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[bookmark: _GoBack]Abstract: Zwitterionic materials have attracted increasing attentions in the underwater super-oleophobic applications for its strong hydration via electrostatic interactions. Herein, molecular dynamics simulations were used to investigate the hydration and underwater oleophobicity of sulfobetaine-terminated self-assembled monolayers (SB-SAMs) with different carbon spacer lengths (CSL) between oppositely charged groups of SB molecules. Simulation results show that the hydration of SB-SAMs is positively dependent on CSL; the underwater oleophobicity is strengthened and then weakened with the increase of CSL, reaching optimal performance when CSL = 3; Adhesion force of oil droplet on SB-SAMs is inversely correlated with their contact angles, reaching the minimum value when CSL = 3. Moreover, the addition of NaCl can weaken the self-association of SB molecules resulted from interactions between cationic and anionic groups, which promotes hydration and enhances underwater oleophobicity of SB-SAMs. These results will benefit for the design of novel zwitterion-based materials for anti-fouling and oil-water separation applications.
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1.	INTRODUCTION
[bookmark: OLE_LINK25][bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK32]Zwitterionic material is a kind of materials with both positively and negatively charged groups in one single molecule, and has the characteristics of high dipole moment and high charge density.1  It is found that zwitterionic materials show highly fouling resistance due to its strong hydration capability via electrostatic interactions.2-4 They have been widely used in anticoagulant,5 drug delivery systems,6 antifogging,7 antifouling,8 fuel cells,9 oil-water separation10 and underwater self-cleaning11 etc.
[bookmark: OLE_LINK22][bookmark: OLE_LINK33][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Sulfobetaine (SB) is one of the commonly used zwitterionic materials.12 A typical SB molecule is composed of a quaternary amine group and a sulfonate group (a pair of separated positively-charged and negatively-charged groups). In recent years, SB-based materials have been increasingly applied in the underwater super-oleophobicity because of their strong hydration ability.13-16 Liu et al.17 showed that pSBMA (poly-(sulfobetaine methacrylate))-grafted glass fiber have excellent super-hydrophilic and underwater super-oleophobicity without extra roughness modification on the substrate, the underwater oil contact angle (OCA)  of such surface can reach 162~169º. It is surprising that SB-based materials exhibited excellent underwater super-oleophobic property and ultralow underwater oil-adhesion force, even under the condition of aqueous solutions with high salinity18 or wide range of pH11. Zhu et al.19 designed a new type of poly-(vinylidene fluoride) (PVDF) microfiltration membrane modified with zwitterionic nanohydrogels (ZNG). They found that ZNG-g-PVDF membrane was stable in a wide pH range and tolerant enough to highly-salty solution, the underwater OCA of ZNG-g-PVDF membrane maintained around 160º.
[bookmark: OLE_LINK3]Although the synthesis and application of SB-based materials in the field of underwater oleophobicity have been reported by experiments, the theoretical study on the underwater oleophobicity of SB-based materials is scarce. Therefore, it is meaningful to understand the structure-property relationship of SB-based materials from the microscopic viewpoint. Previous studies indicated that the carbon spacer length of zwitterionic molecules had effects on their inter/intramolecular interactions, which could promote or inhibit the hydration of charged groups.20-22 Wang et al.23 investigated the anion specificity of poly-(sulfobetaine methacrylamide) (PSBMAm) brushes with different CSLs. Results showed that protein adsorption on the PSBMAm brush can be modulated by anion identity and CSL via the adjustment of inter/intrachain association, and the PSBMAm-3 (CSL = 3) brush has the highest ability to resist the bovine serum albumin (BSA) adsorption among the polyzwitterionic brushes with different CSLs. Xiao et al.24 found a similar result that poly(3-(dimethyl(4-vinylbenzyl)ammonio)propanesulfonate) (polyDVBAPS, CSL = 3) brush showed a smaller contact angle (CA) of water ( ~ 20º ) than those of poly((dimethyl(4-vinylbenzyl)-ammonio)methanesulfonate) (polyDVBAMS, CSL = 1) and poly(3-(dimethyl(4-vinylbenzyl)ammonio)butanesulfonate) (polyDVBABS, CSL = 4) brushes, with CA of ~ 45º and ~ 22º, respectively. Moreover, Shao and Jiang22 adopted molecular dynamics (MD) simulations and quantum chemical calculations to investigate the effect of CSL (CSL = 0, 1, 2, 3 and 4) on the molecular properties of zwitterionic carboxybetaine molecules. Simulation results indicated that the hydration of the carboxylic group of carboxybetaine molecule strengthened with the increase of CSL and reached a steady state when CSL ≥ 3.
[bookmark: OLE_LINK23][bookmark: OLE_LINK27][bookmark: OLE_LINK5][bookmark: OLE_LINK4]From previous studies, it is clear that the CSL of zwitterionic molecule has a significant effect on their hydration and antifouling properties. Nevertheless, the effect of CSL on the underwater oleophobic property of zwitterionic molecule is not fully understood yet. In this work, we employ MD simulations to systematically investigate the effect of CSL (CSL = 1, 2, 3, 4, 5 and 6) between quaternary amine group and sulfonate group on underwater oleophobicity of six different SBMA-terminated self-assembled monolayers (SB-SAMs). We compare the similarity and difference between these six SB-SAMs in terms of hydration, oil wetting and adhesion, as well as the effect of ionic strength on their underwater oleophobicity. A more comprehensive understanding of the molecular structure-underwater oleophobicity relationship of zwitterionic materials will benefit for the design of new-generation anti-fouling, oil-water separation and underwater self-cleaning products.

2. MODEL AND SIMULATION METHOD
2.1. Force Field Parameters
[bookmark: OLE_LINK30]In this work, water molecules were represented by the all-atom optimized TIP4P potential model.25 OPLS-AA (all-atom optimized potential for liquid simulations) force field26 was used to describe the interactions for 1, 2-dichloroethane (DCE), SB-SAMs and ions. On the basis of the same force field and water model, Nagy and Takacs-Novak studied the formation and partitioning of organic ion-pairs in octanol/water and dichloromethane/water systems by both theoretical and experimental methods.27 Shao et al.28 investigated the different hydration of carboxybetaine and sulfobetaine by MD simulations with OPLS-AA force field. The partial charges of SB molecules with different CSLs were calculated with DFT-B3LYP/6-31G** and CHELP with Gaussian 0929. The electrostatic potential surfaces (EPS) of six SB molecules were listed in Figure 1. It can be found that the EPS color of charged groups of SB molecules becomes darker with the growth of CSL, due to the decreased interplay between charged groups. When CSL ≥ 3, the color depths of EPS of SB3C ~ SB6C are similar, indicating that the effect of CSL on the interplay between charged groups is not as obvious as those of SB molecules with shorter CSL. The result is consistent with the previous work about the EPS of carboxybetaine molecules with different CSLs.22 
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Figure 1. EPS of SB molecules with different CSLs. (a) SB1C, (b) SB2C, (c) SB3C, (d) SB4C, (e) SB5C and (f) SB6C. 
2.2. Model Building
SB-SAMs surfaces. In this work, SB-SAMs consist of thiol linear monomers with different CSLs (HS(CH2)12N+(CH3)2(CH2)nSO3-, n = 1, 2, 3, 4, 5 and 6). SBMA monomers were grafted on the Au (111) surface with the (×) R19° lattice structure with the grafting density about 0.504 nm2/molecule.30,31 The SB-SAMs surface has a dimension of 13.2 nm × 3.8 nm in the xy-plane. Au substrate and sulfur atoms were fixed during simulations.
Underwater Oil Wetting on SB-SAMs. In our previous works,32-34 a cylindrically-shaped oil nanodroplet35 was built to study the wetting behaviors of underwater oil droplet on different SAMs, including nonionic, ionic and mixed-charged SAMs. Here, we continue using this model to simulate the underwater oleophobicity of six SB-SAMs. In the simulation systems, DCE was selected as the oil droplet model because of its wide application in the experimental studies of underwater oleophobicity of materials.36,37 On the other hand, DCE has a small molecular volume to avoid large simulation system. The initial radius of DCE nanodroplet is 3.5 nm and it is composed of 1223 molecules. It was placed in the center of the xy-plane of the simulation box and 0.4 nm above the SB-SAMs. The box size is 13.2 nm × 3.8 nm × 13.2 nm. Water molecules were filled into the simulation box and water molecules within 0.28 nm of the DCE or SAMs were removed.
2.3. Simulation Details
All MD simulations were performed with the GROMACS 4.5.4 package38 in a canonical ensemble (NVT). The simulation temperature was kept constant at 300 K by employing the Nosé−Hoover thermostat39 with a time constant of 0.5 ps. During simulations, all bonds were constrained with the LINCS algorithm.40 Long-range electrostatic interactions were calculated by using the particle mesh Ewald (PME) method41 in 3dc geometry42. The scaling factor for 3dc-PME in the z direction was 3. The short-range van der Waals interactions were calculated with a cutoff distance of 1.2 nm. 
Firstly, the energy minimization of each system was performed by steepest descent method. Then, NVT pre-equilibration with 500 ps was carried out for each system with a time step of 2.0 fs. Finally, each system was carried out for MD simulations with a time step of 2.0 fs. The MD simulation time was 50 ns for all systems. For the salt solution system, there were 313 Na+ and 313 Cl-, which corresponds to the of 1.0 M NaCl solution. Finally, referring to the work of Liao et al.34, each equilibrated system experienced a steered molecular dynamics (SMD) simulation43 of 1.5 ns. We employed the most common mode, constant velocity pulling,44 which consisted of a reference group and a pull group. The reference group was set as the bottom gold surface while the pull group was the DCE droplet; the pulling force was applied between mass centres of Au (111) surface and DCE droplet. A suitable spring constant of kz = 900 kJ·mol-1·nm-2 was applied under the pulling velocity of 0.009 nm·ps-1, following the setting of Liao et al.34 and Li et al.45. Visual Molecular Dynamics (VMD) graphics software46 was used as a pre- and post-processor for molecular model development and visualization.

3. RESULTS AND DISCUSSION
[bookmark: OLE_LINK16]3.1. Comparison of hydration strength of SB-SAMs with different CSLs
[bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK10]The CSL between positively and negatively groups of zwitterions not only changes its dipole moment and hydration free energy, but also relates to the intermolecular self-association.20,24,47 Both of them affect the formation of the hydration layer on the head group of zwitterions, which in turn causes the difference in underwater oleophobicity. Basically, hydration is recognized to be critically important to assess the underwater oleophobicity of SB-SAMs. In this section, the radial distribution functions (RDFs), coordination number (N) and residence time (τ) of water molecules around SB-SAMs are analyzed to evaluate their hydration change with different CSLs. To study the distribution of water molecules around the charged groups of SB-SAMs, the RDFs of the oxygen atoms of water molecules and charged groups of the SB-SAMs with different CSLs were investigated and shown in Figure 2. A peak in an RDF profile indicates the existence of a coordination shell; the first peak valley defines the geometric radius of the coordination shell. 
	[bookmark: OLE_LINK21][image: ]


Figure 2. RDFs for water molecules OW around different charged groups of the SB molecules with different CSLs, (a) O of the sulfonate groups (O–OW) and (b) C linked to the nitrogen atom of the SB molecules (C-OW). The inset diagrams represent the structures of sulfonate group and quaternary amine group of SB molecule. Colors: red, O; white, H; gray, C; blue, N; yellow, S.
As shown in Figure 2, the CSL has a significant effect on the RDFs of O-OW and C-OW. In Figure 2a, all O-OW RDFs have obvious peaks around 0.28 nm, indicating the existence of a water coordination shell around the sulfonate groups of the SB molecules. Furthermore, the peak heights grow with the increase of CSL, because the interplay between positively and negatively charged group declines as CSL lengthens and electrostatic interactions between charged groups and water molecules enhance.22 It is worth noting that the peak heights for SB4C-SAMs, SB5C-SAMs and SB6C-SAMs are almost the same around 0.28 nm. This observation indicates that the hydration of sulfonate groups is stronger when CSL is longer, but the variation trend will be slight when CLS ≥ 4. Figure 2b shows the RDFs between the carbon atoms linked to the nitrogen atom of the SB molecules and the oxygen atoms of water molecules, we can observe a first peak of C-OW RDFs around 0.4 nm. A similar phenomenon can be found here, the height of first peak raises with the elongation of CSL. These results show that the longer CSL can strengthen the hydration of charged groups of SB molecules. Due to the interfacial systems, there is no or few water molecules in the SAM side, so all RDFs converge around 0.5.
According to the RDFs of SB-SAMs with different CSLs, we calculated the coordination numbers (N) of water molecules in the first coordination shell of the negatively and positively charged groups of SB-SAMs. They are shown in Table 1. We can find that coordination numbers of the negatively charged groups increase from 3.24 to 6.35 as CSL grows from 1 to 6. The result is consistent with the RDF results in Figure 2a. The similar trend can also be found that coordination numbers of negatively charged groups increase from 12.69 to 17.55 with the growth of CSL. But when CLS ≥ 4, the growth trend of coordination numbers of both positively and negatively charged groups will be flattened. Moreover, we find that the coordination numbers of water molecules in the first coordination shell of the positively charged groups are larger than those of the negatively charged groups. This is in agreement with the results by Shao et al.28, they found that water molecules in the coordination shells of trimethyl ammonium and carboxylic groups have significantly different structures and dynamics.
Table 1. Coordination numbers of water molecules in the first coordination shell and ions around the positively charged groups, residence time τ of water molecules within the first 0.4 nm around SB-SAMs
	System
	Coordination numbers
	Residence time τ/ps

	
	Pure water
	1.0 M NaCl solution
	

	
	sulfonate
	quaternary amine
	Na+
	Cl-
	pure water
	1.0 M NaCl solution

	SB1C-SAM
	3.24
	12.69
	0.14
	0.348
	23.72
	42.18

	SB2C-SAM
	4.36
	14.21
	0.26
	0.644
	24.73
	44.79

	SB3C-SAM
	5.48
	15.56
	0.68
	1.43
	25.95
	50.62

	SB4C-SAM
	5.95
	16.25
	1.16
	1.72
	26.32
	52.17

	SB5C-SAM
	6.22
	17.12
	1.52
	1.94
	26.47
	60.37

	SB6C-SAM
	6.35
	17.55
	1.96
	2.30
	26.51
	60.63


[bookmark: OLE_LINK7]Through the above analysis, the distribution of water molecules around the positively and negatively charged groups on the SB-SAMs with different CSLs could be better understood. In order to further clarify the dynamic property of the water molecules, the residence time (τ) of water molecules around the head groups of SB-SAMs was studied. τ of water molecules is an important dynamic property, which directly related to the affinity of materials with water.48 Here τ is determined by the proportion of water that stays in the hydration layer within a certain period of time. It can be calculated by the survival time correlation function Cr(t),48-50 as shown in the following equation,
                       (1)
where PRj is a binary operator, if the jth water molecule stays in the initially selected region at time t, then PRj = 1, otherwise PRj = 1. NW is the number of all water molecules in the initial selected range, and < > represents the ensemble average. Here, we select the hydration layer within the first 0.4 nm from the SB-SAM surfaces to analyze.48 The Cr(t) curves of the six SB-SAMs with different CSLs are displayed at Figure 3.
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[bookmark: OLE_LINK13]Figure 3. Survival time correlation functions of water molecules within the first 0.4 nm around the head groups of SB-SAMs.
[bookmark: OLE_LINK14]As shown in Figure 3, the Cr(t) curve of SB1C-SAM has the fastest decay, indicating that SB1C-SAM has the weakest hydration among six SB-SAMs. We can see that the downward trend of Cr(t) curves of six SB-SAMs gradually slows down with the growth of CSL. These results suggest that extending the distance between positively and negatively groups of SB molecules can enhance the hydration of the SB-SAMs. To quantitatively represent the τ of water molecules in the hydration layer of SB-SAMs, an exponential fit is performed on the survival time correlation functions48:
                        (2)
where Ar is the amplitude and the results are listed in Table 1.
In Table 1, we can find that τ of water molecules extend with the growth of CSL. The incremental ratios are 4.3% (SB2C-SB1C), 4.9% (SB3C-SB2C), 1.4% (SB4C-SB3C), 0.6% (SB5C-SB4C) and 0.2% (SB6C-SB5C). This tendency indicates that water molecules stay in the coordination shell of SB-SAMs longer with the growth of CSL. However, the residence time of water molecules will remain almost the same when CSL ≥ 4. 
[bookmark: OLE_LINK18][bookmark: OLE_LINK19]3.2. Comparison of underwater oleophobicity of SB-SAMs with different CSLs
The underwater OCA is one of the key properties for the evaluation of underwater oleophobicity of material surfaces.51,52 In general, the larger OCA means the stronger oleophobicity of the surface. So, we calculate the OCA of oil droplets to compare the underwater oleophobicity of different SB-SAMs in this section. The configurations of SAMs are analyzed. Underwater OCAs of DCE on six SB-SAMs with different CSLs are presented in Figure 4.
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Figure 4. Snapshots of OCAs of DCE on different SB-SAMs under pure water. (a) SB1C-SAM, (b) SB2C-SAM, (c) SB3C-SAM, (d) SB4C-SAM, (e) SB5C-SAM and (f) SB6C-SAM. The yellow part and blue background represent the oil droplet and the water environment, respectively.
[bookmark: OLE_LINK17]Figure 4 shows obvious wettability change of different SB-SAMs with the elongation of CSL, including underwater oleophobicity and super-oleophobicity. In summary, with the growth of CSL, OCA increase firstly and then decrease. For CSL = 1, OCA of SB1C-SAM is the smallest, only 134.7°. SB1C-SAM has the weakest hydration from the above analysis of hydration strength in Section 3.1. With the growth of CSL, OCA increases steadily to a maximum value of 150.3° when CSL = 3. The above phenomenon can be attributed to the enhanced hydration capability by longer distance between oppositely charged groups as shown in Figure 1 and Figure 2. OCAs of SB3C-SAM and SB4C-SAM are nearly equal. However, as the CSL of SB molecules increases to 5 and 6, the OCAs of SB5C-SAM and SB6C-SAM decrease to 145.1° and 142.7°. The longer carbon chain between oppositely charged groups means the greater opportunity of oleophilic methylene groups exposed on the oil-water-SAM interface, the exposure of methylene is a side effect of intermolecular association.23 Besides, we can see that more and more DCE molecules approach into the bottom of SAMs as CSL increases (Figure 4d-f). To directly show the conformation of SB-SAMs and the underwater-oil wetting process on SB-SAMs at different CSLs, we calculated the number density profiles of DCE molecules and key groups of SB-SAMs along the z axis of simulation box in Figure 5.
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Figure 5. Number density profiles of DCE molecules and key groups of SB-SAMs with different CSLs along the z axis. (a) SB1C-SAM, (b) SB2C-SAM, (c) SB3C-SAM, (d) SB4C-SAM, (e) SB5C-SAM and (f) SB6C-SAM.
[bookmark: OLE_LINK6][bookmark: OLE_LINK15][bookmark: OLE_LINK38]  As shown in Figure 5, CSL of SB molecule has a significant effect on the group distribution of SB-SAMs. The number density distribution of positively charged (-N(CH3)2+-) group and negatively charged (-SO3-) group vary obviously from concentrated state to dispersed state with the increase of CSL. When CSL is 1 or 2, the number density distribution curves of -SO3- and -N(CH3)2+- show relatively sharp peaks, and their positions almost coincide with each other, which indicates their higher ordered structures. Moreover, it is apparent that hardly any of DCE molecules are embedded into SB1C-SAM and SB2C-SAM. This is due to the highly uniform self-assembly conformations formed on the SAM surfaces, preventing DCE molecules from getting inside. When CSL ≥ 3, -SO3- group density distribution becomes somewhat dispersed as CSL is longer; while the curve of -N(CH3)2+- exhibits two dispersed peaks. This result indicates that the flexibility of SB molecules increases with the growth of CSL,22 while the regularity of SAM decreases and resulting in the exposure of oleophilic methylene groups between oppositely charged groups. This is consistent with the experimental results of Xiao et al.24, they found that different CSLs would change the hydrophilicity/hydrophobicity ratio and flexibility of SB polymers. Besides, Figure 6a~d show that the first water coordination shells (magenta and green dashed circles) of the charged groups of SB molecules can completely cover the oleophilic methylene groups when CSL ≤ 4. In contrast, the carbon spacer chain cannot be completely overlay by water molecules when CSL ≥ 5, which makes the oleophilic methylene groups easily interact with the DCE, and reduces their underwater oleophobicity as shown in Figure 6e and Figure 6f. In summary, the disordered configuration of SAMs and the exposure of the carbon spacer chain will be helpful for DCE molecules penetrating into the inner part of SAMs (Figure 5c ~ f).
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Figure 6. Snapshots of the first water coordination shells of the charged groups of SB molecules with different CSLs (a) SB1C, (b) SB2C, (c) SB3C, (d) SB4C, (e) SB5C and (f) SB6C. The magenta and green dashed circles represent the first water coordination shells of the charged groups. Colors: red, O; white, H; gray, C; blue, N; yellow, S; orange, DCE.
[bookmark: OLE_LINK39]3.3. Comparison of adhesion force of oil droplet on SB-SAMs with different CSLs
Besides the measurement of OCA as an evaluation indicator for underwater oleophobicity, adhesion force of oil droplet with surface is another important assessment index. Here, referring to the work of Liao et al.34, SMD simulation is used to pull oil droplets off SAM surfaces; and the adhesion forces are calculated and are listed in Figure 7 together with OCAs. 
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Figure 7. The bar chart of underwater OCAs (the red bar corresponds to the left red y-axis) and oil droplet adhesion forces (the blue bar corresponds to the right blue y-axis) on SB-SAMs with different CSLs.
  It can be seen that the relationship between adhesion force of oil droplet on SB-SAMs under water and their OCAs is inversely correlative. With the increment of CSL, the adhesion force decreases sharply and reached the minimum value, 0.913 nN, when CSL = 3. In this process, the contact area of oil droplet and SAMs shrank and led to a weaker adhesion force between them. However, the adhesion force increases gradually when CSL ≥ 4. RDFs for the chlorine atom (Cl) of DCE molecules around the spacer carbon (C) between oppositely charged groups of the SB molecules were displayed at Figure 8. It is obvious that the peak heights grow with the increase of CSL at 0.3 ~ 0.6 nm. This result indicates that longer oleophilic methylene groups between oppositely charged groups in SB4C ~ SB6C provide more hydrophobic area for the adsorption of DCE driven by hydrophobic interactions, which is the reason why adhesion force of oil droplet on SB6C-SAM increases further.
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Figure 8. RDFs for the chlorine atom Cl of DCE molecules around the spacer carbon C between oppositely charged groups of the SB-SAMs with different CSLs.
3.4. Effect of ionic strength on the underwater oleophobicity of SB-SAMs with different CSLs
[bookmark: OLE_LINK24]To date, some experiments have validated that the underwater oleophobicity of polyzwitterionic materials can be improved with the addition of salt.53,54 Kobayashi et al.18,55 used surface-initiated atom-transfer radical polymerization to prepare a series of high-density polymer brushes with nonionic and ionic functional groups on a silicon wafer. They found that underwater contact angle of silicone oil on the poly[3-(N-2-methacryloyloxyethyl-N, N-dimethyl)ammonatopropanesulfonate] brush increased with the addition of NaCl from 162° (in pure water) to 175° (in 1.0 M NaCl solution).18 Thus, it is anticipated that the underwater oleophobicity of SB-SAMs could exhibit a specific ion effect. In this section, NaCl is added into SB-SAM systems, the effect of salt on the underwater oleophobicity of SB-SAMs with different CSLs is further explored. The simulation results of underwater oleophobicity of these SB-SAMs are shown in Figure 9. 
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Figure 9. Snapshots of OCAs of DCE on different SB-SAMs in 1.0 M NaCl solution. (a) SB1C-SAM, (b) SB2C-SAM, (c) SB3C-SAM, (d) SB4C-SAM, (e) SB5C-SAM and (f) SB6C-SAM. The yellow part and blue background represent the oil droplet and the water environment, respectively.
[bookmark: OLE_LINK26]As shown in Figure 9, the OCAs are 141.2° (SB1C-SAM), 148.4° (SB2C-SAM), 156.4° (SB3C-SAM), 163.9° (SB4C-SAM), 164.7° (SB5C-SAM) and 151.2° (SB6C-SAM) in 1.0 M NaCl solution. Compared with those values in pure water, 134.7° (SB1C-SAM), 142.9° (SB2C-SAM), 150.3° (SB3C-SAM), 150.1° (SB4C-SAM), 145.1° (SB5C-SAM) and 142.7° (SB6C-SAM), the underwater oleophobicity of SB-SAMs is systematically improved by the addition of salt. This phenomenon is consistent with the previous experimental result by Zhang et al.56. The improvement is thus predominantly due to the electrostatic interactions between charged groups and added ions. As shown in Figure 10, the six RDFs between the oxygen atoms of sulfonate group and cation (O-Na+) present a significant peak around 0.23 nm and the six RDFs between the nitrogen atom of quaternary amine group and anion (N-Cl-) present a significant peak around 0.5 nm, the height of both peaks raise up significantly with the growth of CSL. We calculated the coordination numbers of Na+ and Cl- around sulfonate and quaternary amine groups of SB-SAMs, which were listed in Table 1. It is found that the order of coordination numbers of Na+ and Cl- are SB1C-SAM < SB2C-SAM < SB3C-SAM < SB4C-SAM < SB5C-SAM < SB6C-SAM. This result demonstrates that SB molecules with longer CSL have a much higher preference to associate with added ions, due to the higher partial charges of their charged groups.
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Figure 10. (a) RDFs between the oxygen atoms of sulfonate group and Na+ (O-Na+) and (b) RDFs between the nitrogen atom of quaternary amine group and Cl- (N-Cl-).
It is known that inter/intrachain association of polyzwitterionic brushes can be disturbed by the interactions between zwitterionic groups and external counterions.3,23 For our systems, an interchain association structure can form due to the electrostatic interaction between sulfonate groups and quaternary amine group of two contiguous SB molecules (see inset diagrams in Figure 11). Therefore, it is assumed that the addition of salt weakens the self-association between SB molecules, which leads to the improved hydration and enhanced underwater oleophobicity of SB-SAMs. To verify this assumption, we analyzed RDFs between the nitrogen atoms of quaternary amine groups and the oxygen atoms of the sulfonate groups for SB molecules (N-O) with different CSLs and showed results in Figure 11. 
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Figure 11. RDFs between the nitrogen atoms of the cationic groups and the oxygen atoms of the anionic groups for SB molecules (N-O), (a) SB1C-SAM, (b) SB2C-SAM, (c) SB3C-SAM, (d) SB4C-SAM, (e) SB5C-SAM and (f) SB6C-SAM. The inset diagrams represent the interchain association structures of two contiguous SB molecules with different CSLs. The blue numbers in inset diagrams indicate the distance between the nitrogen atoms of quaternary amine groups and the oxygen atoms of the sulfonate groups, the unit is nm. Colors: red, O; white, H; gray, C; blue, N; yellow, S. 
For SB-SAMs in Figure 11, the six N-O RDF curves (pure water, blue line) have obvious peaks at 0.38 ~ 0.5 nm, indicating that the SB groups of SAMs form association through the pairing of cationic and anionic groups.57 Note that the distance between the nitrogen atoms of the cationic groups and the oxygen atoms of the anionic groups within the same sulfobetaine molecules of SB1C-SAM is in the range of 0.3 ~ 0.4 nm as shown in inset picture, which is reflected by the first peak in Figure 11a. Similarly, except for the peak of 0.38 ~ 0.5nm of SB2C-SAM ~ SB6C-SAM, the other peaks represent that the distance between N and O within the single SB molecule (see the inset pictures of Figure 11b ~ f). Compared with the N-O RDFs in pure water, these peaks of cationic and anionic groups in salt solution (red line) get lower with the increase of CSL, especially when CSL = 3 ~ 6. This result indicates that the electrostatic interaction between the positively and negatively charged groups of SB molecules is screened by the addition of salt. 58 It is consistent with the results of Xiao et al.24 and Shao et al.57, they found that the addition of salt can reduce the self-association between SB molecules. As a result, the SB-SAMs in an aqueous salt solution have stronger hydration capacity. We calculated τ of water molecules within the first 0.4 nm around SB-SAMs in NaCl solutions, the results are also listed in Table 1. Compared with the residence time of water molecules in pure water, 23.72 ps (SB1C-SAM), 24.73 ps (SB2C-SAM), 25.95 ps (SB3C-SAM), 26.32 ps (SB4C-SAM), 26.47 ps (SB5C-SAM) and 26.51 ps (SB6C-SAM), the residence time increased significantly in NaCl solutions, they are 42.18 ps (SB1C-SAM), 44.79 ps(SB2C-SAM), 50.62 ps(SB3C-SAM), 52.17 ps(SB4C-SAM), 60.37 ps(SB5C-SAM) and 60.63 ps (SB6C-SAM). This result confirms that the addition of NaCl can improve the hydration of SB-SAMs, causing an enhancement of the underwater oleophobicity of SB-SAMs as shown in Figure 9.
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Figure 12. Snapshots of water molecules and ions in the first coordination layer around the charged groups of SB molecules. (a) SB1C, (b) SB2C, (c) SB3C, (d) SB4C, (e) SB5C and (f) SB6C. The magenta and green dashed circles represent the first water coordination shells of the charged groups and ions; The blue dashed lines represent “zwitterion - ion” and “zwitterion- ion - water” network, the numbers indicate distance and unit is nm; Colors: red, O; white, H; gray, C; blue, N; yellow, S; cyan, Na+; green, Cl-; orange, DCE.
[bookmark: OLE_LINK8]It is an interesting phenomenon to be noted that the OCAs of SB1C-SAM ~ SB5C-SAM increase with the longer CSL in the NaCl solution, but the OCA of SB6C-SAM decrease (Figure 9). In order to explain this phenomenon, we analyzed the distribution of water molecules and ions around SB molecule as shown in Figure 12. For CSL ≤ 5, the water coordination shells of the charged groups of SB molecules and ions can completely cover the spacer methylene groups via electrostatic interaction. Simultaneously, a “zwitterion - ion” network (CSL ≤ 2, Figure 12a and 12b) or “zwitterion- ion - water” network (CSL = 3 ~ 5, Figure 12c ~ 12f) can be formed around SB molecule by ions coordinate with the oppositely charged groups. The network can prevent oleophilic methylene from interacting with DCE molecules, which is the reason why their OCAs increases further in NaCl solution. However, the distance between oppositely charged groups of SB6C molecule is longer than the sphere of electrostatic influence of sulfonate group and quaternary amine group. The spacer methylene groups of SB6C-SAM cannot be completely wrapped by the water coordination shells of the oppositely charged groups and ions as displayed in Figure 12f, resulting in the exposure of oleophilic methylene groups and the decline of underwater oleophobicity.
[bookmark: OLE_LINK28]4. CONCLUSIONS
In this work, the hydration and underwater oleophobicity of SB-SAMs with different carbon spacer lengths (CSL=1, 2, 3, 4, 5 and 6) between the positively and negatively charged groups are studied by MD simulations. The underwater oleophobicity of these SAMs in pure water increases firstly and then decreases with the increase of CSL, reaching the maximum when CSL = 3. The hydration analysis showed that the hydration of SB-SAMs is positively correlated with CSL, due to the weakened interplay between positively and negatively charged groups with the increase of CSL, but the improvement of hydration is tiny when CLS ≥ 4. It is known that the hydration capacity of material surfaces is critical for their fouling resistance. We found that the underwater oleophobicity of SB-SAMs in pure water are strengthened with the growth of CSL, and reaching the maximum ~150° when CSL is 3 and 4. The underwater oleophobicity drops when CSL > 4. This transition shows that the number of oleophilic methylene groups between the positively and negatively charged groups also plays an important role in their underwater oleophobicity. Adhesion force of oil droplet on SB-SAMs is inversely correlated with their OCAs. With the increment of CSL, the adhesion force decreases sharply and reached the minimum value, 0.913 nN, when CSL = 3. However, the adhesion force increases gradually when CSL ≥ 4. Furthermore, the SB-SAMs in saline solution show stronger underwater oleophobicity than in pure water, since the addition of NaCl abates their intermolecular self-association caused by electrostatic interactions of cationic and anionic groups. The OCAs of SB1C-SAM ~ SB5C-SAM increase with the longer CSL in the NaCl solution. This is predominantly due to the higher partial charges of their charged groups, which leads to stronger association between charged groups and ions. But for SB6C-SAM, the spacer methylene groups cannot be completely wrapped by the water coordination shells of the oppositely charged groups and ions, resulting in the decrease of OCA. This work can help us have a better understanding of the zwitterionic molecular structure-underwater oleophobicity relationship for the design of novel zwitterion-based materials in anti-fouling, oil-water separation and underwater self-cleaning applications.
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