and low-grafting densities further
19 breaks down the zwitterion branch association, resulting in a randomly oriented and dispersed branch configuration with significant
20 swelling of the polymers. The degree of swelling depends on the type of ions, which further changes the surface electrostatic
21 potential of PZ coatings.

1. INTRODUCTION
22 Reverse osmosis and nanofiltration (RO/NF) membrane
23 separation is considered to be a very promising technique to
24 address the global portable water shortage.1−3 However,
25 membrane techniques also have their own deficiencies. One
26 critical issue is related to the membrane fouling,4,5 which is
27 caused by accumulating foreign substances on the membrane
28 surface, resulting in a substantial decline of membrane
29 performance, such as reduced water flux and low effluent
30 quality. In recent years, substantial efforts have been invested
31 in the fundamental understanding of membrane fouling6−12

32 and the development of relevant technologies. Among these,
33 modifying the surface chemistry of the membrane, such as
34 grafting antifouling monomers onto the membrane surface, has
35 attracted much attention. It has been shown that this technique
36 could be used to not only reduce surface fouling, but also
37 improve the chlorine tolerance, salt rejection, and thermal
38 stability of the RO/NF membranes.13−17

39 Poly(ethylene glycol) (PEG) and polyzwitterion (PZ) are
40 two typical materials used for antifouling through the surface
41 grafting technique.18−20 They have the strong capability to
42 bind water molecules, which is believed to be a key factor in
43 antifouling applications. Compared with PEG coating, PZ
44 coatings, such as poly(sulfobetaine) and poly(carboxybetaine),
45 could be better candidates for antifouling materials due to their
46 intriguing properties. The localized, opposite charge groups

47within a PZ chain could bind water molecules even stronger
48than a PEG chain molecule.21 Further, PZ coatings are
49chemically more stable than PEG coating.22 These two
50appealing properties make the PZ coatings very promising
51materials in antifouling applications. In addition to membrane
52technology application, they are now used in marine coating,
53drug delivery, and biomedical applications.21,23−28

54To improve the antifouling performance of PZ coatings and
55to design next-generation antifouling materials, a fundamental
56understanding of the structural and molecular interactions
57involved in PZ coating is essential. Metal ions such as Na+, K+,
58and Ca2+ are ubiquitous in seawater desalination and
59wastewater reclamation processes. The effect of these ions
60on the structural properties of PZ coating is a fundamental
61question that needs to be answered. Further, the grafting
62density of PZ coatings on a membrane surface will also
63influence the surface structural and morphological properties.
64Understanding different pair interactions, including zwitter-
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65 ion−zwitterion, zwitterion−ion, and zwitterion−water inter-
66 actions, is crucial to the development of antifouling materials in
67 membrane separations.
68 Experimental studies in this area have been focusing on
69 grafting PZ coatings with a few rapid and low-cost
70 methods,29−31 such as chemical vapor deposition,32 click
71 chemistry,33 and concentration-polarization-enhanced radical
72 graft polymerization method.34 Several computational molec-
73 ular simulations also revealed the hydration behaviors of
74 zwitterions and their interactions with different foulants.35−39

75 In this work, we perform molecular simulations to study two
76 types of zwitterions, sulfobetaine and carboxybetaine, and
77 investigate three fundamental aspects relevant to their
78 hydration structure and antifouling properties: (1) using
79 umbrella sampling to calculate free-energy profiles between
80 zwitterion and different metal ions in aqueous solution (which
81 are ubiquitous during seawater desalination and wastewater
82 reclamation) to characterize their fundamental molecular
83 interactions; (2) investigating the effect of grafting density
84 on the hydration structure of zwitterion brush arrays; and (3)
85 studying the ion effect on the swelling behavior, the so-called
86 anti-polyelectrolyte property of the zwitterion brush array and
87 its ion responsivity due to surface electrostatic potential
88 changes. This work sheds new light on the molecular
89 interactions between zwitterion coatings and their working
90 environment, which is crucial for designing future antifouling
91 materials.

2. MATERIALS AND METHODS
92 2.1. Molecular Models. 2.1.1. Polyzwitterion Model. Zwitterions
93 have two oppositely charged functional groups. In a sulfobetaine or
94 carboxybetaine molecule, the sulfonate group (−SO3

−) or the
95 carboxylate group (−COO−) carries a negative charge, while the
96 quaternary ammonium group (−N(CH3)3

+) in both the molecules
f1 97 carries a positive charge (Figure 1a). PZ coatings on a polyamide

98 membrane surface are modeled by the zwitterion brush arrays with
99 different grafting densities (Figure 1b).40 These sulfobetaine/
100 carboxybetaine brush models are built based on the click chemistry
101 method.33 Details of building these brush models are described in
102 Section S1, Supporting Information.
103 We consider short sulfobetaine or carboxybetaine brushes, with
104 each brush containing five zwitterion branches (Figure 1c). Two
105 saturated benzene rings are used to represent the root of the brush
106 and the polyamide membrane, as shown in Figure 1b. We use the
107 optimized potentials for liquid simulations (OPLSs) all-atom force
108 field41,42 to describe the interatomic interactions among zwitterions
109 and between zwitterion and other species in aqueous solution. OPLS
110 is well parameterized for most organic molecules and ions in aqueous
111 solutions. Atomic partial charges in zwitterions are further recalibrated
112 by quantum mechanical density functional theory calculations using
113 B3LYP/6-31G** functional and basis set and by the CHarges from
114 ELectrostatic Potentials using a Grid (CHELPG)-based method.43

115 For two or three −CH2− spacer groups between oppositely charged
116 groups in zwitterions, we find that recalibrated partial charges have
117 only slight changes compared to OPLS charges, consistent with
118 previous studies.44 These recharacterized partial charges will be used
119 in our simulations. Because of the different sizes among sulfonate
120 (−SO3

−), carboxylate (−COO−), and quaternary ammonium (−N-
121 (CH3)3

+) groups, the charge densities of these groups are about −4.5,
122 −5.3, and 3.0 e/nm3, respectively, as shown in Figure 1a.
123 2.1.2. Aqueous Solution. The flexible simple point charge (SPC)
124 water model45,46 and Ȧqvist SPC-compatible ion potential parame-
125 ters47 for the Na+, K+, and Ca2+ ions are employed in our simulations.
126 For halide Cl− anion, we use the potential parameters developed by
127 Joung et al.48

1282.2. Simulation Methods. We use the LAMMPS computational
129package49 to perform umbrella sampling and molecular dynamics
130(MD) simulations. In MD, periodic boundary conditions are applied
131in three dimensions. The particle−particle particle−mesh solver is
132used to calculate the long-range electrostatic interactions.50 The cutoff
133distance for the short-range Lennard-Jones interactions is set to 10 Å.
134The equations of motion of the particles are propagated through the
135velocity Verlet algorithm with a time step of 1 fs in a constant-NVT
136ensemble. The temperature is controlled at 300 K using the Nose−́
137Hoover thermostat.51

138The umbrella sampling method52,53 is used for free-energy
139calculations between sulfobetaine/carboxybetaine molecules and
140three different metal ions, Na+, K+, and Ca2+, which are balanced
141by Cl− anions in aqueous solution. The detailed information about
142the umbrella sampling method is given in Section S2, Supporting
143Information.
144For each sulfobetaine or carboxybetaine molecule, three
145independent MD simulation runs are performed at 300 K and 1
146atm pressure in an NPT ensemble, in which one monovalent ion Na+

147or K+ and one Cl− anion or one divalent Ca2+ ion and two Cl− anions
148are added to the simulation system. A total of 1600 water molecules
149are included in the system. In each case, a total of N = 40 succeeding

Figure 1. (a) Molecular structures of sulfobetaine (left) and
carboxybetaine (right). Colors: red, O; white, H; light blue, C; dark
blue, N; and yellow, S; charge densities of different zwitterion groups
are shown in the figure; (b) click chemistry synthesize method of
grafting sulfobetaine zwitterion onto a polyamide membrane surface.
Three hydrocarbon −CH2− groups (indicated by C1−C3) are
arranged between the sulfonate (red area) and quaternary ammonium
groups (blue area); and (c) the structures of the zwitterion brushes.
The definitions of the zwitterion brush and branch are illustrated in
this panel. The branch association between the oppositely charged
groups is shown by a red double arrow. The distance, D, shown in
blue represents the distance between the quaternary ammonium C
atoms and either sulfonate or carboxylate O atoms within the same
zwitterion branch, which is beyond 5 Å. The right panel shows a
snapshot of the carboxybetaine brush array with intermediate grafting
density in water.
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150 umbrella sampling intervals are arranged between d = 2 and 12 Å
151 distance. A harmonic spring with a spring constant of 2 kcal/(mol Å2)
152 is used in the sampling. Molecular configurations are sampled by
153 gradually changing the equilibrium distance of the spring within each
154 sampling interval of 0.25 Å. The simulation time for each interval is 2
155 ns.

3. RESULTS

156 3.1. Free Energy between Zwitterion and Different
157 Metal Ions in Water. Of the three fundamental interactions
158 of zwitterion−zwitterion, zwitterion−ion, and zwitterion−
159 water contact pairs, the second plays a major role in the
160 disruption of zwitterion association in a salt solution.54−58

161 Early studies have already investigated the zwitterion−ion
162 association in water by calculating radial distribution functions,
163 coordination numbers, and association lifetimes.38 To provide
164 a more fundamental understanding of this interaction, we use
165 the umbrella sampling technique52,53,59 to calculate free-energy
166 changes versus the distance between the zwitterion molecules
167 and different metal ions (Na+, K+, or Ca2+) in water.
168 Interactions between zwitterion quaternary ammonium groups
169 and Cl− anions are not further studied because of their
170 nonspecific binding feature.38

171 The atomic distance, d, between metal ions and S atom in
172 sulfobetaine or between metal ions and carboxylate C atom in
173 carboxybetaine is used as a single collective variable for

f2 174 umbrella sampling (Figures 2a and S1c, the green dashed
175 lines). Figure 2a−c shows free-energy variations versus the
176 atomic distance d between sulfobetaine/carboxybetaine
177 zwitterions and three different metal ions. To make a
178 connection with previous simulation studies,38 two −CH2−
179 spacer groups are considered between the oppositely charged
180 groups in a zwitterion. The free-energy value at larger distance
181 d = 6.5 Å is used as the reference point. For zwitterion−Na+
182 interaction (Figure 2a), the sulfobetaine profile exhibits a local
183 minimum at about 3.9 Å, followed by a deeper and broader
184 energy valley at 5.0−6.0 Å distance. The energy barrier
185 between these two minima is around 1.33 kcal/mol,
186 corresponding to the transition from the so-called contact
187 ionic pair (CIP) to the solvent-shared ionic pair (SSIP)
188 between the sulfonate and Na+ ion (see the inset molecular
189 configurations in Figure 2a, also see Figure S1a,b in the
190 Supporting Information). The CIP configuration shows that
191 one oxygen atom in the sulfonate group and five water
192 molecules in the first hydration shell coordinate Na+ ion to
193 form a monodentate configuration. In the SSIP configuration,
194 Na+ ion has six water molecules in the first hydration shell, in
195 which two of them also have an association with the sulfonate
196 group. The SSIP configuration is energetically more favorable
197 than the CIP configuration, with a further free energy decrease
198 by about 0.95 kcal/mol. Dissociation of this SSIP requires
199 overcoming a second energy barrier of 1.41 kcal/mol at 5.9−
200 6.5 Å distance, as shown in Figure 2a.
201 Compared with sulfobetaine−Na+ association, Figure 2a
202 shows that the carboxybetaine−Na+ association has a much
203 lower free energy at CIP configuration than at SSIP
204 configuration. These two configurations are shown in Figure
205 S1c,d, suggesting that CIP is more energetically favorable than
206 SSIP by 0.49 kcal/mol. The energy barrier for SSIP
207 dissociation is about 1.60 kcal/mol, slightly higher than that
208 of sulfobetaine−Na+ dissociation.
209 In Figure 2b, the sulfobetaine−K+ interaction has similar
210 free energies at CIP and SSIP configurations and the energy

211barrier between them is only about 0.59 kcal/mol. This energy
212barrier is comparable to the ambient thermal energy kBT (∼0.6
213kcal/mol), indicating that the transition between CIP and SSIP
214could be easily proceeded at room temperature. For the
215carboxybetaine−K+ interaction, the free energy of SSIP is
216further lower than that of its CIP configuration, indicating that
217SSIP is more energetically favorable. The overall less barriers
218for the CIP → SSIP transition and the SSIP dissociation of
219zwitterion−K+ interaction, compared to zwitterion−Na+

220interaction, are attributed to the relatively lower hydration
221energy of K+ (−64.5 kcal/mol) than that of Na+ (−94.8 kcal/
222mol).60 The CIP and SSIP configurations of zwitterion−K+ ion
223are shown in Figure S1e−h. Interestingly, in the CIP
224configurations, both sulfonate and carboxylate groups largely
225adopt the so-called bidentate configuration with K+ ion (Figure
226S1e,g), in which two oxygen atoms from the sulfonate or
227carboxylate group equally coordinate K+ ion in its first

Figure 2. Variations of the free energy versus the atomic distance, d,
between zwitterions (sulfobetaine or carboxybetaine) and (a) Na+;
(b) K+; and (c) Ca2+ ions in a salt solution. The atomic distance, d, is
defined as the distance between the metal ion and the S atom in the
sulfobetaine or the C atom in the carboxybetaine zwitterion. The
insets show typical binding structures between sulfobetaine and metal
ions. Point a−l correspond to the CIP or SSIP configurations, as
shown in Figure S1a−l, respectively.
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228 hydration shell. These two oxygen atoms, together with other
229 five water molecules, form the first hydration shell of K+ ion in
230 aqueous solution, consistent with other studies.61−63

231 In Figure 2c, both sulfobetaine and carboxybetaine show a
232 very strong CIP binding than their SSIP binding with Ca2+

233 divalent ion. The CIP → SSIP transition barriers are also
234 higher than other cases of monovalent ion binding. These
235 energy barriers are 1.97 and 4.66 kcal/mol for sulfobetaine−
236 and carboxybetaine−Ca2+ interactions, respectively. Molecular
237 configurations of CIP and SSIP configurations are shown in
238 Figure S1i−l. Similar to the interactions with Na+ ion,
239 monodentate configuration is dominant in CIP configuration,
240 in which one oxygen atom from the sulfonate or carboxylate
241 group replaces one of the eight hydration water molecules in
242 the first hydration shell of Ca2+. Dissociation barriers of SSIPs
243 for the sulfonate− and carboxylate−Ca2+ interactions are 1.54
244 and 2.36 kcal/mol, respectively. These very high energy
245 barriers, as expected, are due to the much higher hydration
246 energy of Ca2+ ion (−311 kcal/mol) than those of monovalent
247 ions (Na+ and K+).60

248 Our free-energy simulation results discussed above could
249 reveal the mechanism of previous studies, which showed that
250 the association lifetime for the carboxybetaine−Na+ pair is
251 longer than the sulfobetaine−Na+ pair, while the association
252 lifetime of carboxybetaine−K+ is slightly shorter than the
253 sulfobetaine−K+ pair.38 Moreover, it is shown that even for the
254 same functional group but in different material environments,
255 the binding with the same metal ions exhibits different
256 behaviors in aqueous solution. For example, in our previous
257 studies, we reported that the carboxylate group in polyamide
258 prefers to form a bidentate CIP configuration with Ca2+ ions in
259 aqueous solution.64,65 Here, the carboxylate group in
260 carboxybetaine tends to form only monodentate configuration
261 with Ca2+ ions.
262 3.2. Polyzwitterion Association in Water and in CaCl2
263 Salt Solution. Three grafting densities of the zwitterion brush
264 (Figure 1b) are considered to investigate zwitterion branch
265 associations. The relevant low-, intermediate-, and high-density
266 definitions of the grafting of PZ coatings on a polyamide

t1 267 membrane surface simulation systems are given in Table 1.

268 These grafting density numbers correspond to the material
269 volume density estimates based on Fourier transform infrared
270 (FTIR) spectra measurements (∼1 g/cm3), assuming that the
271 coating thickness is around a few micrometers in the
272 experiment.33 As will be seen later in Figure S3, the
273 intermediate- and high-grafting densities in our simulations
274 correspond to 0.74 and 1.6 g/cm3.
275 The procedure of building the zwitterion brush array is
276 described in Section S1, Supporting Information. When
277 studying the branch association in NaCl/KCl/CaCl2 solution,
278 45 Na+/K+/Ca2+ ions and balanced Cl− ions are added to the
279 system, resulting in a 0.3 M salt solution. A total of 2 ns

280equilibrium run is performed for each system, followed by data
281collection and configuration analysis.
282Figure S2 shows typical molecular configurations of the
283hydrated carboxybetaine brush arrays in water at three grafting
284densities (for the intermediate grafting density, see also Figure
2851c). In general, both sulfobetaine and carboxybetaine brush
286arrays exhibit vertically aligned self-assembled structures at a
287high grafting density, while at intermediate and low grafting
288densities, they tend to be more randomly oriented. To quantify
289the degree of association among zwitterion branches, we
290calculate the coordination number of each O atom in either
291sulfonate or carboxylate groups surrounded by C atoms in the
292quaternary ammonium groups, within a distance of 3.5 Å. This
293is because upon a zwitterion association, the distance between
294the quaternary ammonium C and the sulfonate/carboxylate O
295atoms between two different zwitterions is well within the
296range of 3−3.5 Å (see the red arrow in Figure 1c), much
297smaller than the corresponding distance between the relevant
298atoms in the same zwitterion branch, which is larger than 5 Å
299(see the blue arrow in Figure 1c).
300As we find that the divalent Ca2+ ion in CaCl2 solution has a
301significant effect on zwitterion association compared to Na+

302and K+ ions in NaCl and KCl solutions, in the following
303discussion we focus on a comparative study on the zwitterion
304 f3association in water and in CaCl2 solutions. Figure 3 shows

305variations of the C coordination number around each O atom
306in sulfobetaine/carboxybetaine in both water and CaCl2
307solutions. In Figure 3a, the degree of sulfobetaine branch
308association is seen to increase with the grafting density. For
309instance, at 3.5 Å distance in water, only 0.50 quaternary
310ammonium C atom is associated with a sulfonate O atom in
311the low-grafting-density array, while in the high-grafting-

Table 1. Three Grafting Densities of the Zwitterion Brush
Arrays Used in Simulations

number of
zwitterion brushes

area per brush
(nm2)

distance between
brushes (nm)

low density 9 3.24 1.8
intermediate
density

9 1.44 1.2

high density 16 0.64 0.8

Figure 3. Coordination numbers between (a) oxygen atoms in
sulfonate and carbon atoms in quaternary ammonium and (b) oxygen
atoms in carboxylate and carbon atoms in quaternary ammonium, in
water and CaCl2 solution at different grafting densities.
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312 density array, this coordination number is increased to 1.42.
313 Figure 3b shows that the carboxybetaine association in water is
314 also higher in the high-grafting-density array than in the low-
315 grafting-density array. This dependence of zwitterion associa-
316 tion on the grafting density is attributed to the hydration state,
317 as discussed in our previous studies.40 We find that both
318 sulfonate and carboxylate groups in a high-grafting-density
319 state are less hydrated than in a low-grafting-density state. In
320 such a scenario, the dissociation energy between two
321 zwitterion branches is much higher than that in a fully
322 hydrated state,40 resulting in a strong branch association.
323 Figure 3b shows that in the low-grafting-density state, the
324 zwitterion association of carboxybetaine is even weaker, as the
325 relevant C coordination number around each O atom of the
326 carboxylate group in water is only about 0.05 at the 3.5 Å
327 distance, much smaller than that of sulfobetaine due to the
328 larger hydration energy of the carboxylate group.38

329 In CaCl2 solution, Figure 3a,b shows that in the high-
330 grafting-density state, the ion effect of Ca2+ on the zwitterion
331 association is almost negligible. In the intermediate-grafting-
332 density state, sulfobetaine has a mild decrease of branch
333 association compared with in pure water, while carboxybetaine
334 exhibits a dramatic decline in branch association. In the low-
335 grafting-density state, sulfobetaine still has a moderate decline
336 in branch association, while carboxybetaine has almost no
337 change.
338 To visualize and understand the particular zwitterion
339 dissociation in water and in CaCl2 solution in the

f4 340 intermediate-grafting-density state, in Figure 4, we show

341molecular conformation changes of the sulfobetaine and
342carboxybetaine brush arrays in water and in CaCl2 solution.
343Figure 4a,b shows the top views of the zwitterion brush arrays
344in water with a moderate association. Representative local
345aggregations of branches are highlighted with purple circles.
346The degree of association can be quantified by the surface
347coverage of zwitterions. A higher degree of branch association
348corresponds to a lower surface coverage, defined as the ratio of
349the projection of the van der Waals branch surface to the area
350of horizontal plane of the simulation box. In pure water, we
351find that the surface coverages of the two types of zwitterion
352branches are all around 70%. Figure 4c shows the equilibrium
353conformation of sulfobetaine branches in CaCl2 solution. Ca

2+

354ions (yellow balls in the figure) form either CIP or SSIP with
355the sulfonate groups, resulting in some dissociation of
356sulfobetaine aggregations, as evidenced by the increased
357surface coverage from 70 to about 81%. For carboxybetaine,
358Figure 4d shows more significant branch dissociation in CaCl2
359solution, corresponding to a more randomly oriented and
360dispersed phase. The surface coverage of carboxybetaine is
361increased from 70% in water to 90% in CaCl2 solution. This is
362consistent with the larger decline in the O−C coordination
363number in carboxybetaine than in sulfobetaine in CaCl2
364solution (Figure 3). According to our calculations, 24 ± 5
365out of a total of 45 Ca2+ ions are associated with the sulfonate
366groups through either CIP or SSIP configurations. This
367associated ion number is increased to 35 ± 6 Ca2+ ions for
368the carboxylate groups, indicating that Ca2+ ion has a much
369stronger interaction with carboxybetaine than with sulfobe-
370taine, consistent with previous free-energy calculations (Figure
3712c).
372It is worth noting that the probability of Ca2+ cations
373simultaneously associating with multiple zwitterion branches
374gradually increases from low to high grafting density, giving 8,
37510, and 12%, respectively. These numbers are higher than
376those of monovalent ions (Na+ or K+) that can simultaneously
377associate with multiple zwitterion branches, which vary from 3
378to 5% at low to high grafting densities. To summarize, at
379intermediate grafting density, strong zwitterion−ion interac-
380tions disrupt the zwitterion association, resulting in a more
381dispersed phase in salt solutions.
382It is somewhat surprising that for carboxybetaine with a low
383grafting density, adding ions has almost no effect on zwitterion
384association (Figure 3b). This is because carboxybetaine
385branches are already fully hydrated and there is almost no
386branch association in water. When Ca2+ ions are present, the
387formation of CIP or SSIP with the carboxylate groups in the
388salt solution has almost no effect on the further zwitterion
389dissociation. In contrast, sulfobetaine tends to keep branch
390association even at a low grafting density (Figure 3a), and Ca2+

391ions certainly play a role in further dissociating the zwitterion
392brushes.
393Our simulation results could explain a recent experimental
394finding that sulfobetaine hydrogels have a much smaller
395equilibrium water content than that of carboxybetaine in the
396fully swollen state.66

3973.3. Anti-polyelectrolyte Behavior and Surface Elec-
398trostatic Potentials of Polyzwitterion Arrays. The ion-
399induced zwitterion dissociation increases the thickness of the
400PZ brush arrays. This polymer swelling phenomenon, the so-
401called “anti-polyelectrolyte” behavior, has been reported by
402several researchers.67−70 In pure water, the PZ brushes are
403usually in a relatively collapsed state due to zwitterion

Figure 4. Top-view snapshots at the intermediate grafting density of
(a) sulfobetaine branches in water; (b) carboxybetaine branches in
water; (c) sulfobetaine branches in CaCl2 solution; and (d)
carboxybetaine branches in CaCl2 solution. The blue and white
surfaces represent van der Waals contours of sulfobetaine and
carboxybetaine branches, respectively, which are used to estimate the
surface coverages. The typical branch association is marked by the
purple circles in Panels (a) and (b). Colors: red, O; white, H; light
blue, C; dark blue, N; and yellow, S. Ca2+ ions are represented by the
yellow balls.
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404 association. However, upon increasing the ionic strength of the
405 solution, the PZ brushes adopt a more expanded conformation
406 due to the screening effect of the electrostatic interactions
407 among them. This anti-polyelectrolyte behavior is seen to be
408 the most pronounced for the intermediate-grafting-density
409 brush arrays, as discussed previously.
410 In Figure S3a,b, we show the density distributions of the
411 sulfobetaine and carboxybetaine brush arrays at intermediate
412 grafting density in water and in CaCl2 solution. If we define the
413 water−PZ boundary as the distance at which the density of
414 water molecules is about 80% of its bulk value (1 g/cm3), then
415 we find that the thicknesses of the sulfobetaine arrays in water
416 and in CaCl2 solution are 2.27 and 2.50 nm, respectively
417 (marked by the red and black horizontal arrows in Figure S3a),
418 yielding material densities of 0.738 and 0.673 g/cm3, in the
419 two different solutions for this PZ coating. The carboxybetaine
420 brush arrays in water and in CaCl2 solution share very similar
421 values (Figure S3b). In Figure S3a,b, we also show the density
422 distributions of Ca2+ and Cl− ions within the PZ coating and in
423 CaCl2 solution. These density distributions exhibit no
424 significant difference in different regions.
425 For comparison, in Figure S3c,d, we plot the same material
426 density distributions at the high grafting density of the PZ
427 arrays. It is seen that zwitterion densities in water and in CaCl2
428 solution are almost indistinguishable, while those of Ca2+ and
429 Cl− are mainly located outside the PZ coating. This is because
430 at high grafting density of the zwitterion brush array, it is rather
431 difficult for both water molecules and different ions to
432 penetrate into the dense PZ coating due to geometric
433 constraints and strong zwitterion association. This phenom-
434 enon also explains why Ca2+ ions have almost no effect on O−
435 C coordination numbers shown in Figure 3a,b (red lines) at
436 this high grafting density.
437 The material density distributions shown in Figure S3 can
438 explain some ion effects on the swelling of zwitterion coatings
439 observed in experiments. In general, the density of a zwitterion
440 coating on a substrate is inhomogeneous in the vertical
441 thickness direction due to the following two reasons, as

f5 442 illustrated in Figure 5a,b: (1) the lengths of the zwitterion
443 brushes are different as the molecular weight of each brush is
444 difficult to be precisely controlled in experiments and (2) some
445 brushes have more twisted conformations than others. Thus,
446 the whole region of a PZ coating could be broadly divided into
447 two subregions: the dense confined layer near the substrate
448 and the relatively loose diffuse layer far from the substrate. As
449 the ion effect on swelling behavior depends on the polymer
450 density (Figures 3 and S3), different regions will have different
451 hydration behaviors. The schematics of the ion effect on the
452 conformation of a PZ coating in an electrolyte solution is
453 illustrated in Figure 5c,d. In the dense layer, the internal
454 branch association is dominant, preventing the hydrated salt
455 ions from permeation into the dense layer. In contrast, the ions
456 can easily access the loose diffuse layer far from the substrate,
457 resulting in significant polymer swelling due to ion-induced
458 branch dissociation. The implication of our simulation is that
459 these results can explain the multiple-region structure of
460 zwitterion coating and different hydration behaviors in
461 different regions in salt solution, which are observed in recent
462 neutron reflectivity69 and spectroscopic ellipsometry experi-
463 ments.70

f6 464 Figure 6 shows the effect of electrolyte solution on the
465 swelling degree of the zwitterion brush arrays, defined as the
466 percent increase of PZ thickness relative to the one in pure

467water. As shown in the figure, the swelling degree of the
468zwitterion brush arrays at intermediate and low grafting
469densities depends on the type of ions present in aqueous
470solutions, as observed in previous experimental studies.68,71

471The swelling degree varies from 5 to 10.5% for both
472sulfobetaine and carboxybetaine at the two grafting densities.
473As expected, the carboxybetaine brush array has the highest
474swelling degree in CaCl2 solution. These results, however, are
475somewhat less than the experimental results from spectro-
476scopic ellipsometry measurements,68 which is typically about
477several tens percent. The reason is that we only consider the
478ion-induced dissociation between different brushes (the green
479arrow shown in Figure 5c) due to the short brush models used
480in our simulations. In fact, ion-induced dissociation could also
481happen within the same brush if it is long enough and heavily
482twisted (the purple arrow shown in Figure 5c). The latter may
483lead to more significant swelling. In 0.3 M electrolyte solutions,
484the order of swelling degree for the sulfobetaine brushes is Na+

485< K+ < Ca2+, which follows the Hofmeister series68,72 and is in
486good agreement with the spectroscopic ellipsometry measure-

Figure 5. Schematics of the origin of the inhomogeneous density
distribution of PZ coatings in the vertical thickness direction due to
(a) different brush lengths and (b) some brushes having more twisted
conformations than others. Panels (c) and (d) illustrate different
coating conformations in water and in salt solution, respectively. The
yellow and blue balls in (d) represent ions and anions in aqueous
solution. The green arrow in (c) indicates the association between
different brushes, and the purple arrow shows the self-association
within the same brush. For clarity, the detailed conformation of
branches in each brush is not shown in the panels.

Figure 6. Swelling degrees of sulfobetaine and carboxybetaine brush
arrays in water (defined as zero) and in different electrolyte solutions
at intermediate and low grafting densities.
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487 ments.68 For the carboxybetaine brushes, however, the order of
488 swelling degree is K+ < Na+ < Ca2+, which does not comply
489 with the Hofmeister series but is consistent with the free-
490 energy profiles shown in Figure 2. This figure suggests that the
491 CIP configuration is more favorable for carboxybetaine−Na+
492 and carboxybetaine−Ca2+ binding than carboxybetaine−K+

493 binding. Therefore, the free energy of zwitterion−ion
494 interaction could be another indicator to characterize the
495 ion-induced brush dissociation and the swelling of PZ coatings.
496 The ion effect on the swelling of PZ coating also changes the
497 surface electrostatic potential, a character of its membrane ion
498 responsivity.73 This phenomenon is particularly significant for

f7 499 the carboxybetaine brush array in CaCl2 solution. Figure 7

500 shows the surface electrostatic potential distributions of the
501 carboxybetaine brush array (represented by the van der Waals
502 surface) in pure water and in 0.3 M CaCl2 solution at an
503 intermediate grafting density. These potentials are calculated
504 by averaging over 2 ns MD equilibrium runs. The blue region
505 shows the positive surface potential and the red region shows
506 the negative surface potential distributions. In water, the area
507 of the positive potential region is roughly equal to that of the
508 negative potential region. The total average of the surface
509 potential of the whole area is 0 ± 3 mV, signifying a neutral
510 surface. In CaCl2 solution, however, the positive potential
511 region is increased significantly, accompanied by the reduction
512 of the negative region. The total average of the surface
513 potential is increased to 16 ± 5 mV. Although the change of
514 the PZ surface electrostatic potential in electrolyte aqueous
515 solutions was reported in experiments,73 there is no consensus
516 of the underline mechanisms due to the complex electrostatic
517 interactions among electrolytes, water, and different charge

518groups in the zwitterion brushes. Our simulation results
519suggest that the strong carboxylate−Ca2+ binding and the
520nonspecific quaternary ammonium−Cl− binding due to the
521large size and thus low charge density of the quaternary
522ammonium group (Figure 1a) could explain the increased
523surface electrostatic potential of the carboxybetaine brush array
524in CaCl2 solution. More specifically, the dominant binding
525configurations of carboxylate−Ca2+ CIPs and much dispersed
526Cl− anions in PZ coating result in more Ca2+ ions present in
527the zwitterion brush array, compared to less Cl− anions
528existing in the same region, which makes the PZ coating
529positively charged on its surface. According to our calculations,
530we find that on average, there are about 93% of all Ca2+ ions
531located in the PZ array, whereas about 89% of all Cl− anions
532present in the same brush array. Consequently, such a PZ
533coating should be considered as a responsive layer, for which
534the surface morphology, hydration behavior, and surface
535electrostatic potential could be controlled by the ions in
536electrolyte solutions.

4. CONCLUSIONS

537The present study provides a further molecular understanding
538of the hydration behavior of zwitterion coatings on membrane
539surfaces. Polyzwitterions are promising antifouling materials in
540reverse osmosis and nanofiltration membrane technology for
541water treatment. However, the detailed molecular structure
542properties of zwitterion coatings and their interaction with
543different species in the aqueous environment have not yet been
544fully understood. We investigate through umbrella sampling
545and MD simulations the interactions between sulfobetaine/
546carboxybetaine zwitterions and three different metal ions (Na+,
547K+, and Ca2+), as well as the ion effect on the overall hydration
548structure of different PZ coatings at different grafting densities.
549The simulation results show that carboxybetaine is more
550energetically favorable to form the CIP configuration with Na+

551and Ca2+ and the SSIP configuration with K+, whereas
552sulfobetaine is more favorable to form the SSIP configuration
553with Na+ and the CIP configuration with Ca2+. More
554specifically, at the intermediate grafting density, Ca2+ ions in
555a CaCl2 solution can further break down zwitterion branch
556associations, resulting in the swelling of PZ polymer coatings.
557The swelling degree can reach as high as 10.5% for both
558sulfobetaine and carboxybetaine brush arrays. Additionally, ion
559effect also changes the surface electrostatic potential of PZ
560coatings, from almost neutral in water to a positive surface
561potential in CaCl2 electrolyte solution.
562The present work provides valuable information on the
563interactions involving zwitterion coatings in relevant environ-
564mental and industry implementations, benefiting the molecular
565design of antifouling materials. For instance, when designing a
566zwitterion coating, one should prevent zwitterion materials
567from grafting into membrane pore surfaces, as the swelling of
568the zwitterion material in the moderate ionic strength solutions
569will induce a significant flux decline of the membrane.74

570Moreover, pretreatment of feed solutions containing high
571concentrations of divalent metal ions is important before
572applying PZ coatings. This is because these divalent ions will
573change the surface electrostatic potential of PZ coatings,
574leading to the deterioration of their antifouling performance
575against negatively charged foulants,75 such as alginate and
576humic acid molecules.

Figure 7. Surface electrostatic potential distributions of the
carboxybetaine brush array (represented by a van der Waals surface)
at intermediate grafting density in (a) water and (b) 0.3 M CaCl2
solution.
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