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ABSTRACT

While molecular dynamics (MD) models for reverse osmosis (RO) and nanofiltration (NF) mem-
branes are useful for studying water filtration processes, the specific water model and force-field
parameters have a profound impact on key measures such as flux and diffusivity. Moreover, ensemble
related parameters such as temperature and how it is controlled via a thermostat also affect simulation
results. To quantify these effects, we investigate the performance of three commonly used water
models, SPC/E, TIP3P, and TIP4P, in simulating an NF membrane system at varying temperatures
and thermostat settings. All three water models successfully capture the Arrhenius relationship
between water diffusivity and temperature as well as the linear relationship between water flux
through the membrane and water diffusivity in the membrane. However, SPC/E underpredicts,
TIP3P overpredicts, and TIP4P most accurately reproduces the water dynamics, especially water self-
diffusivity, compared to experiments. We also investigate the effect of the water model on common
salt solutions at various concentrations. TIP4P generally outperforms the other two water models
when describing ion diffusivities and water solvation shells around ions. These findings indicate that
TIP4P is an appropriate water model to use in polyamide membrane MD simulations.

1. Introduction1

Molecular dynamics (MD) is emerging as a powerful ap-2

proach to probe membrane filtration at the Ångström scale,3

a level that experiments and models cannot resolve [1, 2].4

Over the past two decades, a number of MD simulation5

studies have been performed for polyamide based mem-6

branes (Table 1), primarily focusing on reverse osmosis7

(RO) membranes of trimesoyl chloride (TMC) polymerized8

with m-phenylene diamine (MPD), with a limited num-9

ber considering nanofiltration (NF) membranes of TMC10

polymerized with piperazine (PIP). These atomistic scale11

simulations provide information that is very difficult to12

obtain experimentally. For example, it is difficult to measure13

the porosity and density of NF membranes, since their14

active layers are usually less than 100 nm thick [3]. Yet15

MD studies of RO and NF membranes can easily provide16

density and pore size characterizations that can be used to17

connect transport observations and continuum models to18

atomic-scale interactions. Trajectories of water molecules or19

solutes can be tracked as they diffuse through themembrane,20

and membrane dynamics, including positions of charged21

functional groups and solutes, can be resolved with sub-22

nanometer and sub-picosecond resolution.23

One of the challenges in studying membrane filtration24

processes using MD is that the results depend on the force-25

fields and simulation conditions used in theMD simulations.26

The force-fields represent both the interactions of interatom-27

ically bonded atoms and the non-bonded forces between28
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atoms, including van der Waals and electrostatic forces. 29

Accurate simulation results depend on the ability of the 30

MD force-fields to correctly represent these Ångström scale 31

forces. A complete set of force-field parameters necessary 32

to simulate molecules includes bond lengths, bond angles, 33

atomic partial charges, and parameters describing Lennard- 34

Jones potentials. In addition, operating conditions like tem- 35

perature are regulated using “thermostats” to introduce or 36

dissipate energy from a system in MD simulations. 37

Crucial to studies of membrane filtration is the appro- 38

priate MD model to use for the water molecule. Our goal in 39

this paper is to examine how the specific water model that is 40

used affects MD simulation results at different temperatures 41

for a typical polyamide membrane system. Specifically, we 42

consider the effect of different MD water models on the 43

water diffusion, solute diffusion, and water flux in an NF 44

membrane. 45

Although water is a commonly simulated molecule with 46

a simple atomic structure, accurate force-field parametriza- 47

tion of water is challenging. At least 30 MD water models 48

have been developed over the past 40 years, each with its 49

own characteristics [4]. A variety of water models have been 50

considered for a wide range of applications including SPC 51

[5], SPC/E [6], SPC/Fw [7], TIP3P [8], TIP4P [8, 9] and 52

TIP5P [10]. Here, SPC refers to Simple Point Charge, and 53

TIP refers to Transferable Interaction Potential. The number 54

in any of the abbreviations refers to the number of “sites” 55

in the water model. At a minimum, there are three sites for 56

water, corresponding to two hydrogen atoms and one oxygen 57

atom (for example, TIP3P and SPC models). When there 58

are more than three sites, the additional sites correspond 59

S. Liu et al.: Preprint submitted to Elsevier Page 1 of 14



Table 1
MD membrane studies performed in the 2000s.

Water Model Polymer Type Temperature (K) Thermostat Setting Reference

SPC RO (TMC + MPD) 300 Nosé-Hoover Xiang et al. [16–18]
SPC RO (TMC + MPD) 298 Berendsen, Velocity Rescaling (⌧ = 0.1 ps) Kolev and Freger [19]
SPC/E RO (TMC + MPD) 300 Nosé-Hoover Muscatello et al. [20]
TIP3P RO (TMC + MPD) 300 Nosé-Hoover Harder et al. [21]
TIP3P RO (TMC + MPD) 298 Velocity Rescaling Kolev and Freger [22]
TIP3P RO (TMC + MPD) 300 Langevin Luo et al. [23]
TIP3P RO (TMC + MPD) 300 Langevin Shen et al. [24, 25]
TIP3P RO (TMC + MPD) 300 Not Reported Zhang et al. [26]
TIP3P RO (TMC + MPD) 298 Nosé-Hoover Jahan Sajib et al. [27]
TIP3P NF (TMC + PIP) 300 Langevin (� = 1 ps–1) Liu et al. [28]
TIP3P RO (TMC + MPD) 300 Velocity Rescaling Zhang et al. [29]

TIP4P-Ew RO (TMC + MPD) 300 Nosé-Hoover (⌧ = 1 ps) Hughes and Gale [30, 31]
TIP4P/2005 RO (TMC + MPD) 300 Nosé-Hoover Ding et al. [32–35]
TIP4P/2005 RO (TMC + MPD) 300 Not Reported Liyana-Arachchi et al. [36]

to dummy atoms, sometimes called a “lone pair,” referring60

to a pair of valence electrons in a molecule not shared61

with another atom via a covalent bond, that have charge62

but no mass. The additional sites are used to improve the63

electrostatic charge distribution of the water model to better64

reflect the polar nature of a water molecule. Various water65

models are used to accurately simulate specific properties66

of bulk water, e.g., solid water (ice), surface tension, or67

dielectric constants [4]. Similarly, the interactions of the68

water molecules with other molecules in the system, for69

instance charged solutes or polyamide membrane structures70

considered here, need to be taken into account. Of course,71

MD simulations are based on the interatomic potentials72

between all the atoms that are simulated. As a result, a 4-site73

water model has more computational overhead than a 3-site74

water model. The desired situation is to use the water model75

that most accurately reflects the physical situation that is76

being modeled at the lowest computational cost.77

Previous studies comparing water models have focused78

on physical properties in water-only systems. For example,79

Mark and Nilsson [11] find significant differences in self-80

diffusion and Zielkiewicz [12] notes differences in the en-81

ergy and lifetime of hydrogen bonds between water models.82

A handful of studies consider the impact of the water model83

on water transport in various porous systems. Prasad et al.,84

[13] find that the water flux in graphene nanopore systems85

depends on the water model that is used due to differences86

in hydrogen bond dynamics, partial charge, and diffusion.87

Likewise, Liu and Patey [14] show that the water flux in88

carbon nanotubes varies depending on the different water89

model with the origin of the differences due to different90

ordering of water molecules as they flow through the nan-91

otube. Srivastava et al. [15] note that water models behave92

differently in the interfacial regions in aqueous lipid bilayer93

systems due to differences in diffusivity and hydrogen bond94

breaking.95

As indicated in the first column of Table 1, various water 96

models have been used in MD simulations of polyamide- 97

based RO and NF membranes, but we are unaware of any 98

studies comparing the impact of the water model on the 99

simulation results. The water models that are used fall into 100

the categories of SPC (SPC/E), TIP3P, and TIP4P (TIP4P- 101

Ew and TIP4P/2005). As shown in Fig. 1(a), SPC/E and 102

TIP3P share the same structure of a 3-atom rigid planar 103

model. TIP4P, shown in Fig. 1(b), is a 4-site rigid planar 104

model. In addition to one oxygen atom and two hydrogen 105

atoms, a mass-less site is added to carry the negative charge 106

while the oxygen atom stays neutral. 107

Figure 3. Water model illustrations for (a) SPC/E, TIP3P, and (b) TIP4P, where red beads are oxygen atoms, white beads are hydrogen, 
and the green bead is a lone pair. 

(a) SPC/E, TIP3P (b) TIP4P

Figure 1: Water model illustrations for (a) SPC/E, TIP3P, and
(b) TIP4P, where red beads are oxygen atoms, white beads are
hydrogen, and the green bead has zero mass but carries a charge
in TIP4P. (Color online.)

We also note the thermostats that are used to main- 108

tain the temperature, either 298 K or 300K, for previous 109

MD simulations of membranes in Table 1. While temper- 110

ature has a macroscopic effect on water transport through 111

a membrane, the temperature on the molecular level is 112

defined by the average kinetic energy of all the atoms in 113

the system in the canonical ensemble (NVT, where the 114

amount, N, volume, V, and temperature, T, are constant). 115

The temperature is regulated by a thermostat, which allows 116

energy to enter or dissipate from the system during sim- 117

ulations by modifying atoms’ velocities. For the simula- 118

tions listed in Table 1, common thermostat types are Nosé- 119

Hoover [37–39] (extended system), Berendsen [40] (weak 120

coupling), Langevin [41] (stochastic), and velocity rescaling 121

[42] (strong coupling). These thermostats deploy various 122
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algorithms to regulate temperature. For example, extended123

system thermostats contain an additional degree of freedom124

associated with the constant temperature, weak coupling125

methods scale the velocity in the direction of the desired tem-126

perature, stochastic methods randomly assign new velocities127

to certain atoms to reach the target temperature, and strong128

coupling methods scale the velocity to exactly render the129

desired temperature. The MD simulations described in this130

study use a simulation package called Nanoscale Molecular131

Dynamics (NAMD) [43]. Within NAMD, the use of the132

Langevin thermostat enables parallel scalability better than133

Nosé-Hoover thermostat [44]. Hence, we use the Langevin134

thermostat in this study rather than other temperature control135

methods.136

After describing the simulation methods in the next137

section, we first consider how the water models affect138

membrane properties, focusing on membrane density, pore139

size distribution, mean pore diameter, and percolated free140

volume. Next, we examine the influence of water models on141

water transport in terms of water diffusivity, both outside142

and inside the membrane, and water flux through the mem-143

brane at temperatures from 283K to 313K.We alsomeasure144

the effect of the damping for the Langevin thermostat on145

the water flux for the three water models. Then we examine146

the effect of the water model on water diffusivity in the147

presence of ionic solutes (Na+, K+, Mg2+, Ca2+, and Cl–) as148

well as the effect of the water model on solute diffusivity at149

various solute concentrations. We conclude with comments150

about the suitability of the three water models for various151

membrane simulation conditions.152

2. Methods153

Similar to our previous simulations [28], we use the154

NAMD simulation package [43] along with general AM-155

BER forcefields (GAFF) [45]. The SHAKE algorithm [46]156

with a cutoff of the non-bonded potential of 9 Å is used to157

constrain the bond between each hydrogen and its mother158

atom. The Particle Mesh Ewald (PME) method [47] is used159

to compute full electrostatics with a grid spacing of 1 Å. For160

all simulations in this study, the time step is set at 1 fs with161

output saved every 2 ps.162

2.1. Water models163

Force-field parameters used to calculate bonded and164

non-bonded energies MD simulations are summarized in165

Table 2 for the three water models considered in this study.166

The spring constants (Kb, K✓) describing strength of bonded167

energies, equilibrium bond length (b0), and equilibrium an-168

gle (✓0) are used to calculate bonded energy terms. For non-169

bonded energies, atom partial charges (q) for oxygen (O),170

hydrogen (H), and the lone pair (LP) are used to calculate171

the Coulombic or electrostatic potential according to172

Velec (rij) =
qi qj
rij

. (1)173

For short-range interactions, the Lennard-Jones (LJ) poten- 174

tial is evaluated using 175

VLJ (r) = 4"

H

0 r0
r

112
–
0 r0

r

16
I

, (2) 176

where " describes the energy well-depth and r0 is the dis- 177

tance between two non-bonded atoms when VLJ is at its 178

minimum. 179

Table 2
Bonded, electrostatic, and nonbonded parameters of SPC/E, TIP3P,
and TIP4P water models.

Param. Units SPC/E[6] TIP3P[48] TIP4P[8]

K
OH
b kcal mol

–1
Å

–2 450.0 450.0 450.0
b

OH
0 Å 1.0 0.9572 0.9572

K
HOH
✓ kcal mol

–1
rad

–2 55.0 55.0 55.0
✓HOH

0 deg 109.47 104.52 104.52
q

O
e -0.8476 -0.834 0

q
H

e 0.4238 0.417 0.52
q

LP
e N/A N/A -1.04

"OO
kcal mol

–1 0.1553 0.1521 0.155
r

OO
0 Å 3.5256 3.5256 3.5398
"HH

kcal mol
–1 0 0.046 0

r
HH
0 Å 0 0.449 0

2.2. Water transport simulation 180

Here we use a mixed aromatic-aliphatic piperazine- 181

based polyamide NF membrane model corresponding to pH 182

˘ 10, unless otherwise noted, to consider water-membrane 183

interactions within a highly charged membrane. This mem- 184

brane model is one of 56 distinct NF membrane models 185

that we previously investigated [28]. In addition to dif- 186

ferent physical properties (primarily membrane density), 187

the membrane model realizations in that study have vary- 188

ing concentrations of negatively charged functional groups 189

(COO–), which are related to specific feed pH values based 190

on experimental studies of COO– concentration at different 191

feed pH values [49, 50]. For the size of the membrane 192

simulated here (52 ù 52 ù 40 Å3), 30 COO– functional 193

groups corresponds to a 0.5 M charge concentration in 194

the membrane. In our previous study we indicated that 195

this concentration corresponds to pH ˘ 11 based on data 196

for a similar NF membrane [49], but new data for a PIP- 197

based FilmTec™NF270 that is now available [50] indicates 198

a better estimate is pH ˘ 10. We further note that our 199

previous study indicates that membrane charge influences 200

flux indirectly through its effect on membrane density and 201

swelling. [28], but we consider a highly charged membrane 202

here to assure that the membrane charge and polar nature 203

of the water molecule are adequately addressed. To assure 204

that the membrane charge does not affect the comparison 205

between water models, we also perform several simulations 206
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for a membrane with pH ˘ 7 (14 COO– functional groups,207

0.23 M charge concentration).208

Since the impact of the specific water model used in a209

simulation is investigated here, it is necessary to initially210

hydrate the dry membrane with the water model being con-211

sidered: SPC/E, TIP3P, or TIP4P. The membrane hydration212

setup consists of a dry membrane bounded by two equal-213

sized water reservoirs, each with 15 Na+ counterions to214

balance the membrane charge. Graphene sheets, to which215

a force can be applied to pressurize the system, bound the216

outer portion of each reservoir [28], see Fig. 2. The hydra-217

tion process involves two pressure settings on the graphene218

sheets. The pressure on the graphene sheets is first set to219

P1 = P2 = 30 MPa for 5 ns to drive water molecules into220

the membrane from either reservoir. The pressure is then221

lowered to P1 = P2 = 0.1 MPa to further allow the diffusion222

of water molecules and Na+ counterions into the membrane.223

Details of membrane hydration are available in our previous224

study [28].225

Feed 
Reservoir

Charged 
Membrane

P1

Permeate 
Reservoir

COO− Na+

60 Å

Figure 1. NEMD simulation setup. Water molecules are red points (non-related to water’s actual size), 
graphene sheets are black, membrane atoms are gray, carboxyl sites are labeled as red beads, and 
counterions are yellow beads. 

Graphene Graphene

P2

20 Å
y

z (flow)

Figure 2: Simulation setup. Water molecules are red points (not
related towater’s actual size), graphene sheets are black, membrane
atoms are gray, carboxyl sites are labeled as red beads, and coun-
terions are yellow beads. (Color online.)

The fully hydrated and equilibrated membrane is used226

for non-equilibrium MD simulations of water transport,227

as shown in Fig. 2. The system consists of the hydrated228

membrane with Na+ counterions between two water reser-229

voirs that are bounded by graphene sheets to apply pres-230

sure to force water transport through the membrane. The231

dimensions of the graphene sheets, the feed reservoir, and232

the permeate reservoir are non-periodic in the z-direction,233

and match the dimensions of the membrane in the x- and234

y-directions with periodic boundary conditions. The feed235

reservoir is 60 Å in z-direction and the permeate reservoir236

is 20 Å in z-direction. The system box size in all directions237

is kept constant throughout the entire simulation. A pressure238

of P1 = 150 MPa is applied to the left graphene sheet while239

a back pressure of P2 = 0.1 MPa is applied to the right240

one. This pressure difference mimics the actual filtration241

process, although the transmembrane pressure is two orders242

of magnitude larger than a typical NF membrane operating243

pressure [3]. The high operating pressure for the simulations244

is necessary in order to observe significant transport on245

nanosecond timescales. All water transport simulations are246

run for 20 ns, which is the same as our previous study [28]. 247

This duration is sufficient to observe the linear relationship 248

between the number of water molecules passing through 249

the membrane and time (i.e., constant flux) with a compu- 250

tational cost (about 1-day wall clock time per simulation) 251

that is acceptable. We also validate in our previous study 252

that the resulting MD simulation water flux is consistent 253

with experimental values measured for NF membranes at 254

normal operating pressures [28]. To allow the membrane 255

to dynamically evolve during water transport without being 256

displaced due to the large pressure difference, roughly 10% 257

of the atoms in the y-z plane at the periodic boundaries of 258

the membrane are fixed in space. 259

In addition to investigating the effect of water models on 260

water diffusion and flux, we also consider the roles of system 261

temperature and the Langevin thermostat setting (Langevin 262

damping coefficient, �). Three temperatures, 283 K, 300 263

K, and 313 K, representing the range of practical operating 264

conditions, are used while keeping the Langevin damping 265

coefficient constant (� = 1 ps–1, same as our previous 266

study [28]). To accommodate statistical variation, 4 replicate 267

simulations lasting 20 ns are performed for each temperature 268

setting, and all atoms in each production run start with the 269

same coordinates but different initial velocities. In addition, 270

we consider 6 Langevin damping values from 0.01 ps–1
271

to 10 ps–1, which include the commonly used Langevin 272

damping values, 1 ps–1 to 5 ps–1 [51], in NAMD. The system 273

temperature is set to 300 K for 4 replicate runs of all 6 274

cases. In total, we consider 108 independent simulations for 275

various water models, temperatures, and Langevin damping 276

values, each with a duration of 20 ns. 277

Figure 2. Ion diffusivity simulation setup for 0.5 M NaCl. Simulation box lengths in x-, y-, and z-directions are 5.2 nm, 5.2 nm, and 2.0 
nm respectively.

y

z

x

water
Na+

Cl-

20 Å 52
Å

52 Å

Figure 3: Ion diffusivity simulation setup for 0.5 M NaCl with
TIP3P as water model. Simulation box is periodic in all directions;
water molecule and ion representations are not-to-scale. (Color
online.)

2.3. Ion dynamics simulation 278

In order to consider interactions between water models 279

and various ions, we use a simplified MD system without a 280

membrane, shown in Fig. 3. The solutes considered here are 281

KCl, NaCl, CaCl2, and MgCl2, with long-range interactions 282

based on Lennard-Jones and Coulombic terms to capture van 283
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(a) SPC/E (b) TIP4P (c) TIP3P

Figure 4:Membrane density, ⇢M (left vertical axis) and water wt% (right vertical axis) within the same pH˘ 10 membrane model hydrated
using (a) SPC/E, (b) TIP4P, and (c) TIP3P. (Color online.)

der Waals and electrostatic contributions [52]. The simula-284

tion box contains only one type of solute for each production285

run, and its x-, y-, and z-directions are all periodic, spanning286

52 Å, 52 Å, and 20 Å, respectively. The dimensions are287

chosen to be similar to the water reservoir size in simulations288

that include amembrane and are large enough to prevent ions289

from interacting with their mirror image across the periodic290

boundary. We also consider different solute concentration291

levels, 0 M (pure water), 0.03 M, 0.06 M, 0.16 M, 0.25 M,292

0.5 M (similar to the molarity of NaCl in seawater), and 1.0293

M, to assure that solute-water interaction dynamics under294

both dilute and concentrated conditions are considered. Each295

production run is 10 ns at 300 K with � = 1 ps–1 for a total296

of 75 independent simulations.297

3. Results298

3.1. Water model effect on membrane properties299

We consider first the impact of the water models on the300

physical properties of a single membrane model (pH ˘ 10)301

that is hydrated with the three water models of interest here.302

The membrane density and water content in the membrane303

are calculated for 2 Å thick xy-slices of the membrane304

at z-locations spaced 2 Å apart and averaged over 2000305

time instants separated by 2 ps during the last 4 ns of the306

equilibration at 300 K. As shown in Fig. 4, the membrane307

density, ⇢M, (left vertical axis) and water wt% (right vertical308

axis) are quite similar across the membrane thickness (z-309

direction) for the different water models. Despite similar310

density profiles, the average membrane densities within the311

densest region of the membrane differ slightly, with the312

density for the membrane hydrated using SPC/E a bit higher313

than those for TIP4P or TIP3P, as reported in Table 3.314

The pore structure of the membrane model equilibrated315

using the different water models is characterized using Pore-316

Blazer v4.0 through a geometric method that determines the317

pore size distribution (PSD) and the total free volume for318

a spherical “probe” of 0.25 Å. The pore size distributions319

averaged over 10 time instants separated by 0.4 ns during320

the last 4 ns of the equilibration are very similar for the321

three water models, as shown in Fig. 5. The percolated free322

volume (PFV), which is water-accessible volume within the323

Table 3
Average membrane density (⇢M), percolated free volume (PFV),
and membrane-water interaction energy for the same pH ˘ 10
membrane model hydrated using SPC/E, TIP4P, and TIP3P, along
with their corresponding standard deviations.

SPC/E TIP4P TIP3P

⇢M
(g�cm–3) 0.861 ± 0.004 0.829 ± 0.005 0.812 ± 0.005

PFV (%) 26.8 ± 1.3 29.7 ± 1.0 30.8 ± 2.3

Energy
(kcal�mol–1) -7.28 ± 0.60 -6.08 ± 0.47 -4.53 ± 0.87

membrane, is slightly more sensitive to the water model with 324

which the membrane is hydrated, as indicated in Table 3. 325

In short, based on the membrane density, PSD, and PFV, 326

the TIP3P and TIP4P water models appear to swell the 327

membrane slightly more than the SPC/E model, but the 328

difference is not large. 329

Figure 5: Pore size distribution (probe size = 0.25Å) for the same
membrane model equilibrated with SPC/E (red), TIP4P (blue), and
TIP3P (black).
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To understand the slightly different effects that the water330

models have on the same membrane model, we consider the331

interaction energies between water molecules and the mem-332

brane nanostructure for water molecules enclosed within the333

membrane during the last 4 ns of the equilibration at 300 K.334

The interaction energies, which include electrostatic and van335

der Waals energies, are computed using the NAMDEnergy336

tool. The average interaction energies in Table 3 indicate that337

SPC/E has themost favorable interactionwith themembrane338

followed by TIP4P and TIP3P. Furthermore, the larger in-339

teraction energy for SPC/E is consistent with a tighter hy-340

drated membrane nanostructure (higher membrane density341

and lower PFV), followed by TIP4P and TIP3P. Similar342

results and trends occur for the pH ˘ 7 membrane. Thus,343

it appears that the membrane model can slightly alter the344

membrane nanostructure due to water-membrane interaction345

energy differences, although the effects are not large.346

3.2. Water model effect on pure water dynamics347

We first investigate the effect of temperature and348

Langevin damping parameters on water dynamics for the349

three water models in terms of water diffusivity and water350

flux through the membrane with an applied transmembrane351

pressure.352

3.2.1. Water diffusivity353

To quantify water dynamics, we measure water self-354

diffusivity, Dw, (both in the feed and permeate reservoirs,355

shown in Fig. 2) and the diffusivity of water inside the356

charged membrane, Dmem
w , during permeation. Measuring357

Dw allows a direct comparison to experimental values of358

Dw, while D
mem
w provides comparative information on the359

impact of themembrane nanostructure on reducing the water360

diffusivity for the different water models. The diffusivity is361

measured based on the mean square displacement (MSD)362

of water molecules at different time lag intervals ⌧, ranging363

from 2 ps (the highest resolution of our simulations) to 1364

ns. The diffusion coefficient can be found from the relation-365

ship between the MSD and ⌧ within the normal diffusion366

region [28].367

As shown in Fig. 6(a), Dw (black data points) increases368

by 40% to 85% with an increase in temperature from 283369

K to 313 K for all three water models, as would be ex-370

pected. However, the differences between the three water371

models are significant. At 283 K, for instance,Dw simulated372

using TIP4P and TIP3P are twice and three times larger373

than SPC/E, respectively. Compared to experiments (red374

data points) [53–56], TIP4P best describes Dw among the375

water models considered here. We further note that previous376

simulations for SPC/E and TIP4P at 298 K [57] produced377

67% and 31% larger values of Dw, respectively, than those378

found here, which are well over the experimental values.379

The differences with our simulations probably arise from380

a much smaller number of water molecules employed in381

this previous study, which necessitated the introduction of382

a correction term. Different thermostat settings and simu-383

lation packages might also explain the differences. These384

simulation-based differences further emphasize the chal- 385

lenges inherent in these types of simulations. 386

TIP4P works the best in general.

Arrhenius Eq.: ! = !!exp(−"#!
$% )

Diffusivity vs. Temperature

Wang, JPhysChem, 1965; Gillen and Douglass, JChemPhys, 1972; Mills, JPhysChem 1973

TIP3P
TIP4P
SPC/E

TIP3P
TIP4P
SPC/E

SPC/E

TIP3P

TIP4P

Experiment

Bulk
Water

Inside 
Membrane

Inside 
Membrane

Bulk
Water

(a)

(b)

Figure 6: (a) Diffusion coefficient D as a function of temperature
and (b) the corresponding Arrhenius plot for SPC/E (‚), TIP4P
(∏ ), and TIP3P ( ) water models and experimental data (<)
[53–56]. Black symbols indicate Dw, and blue symbols indicate
D

mem
w . Each data point is an average of 4 replicate simulations and

the standard error bars are generally the same size as the markers
or smaller, so they are omitted for clarity. All simulations here use
Langevin damping of � = 1 ps–1. (Color online.)

Similar trends for the three water models are also ob- 387

served for Dmem
w [blue data points in Fig. 6(a)], although 388

the diffusivity inside the membrane is much less than Dw 389

because the membrane nanostructure constrains the motion 390

of the water molecules [28]. The decrease in water mobility 391

in the membrane can be expressed as the ratio, Dw/Dmem
w . 392

This ratio averaged over 36 simulations is 6.03 ± 0.22, 6.19 393

± 0.08, and 5.38 ± 0.10 for SPC/E, TIP4P, and TIP3P, 394

respectively. The similar relatively large ratios suggest that 395

the water model choice has little impact on the mobility 396

of water in the membrane relative to that outside of the 397

membrane, particularly given the similarities in the mea- 398

sures of the membrane properties in Table 3. Another way 399

to consider this is that across all temperatures, the ratio 400

of the diffusivities for the different water models are quite 401

similar both inside (1.63 ± 0.06 for TIP4P to SPC/E and 402

2.54 ± 0.22 TIP3P to SPC/E) and outside (1.73 ± 0.11 for 403
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TIP4P to SPC/E and 2.28 ± 0.36 for TIP3P to SPC/E) of404

the membrane. This indicates that the relative effect of the405

water model choice on diffusivity is the same inside the406

membrane as it is in the bulk water. We note, however,407

that recent experimental results for water diffusivity within408

membranes, while similar in magnitude to those found here,409

are only reduced slightly from the diffusivity outside of the410

membrane. This surprising result may be a consequence411

of the difficulty in making these measurements, which de-412

pend on fitting various parameters to results from various413

techniques such as neutron scattering and were performed414

for aromatic polyamide membranes, not aromatic-aliphatic415

polyamide membranes considered here [58–60].416

To explore the impact of the water model on the diffusiv-417

ity further, wemeasure the average cohesive energy between418

water molecules, both inside the membrane and outside419

of it, over the last 4 ns of the equilibration, again using420

the NAMDEnergy tool. The water cohesive energies in the421

membrane are -5.45 ± 0.56, -4.59 ± 0.55, and -3.79 ± 0.84422

kcal�mol–1 for SPC/E, TIP4P, and TIP3P, respectively. This423

can be compared to the cohesive energy of water molecules424

in a bulk water system containing the same number of425

water molecules but without the presence of a membrane,426

where the average bulk water cohesive energies are -9.98 ±427

0.06, -9.76 ± 0.06, and -8.06 ± 0.06 kcal�mol–1 for SPC/E,428

TIP4P, and TIP3P, respectively. Although the energies are429

more similar for SPC/E and TIP4P in bulk water, the trend430

is preserved that SPC/E has the strongest self-interaction,431

which limits its mobility the most, both inside and outside of432

the membrane, resulting in the lowest diffusivity. TIP3P has433

the highest diffusivity because its cohesive energy is lowest434

both inside and outside of the membrane. Thus, the different435

cohesive energies for the water models likely explain the436

differences in the measured diffusivities in Fig. 6(a).437

To confirm that the comparative relationship between438

the water models studied here is not affected by membrane439

charge concentration, we consider a set of simulations us-440

ing pH ˘ 7 membrane at 300 K with Langevin damping441

parameter set at 0.2 ps–1. The diffusivity within the pH ˘442

7 membrane is 50% to 80% higher than that in the pH ˘ 10443

membrane. But the general trends for Dw and D
mem
w match444

those for the pH ˘ 10 membrane system: SPC/E has the445

lowest water diffusivity and TIP3P the highest.446

As illustrated in Fig. 6(b), the negative linear slopes of447

ln(D) with 1/T for all water models are consistent with the448

Arrhenius relationship between D and temperature. Hence,449

although all water models manage to describe the qualitative450

relationship between diffusivity and temperature as well as451

reflect the reduced diffusivity in the membrane, the TIP4P452

model captures water self-diffusivitymost accurately among453

all the water models investigated here.454

Another important aspect is the temperature control455

scheme used in the simulations. For the Langevin thermostat456

used here, the damping coefficient � determines the magni-457

tude of random forces introduced into the system. The effect458

of Langevin damping coefficient, ranging from 0.1 to 10459

ps–1, on water diffusivity in the NF membrane systems at460

300 K is shown in Fig. 7. The Langevin damping parameter 461

� has significant impact on the results, especially for bulk 462

water. However, comparing to the horizontal band for ex- 463

periments conducted at 298 K [53–56] indicates that TIP4P 464

best matches the experimental results within the range of � 465

= 2 – 5 ps–1, and TIP3P also reproduces reasonable results 466

at � = 5 – 10 ps–1. 467

Based on the combined observations of the diffusiv- 468

ity dependence on temperature and the Langevin damping 469

parameters, we conclude that TIP4P at � = 2 – 5 ps–1
470

produces the most accurate description of water dynamics 471

in terms of bulk water diffusivity. This result is consistent 472

with a recent study indicating that for TIP4P/2005, � = 1 473

– 5 ps–1 results in the most accurate description of water 474

bulk viscosity [51]. The performance of the TIP4P model 475

can most likely be attributed the more accurate electrostatic 476

charge distribution of the 4-site TIP4P model compared to 477

the 3-site models (see Fig.1). Furthermore, the TIP3P model 478

was developed without including self-diffusion as part of the 479

parameterization process, so its overestimate of Dw is not 480

surprising [4]. 481

Diffusivity vs. Damping

Bulk
Water

Inside 
Membrane

TIP3P

TIP4P

SPC/E

Figure 7: Diffusion coefficient D as a function of Langevin damp-
ing � for SPC/E (‚), TIP4P (∏ ), and TIP3P ( ) water models
simulated at 300 K. Black symbols indicate Dw, and blue symbols
indicate Dmem

w . Each data point is an average of 4 replicate simu-
lations (error bars omitted for clarity). Experimental data range at
298 K is indicated by the shaded area [53–56]. (Color online.)

3.2.2. Water transport 482

We further quantify the impact of the water model on 483

water transport in terms of the water flux using exactly the 484

same pH ˘ 10 membrane nanostructure in all cases. The 485

water flux at the molecular level is based on the net change 486

in the number of water molecules in the permeate reservoir 487

over the duration of the simulation normalized by the simu- 488

lation time (20 ns) and the membrane surface area (27 nm2). 489

As shown in Fig. 8, number water flux increases linearly 490

as temperature rises, which is consistent with experimental 491

results [61–64]. Among all water models, TIP3P yields the 492

largest number water flux at all temperatures and SPC/E 493
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the smallest. At a given temperature, 300 K for example,494

TIP3P results in flux values twice as much as TIP4P and 7495

times larger than SPC/E. To determine the most appropriate496

water model to use, we convert the number water flux to497

a macroscale representation indicated on the right vertical498

axis in Fig. 8. With transmembrane pressure and membrane499

thickness differences taken into account [28], experiments500

conducted at ambient temperature (293 K – 303 K) [65, 66]501

have equivalent flux values within the range of 0.013 m s–1
502

to 0.038 m s–1, shown as the shaded box in Fig. 8. This sug-503

gests that flux values simulated using both TIP4P and TIP3P504

are consistent with the experiments. However, even with505

the same membrane structure in the simulations, flux values506

produced using TIP3P suggest a high-permeance membrane507

while TIP4P corresponds to low-permeance. Therefore, in508

addition to the membrane’s intrinsic physical properties,509

the choice of water model has a large impact on the water510

transport performance.511
Flux vs. Temperature

Figure 2. (a) Number water and (b) diffusion coefficients D as a function of temperature for SPC/E 
(circle), TIP4P (square), TIP3P (triangle) water models and experimental data [ref] (cross). Blue 
symbols indicate D for water inside membrane models and black symbols for bulk water D. Each data 
point is an average of 4 replicate simulations. (Color online.)

SPC/E

TIP3P

TIP4P

TIP3P

TIP4P

SPC/E

TIP3P

TIP4P

SPC/E

TIP3P

TIP4P

SPC/E

Figure 8: Number water flux as a function of temperature for
SPC/E (‚), TIP4P (∏ ), and TIP3P ( ) water models. Each
standard error bar (smaller than the symbol in most cases) is for 4
replicate simulations. All simulations here use Langevin damping
� of 2 ps–1. Experimental data range is indicated by the shaded area
[65, 66].

To investigate the effect of the Langevin damping coeffi-512

cient, the water flux is plotted against � in Fig. 9. Water flux513

decreases as � increases for all water models, as would be514

expected given the increasing bulk viscosity with increasing515

� [51]. Based on experimental flux measurements around516

300 K, indicated by the shaded region in Fig. 9, there are517

several acceptable combinations of TIP3P and TIP4P water518

models and Langevin damping values including the optimal519

conditions based diffusivity measurements in the previous520

subsection, TIP4P at � = 2 – 5 ps–1. Interestingly, the highest521

number water flux using TIP4P occurs at � = 0.2 ps–1, unlike522

other models where the highest flux is at the smallest value523

considered, � = 0.1 ps–1. However, we do not explore this524

further, given that the preferred values based on diffusivity525

results are � = 2 – 5 ps–1.526

Flux vs. Temperature

TIP3P

TIP4P

SPC/E

Figure 9: Number water flux as a function of Langevin damping
� for SPC/E (‚), TIP4P (∏ ), and TIP3P ( ) water models
simulated at 300 K. Each standard error bar (smaller than the
symbol in most cases) is for 4 replicate simulations. Experimental
data range is indicated by the shaded area [65, 66].

3.2.3. Flux and diffusivity correlation 527

So far, we conclude that among the water models in- 528

vestigated here, TIP4P best captures water self-diffusivity. 529

However, many previous studies including our own use 530

SPC/E or TIP3P, as indicated in Table 1. Hence, we assess 531

the three models in terms of the relation between number 532

water flux andDmem
w (for water inside membrane), which we 533

have shown previously to be linearly correlated [28]; that is, 534

higher diffusivity and higher flux are both correlated with a 535

looser membrane nanostructure, so diffusivity and flux are 536

correlated with each other. 537

Fig. 10 shows the relation between water number flux 538

andDmem
w for our previous results (grayù’s), which includes 539

220 simulations for 56 different neutral and charged NF 540

membrane nanostructures using TIP3P at 300 K [28], and 541

our new results for SPC/E, TIP4P, and TIP3P water models 542

using a singlemembrane nanostructure (red data points). It is 543

evident that the number water flux andmembrane diffusivity 544

simulated using different water models and at different 545

temperatures or values for � are still linearly correlated. 546

While this reinforces the clear relationship between flux and 547

water diffusivity regardless of simulation details including 548

the specific water model that is used, it also emphasizes the 549

impact of physical conditions (temperature) and simulation 550

parameters (�) in combination with the water model on 551

the results. The broad range of data for diffusivity and 552

water flux in our previous data (gray ù’s) can be directly 553

attributed to the effect of the density of the membrane. High 554

diffusivity and high flux correspond to a loose membrane 555

nanostructure, while low diffusivity and low flux correspond 556

to dense membrane nanostructure. The result is a linear 557

relation between flux and diffusivity [28]. 558

Consider first the effect of temperature in Fig. 10(a). A 559

total of 12 simulations are included for each water model (4 560

replicates at each temperature), and the large range of data 561
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Results: Thermostat Setting Effect

Figure 4. Number water as a function of diffusion coefficients D for SPC/E (green circle), TIP4P (red 
square), and TIP3P (blue triangle) water models with (a) varying temperature settings and (b)  
thermostat settings. All previous data for neutral and charged membranes [Liu, JMS, 2022] are
shown as shaded crosses. (Color online.)

Temperature

313 K

300 K

283 K

0.1

! (ps-1)

0.2

1.0

2.0

5.0

10.0

(a) Temperature

(b) Langevin Damping

SPC/E
TIP4P
TIP3P

SPC/E
TIP4P
TIP3P

Figure 10: Number water flux as a function of diffusion coeffi-
cients Dmem

w for SPC/E (‚), TIP4P (∏ ), and TIP3P ( ) water
models with varying (a) temperature (283 K, 300 K, and 313 K)
at � = 1 ps–1 and (b) Langevin damping settings 0.1 f � f 10
ps–1 at 300 K. Darker red symbols indicate higher temperature or
larger Langevin damping values. All previous data for neutral and
charged membranes [28] are shown as gray ù. (Color online.)

for any particular water model is striking. It is clear that a562

wide range of diffusivities and water fluxes occur as a result563

of both differences in temperature (symbols with different564

red shading) and the variation from one replicate run to565

another (symbols with the same shading). Clearly, increased566

temperature (darker shading) results in increased diffusivity567

and flux, as would be expected for a looser membrane and568

higher water diffusivity at higher temperature. Of course,569

the choice of the water model also plays a very large role570

as previously indicated in Fig. 8. Nevertheless, all the data571

falls on the same linear correlation between water flux and572

density, regardless of water model, temperature, or variabil-573

ity between replicate runs. The impact of the simulation574

parameter, � , is similar, shown in Fig. 10(b). That is, the575

linear relation between flux and diffusivity holds regardless576

of the specific value for � and the water model that is used.577

Hence, when studying the water transport within a poly-578

meric membrane system, the wide range of water models579

used in previous studies (Table 1) is unlikely to have a580

detrimental effect on the qualitative aspects of the results.581

However, a realistic membrane model, the correct water 582

model, and optimal MD simulation parameters are critical to 583

consider when comparing results from one study to another 584

and with quantitative experimental results. 585

3.3. Water model effect on water dynamics in salt 586

solutions 587

The presence of ions can also affect water diffusivity, so 588

we consider the water diffusivity with solutes, Dsol
w , for the 589

SPC/E, TIP4P, and TIP3P water models for the simulation 590

system shown in Fig. 3 with no membrane present. Consis- 591

tent with pure water, TIP3P results in the largest Dsol
w and 592

SPC/E the smallest, as shown in Fig. 11. The value for Dsol
w 593

decreases with solute concentration for all solutions and wa- 594

ter models studied here due to the interactions between ions 595

and water molecules, consistent with experimental results 596

(green data points) [67–69] and previous MD simulations 597

for a single solute and concentration, 1 M NaCl [57]. In 598

addition, for all solutions with non-zero concentrations,Dsol
w 599

decreases following the order KCl > NaCl > CaCl2 >MgCl2 600

at any particular concentration. This is consistent with the 601

reverse ordering for the cation Stokes radii [70–72], the 602

hydrated cation radii [72], and the water mean lifetimes 603

(⌧water) near the cations [73], all of which are reported 604

to order as Mg2+ > Ca2+ > Na+ > K+. This suggests 605

that the larger the cation hydrated radius or the longer the 606

water molecules remain part of the solvation shell of the 607

cation (larger ⌧water), the lower the mobility of the water 608

molecules due to ion-water interactions leading to smaller 609

D
sol
w . Moreover, the disparity for Dsol

w among the different 610

solutes becomes more pronounced at higher concentrations. 611

The differences between the water models can again be 612

related to the relative bulk water cohesive energies for the 613

three water models, as described in the context of Fig. 6. 614

Further note that it has been shown that charge scaling based 615

on the experimental value of the dielectric constant improves 616

the results for the dependence ofDsol
w on concentration, but it 617

is not clear if this may be related to the differences between 618

water models [57]. 619

Experimental measurements of Dsol
w for the solutes con- 620

sidered here are sparse, but based on available experi- 621

ments [68], there is no single water model that can best 622

represent water dynamics for all solutes at all concentrations. 623

However, TIP4P yields the closest D
sol
w for monovalent 624

cation solutions at high concentration, while SPC/E better 625

simulates the water dynamics for divalent cation solutions 626

at low concentrations (< 0.5 M). 627

3.4. Water model effect on ion dynamics 628

3.4.1. Ion self-diffusivity 629

In addition to evaluating D
sol
w for ionic aqueous solu- 630

tions, we also consider diffusion coefficients for the cations 631

(Dcation) themselves in the same solutions with no mem- 632

brane present. Fig. 12 shows Dcation as a function of solute 633

concentration for the three different water models compared 634

with the limited experimental data that is available for 1 gL–1
635

(0.013 M, 0.017 M, 0.009 M, and 0.011 M for KCl, NaCl, 636
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Results: Water Model Effect on Water Diffusivity

TIP3P

TIP4P

SPC/E
Figure 5. Water diffusion coefficients D
for TIP3P, TIP4P, and SPC/E as a 
function of solute concentration for KCl 
(square), NaCl (diamond),  CaCl2 (circle), 
and MgCl2 (triangle) compared to 
experimental data (green, 
\cite{muller1996parameter}). (Color
online.)

CaCl2 MgCl2KCl NaCl

Found experimental data for water self-
diffusivity in 1M salt solution (Müller 
and Hertz, JPhysChem, 1996)

Figure 11: Water diffusion coefficients D
sol
w for SPC/E, TIP4P,

and TIP3P (shades of red) as a function of solute concentration
for KCl (∏ ), NaCl (·), CaCl2 (‚), and MgCl2 ( ) compared
to experimental data [68] (green). (Color online.)Results: Water Model Effect on Cation dynamics

Figure 6. Diffusion coefficients D for (a)
K+, (b) Na+, (c) Ca2+, and (d) Mg2+ using 
SPC/E (circle), TIP4P (square), and
TIP3P (triangle) as a function of solute 
concentration, compared to experimental
data (*) [Bargeman JMS 2005, 2015].
(Color online.)

(b) Na+

(c) Ca2+ (d) Mg2+

SPC/E TIP3PTIP4P Experiment

(a) K+

TIP4P

TIP3P

SPC/E

Experiment

Figure 12: Diffusion coefficients Dcation for (a) K+, (b) Na+, (c)
Ca2+, and (d)Mg2+ using SPC/E (‚), TIP4P (∏ ), and TIP3P ( )
as a function of solute concentration, compared to experimental
data [70, 71] (*) . (Color online.)

CaCl2, and MgCl2, respectively) ionic solutions [70, 71].637

Overall, TIP3P overpredicts and SPC/E underpredicts the638

cation self-diffusivity compared to the experiments. Note,639

however, that the most dilute solution simulated here (0.03640

M) contains only one cation, which results in no ion-ion641

interactions in the periodic simulation domain. To verify642

the ion diffusivity in a dilute solution is not affected by the643

number of ions present, we performed simulations for NaCl 644

and CaCl2 where the system box size is doubled (5.2 ù 5.2 645

ù 2.0 nm3 vs. 5.2 ù 5.2 ù 4.0 nm3), while maintaining the 646

solution concentration at 0.03 M (two solute molecules in 647

the larger system). Results show that the solute diffusivity 648

does not change at constant concentration regardless of the 649

number of solute molecules present. Nevertheless, among 650

the water models considered here, TIP4P replicates cation 651

dynamics the best based on the limited experimental results 652

that are available for comparison. It is difficult to explain the 653

differences in Dcation between the water models, although 654

the success of the TIP4P water model is likely related to the 655

superior electrostatic charge distribution of the TIP4Pmodel 656

to better reflect the polar nature of a water molecule. 657

Results: Water Model Effect on Anion dynamics

Figure 7. Diffusion coefficients D for Cl- in
(a) KCl, (b) NaCl, (c) CaCl2, and (d)
MgCl2 using SPC/E (circle), TIP4P
(square), and TIP3P (triangle) as a 
function of solute concentration,
compared to experimental data (*)
[Bargeman JMS 2005]. (Color online.)

(b) NaCl

(c) CaCl2 (d) MgCl2

SPC/E TIP3PTIP4P Experiment

(a) KCl

ExperimentTIP4P

TIP3P

SPC/E

Figure 13: Diffusion coefficients DCl– for Cl– in (a) KCl, (b)
NaCl, (c) CaCl2, and (d) MgCl2 using SPC/E (‚), TIP4P (∏ ),
and TIP3P ( ) as a function of solute concentration, compared to
experimental data for a single measurement of Cl– (see text) [70]
(*) . (Color online.)

It is clear that Dcation generally decreases as solute 658

concentration increases. Moreover, the monovalent cations, 659

K+ and Na+, have larger diffusivity than the divalent ones, 660

Ca2+ and Mg2+. Furthermore, the ordering is consistent 661

with the reverse ordering for the cation Stokes radii [70–72], 662

the hydrated cation radii [72], and the water mean lifetimes 663

(⌧water) near the cations [73], noted above, although Ca2+
664

and Mg2+ have almost identical diffusivity. Again, this 665

suggests that the larger the cation hydrated radius or the 666

longer the water molecules remain part of the solvation shell 667

of the cation, the lower the mobility of the cation. 668

Likewise, diffusion coefficients for anion Cl–, DCl– , in 669

different solutions follow similar patterns, as shown in Fig. 670

13. TIP3P yields the largestDCl– among all three water mod- 671

els, and SPC/E the smallest. In general, DCl– decreases as 672
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concentration increases, but the decrease is steeper with the673

ordering Mg2+ ˘ Ca2+ > Na+ > K+. Again this is probably674

related to cation hydration noted above also affecting the675

anion diffusion at higher concentration. However, at low676

concentrations, DCl– is very similar regardless of the cation677

for each of the three water models. The exception is TIP4P678

for CaCl2, which we return to shortly.679

Since there is only one experimental result that we can680

find forDCl– [70] (although it is not clear if this corresponds681

to KCl, NaCl, or CaCl2 in the experimental study), we use682

this single experimental DCl– value to compare with our683

computational results. The TIP3P and TIP4P models appear684

to work best when comparing simulation and experimental685

results for DCl– , although TIP3P over-predicts and TIP4P686

underpredicts DCl– , except for CaCl2 where TIP3P works687

best. Hence, the best water model to simulate Cl– dynamics688

depends on the salt solution, and there appears to be no one-689

fits-all water model to characterize Cl– dynamics. We note690

that DK+ , DNa+ , and DCl– obtained here for 1 M solutions691

using the SPC/E and TIP3P models average about 40%692

lower than those found in previous MD simulation [57],693

although this study use a different thermostat and simulation694

package as well as a very small simulation volume, as noted695

in Section 3.2.1.696

3.4.2. Ion-water coordination number697

As we alluded to earlier, an important metric to describe698

water dynamics near ions is the water coordination number699

(WCN) of the hydrated ion, which is the number of water700

molecules in the first solvation shell. Since multiple solute701

concentrations are used, we consider the WCN averaged702

over all concentrations with their standard error, as shown703

in Fig. 14, and compare to experimental measurements704

[74–81].705

• Figure 7. Ion-water coordination 
number for K+, Na+, Ca2+, Mg2+, 
and Cl- found using SPC/E 
(dotted), TIP4P (striped), and 
TIP3P (wavy), compared with
experimental data (solid) [multiple].
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Figure 14:Water coordination number (WCN) for K+, Na+, Ca2+,
Mg2+, and Cl– found using SPC/E, TIP4P, and TIP3P, compared
with experimental data [74–81].

Overall, the WCN for all ions except Ca2+ are within706

a similar range among SPC/E, TIP4P, and TIP3P, and the707

results match experiments reasonably well. Hence, it is hard708

to select one water model over another for Na+, K+, Mg2+,709

or Cl–. However, for Ca2+, the WCN for SPC/E matches710

experimental results best. On the other hand, for Cl– and, 711

to a smaller extent, Mg2+, all water models overestimate 712

the WCN by similar amount compared to the experiments. 713

Therefore, based on the WCN measurement alone, none of 714

the water models stand out, and for reliable WCN results for 715

Ca2+, SPC/E is optimal. 716

4. Conclusions 717

While realistic membrane structures are crucial to ex- 718

ploring water and ion transport using MD simulations, we 719

show here that water models and simulation parameters 720

also affect water transport and ion dynamics significantly. 721

Previous studies of various water models have provided only 722

minimal insight in explaining such differences for pure wa- 723

ter [4, 10–12, 57], let alone when the water model interacts 724

with atomistic models for the membrane or ions. In this 725

study, we connect the differences between the water models 726

to specific aspects of the water model interactions with 727

the membrane polymers and the intrinsic cohesive energy 728

between water molecules. Interaction energies between the 729

membrane and water molecules indicate that SPC/E has the 730

strongest affinity with the membrane while TIP3P has the 731

weakest interaction. This is also consistent with the cohe- 732

sive energy between water molecules themselves, where 733

SPC/E self-associates the most and TIP3P the least. Hence, 734

regardless of membrane charge concentration (pH ˘7 or pH 735

˘10), the water model with the largest cohesive energy and 736

interactionwith themembrane, SPC/E, has the least mobility 737

to traverse through the membrane, while the opposite occurs 738

for TIP3P, thus explaining the trend for water transport and 739

diffusivity. 740

To aid future researchers in deciding which water model 741

to use, we rate each water model qualitatively in Table 4 742

based on the metrics discussed in previous sections. The up- 743

per threemetrics correspond towater dynamics inmembrane 744

systems, and the lower three describe ion dynamics in salt 745

solutions. Based on this table, we conclude that overall the 746

TIP4P water model renders the most accurate description of 747

both water and ion dynamics. Nevertheless, previous MD 748

studies using other water models are likely to still provide 749

useful comparative results for conditions using the same 750

water model. However, caution is advised when making de- 751

tailed quantitative comparisons between simulations using 752

different water models. 753

Table 4
Evaluation of SPC/E, TIP4P, and TIP3P. (Color online.)

Metric SPC/E TIP4P TIP3P

Water D (Fig. 6) ∏ ‚ ù
Water flux (Figs. 8, 9) ù ‚ ‚

Water D in solution (Fig. 11) ‚ ∏ ù
Cation D (Fig. 12) ∏ ‚ ù
Anion D (Fig. 13) ù ∏ ‚
WCN (Fig. 14) ‚ ∏ ‚

Legend: ù – poor ∏ – fair ‚ – good
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Returning to the issue of simulation time mentioned in754

the Introduction, it is important to note that using the 4-site755

TIP4Pwater model requires longer simulation times than the756

3-site SPC/E and TIP3P models. Based on our experience757

running simulations on a high-performance workstation (40758

CPUs with an NVIDIA® Quadro® GV100 GPU), we find759

that simulations of the magnitude described in this paper760

take approximately 20 – 30% more wall clock time for761

TIP4P than for the other two water models.762

Of course, there may be other combinations of con-763

ditions and water models for MD simulations of water764

filtration membranes that can satisfactorily reproduce ac-765

tual water and ion dynamics. However, this study provides766

qualitative and quantitative comparisons of the three most767

common water models, which will be useful for future MD768

simulations of polymeric membranes.769
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