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Abstract

Unraveling water and salt transport in polyamide is of growing importance as the

use of reverse osmosis membranes grows in many industries. Here, using solid-state nu-

clear magnetic resonance (NMR) spectroscopy, we measure the translational diffusion

coefficients using pulsed-field gradient NMR, examine ion dynamics with NMR relax-

ometry, and determine activation energy barriers of hydrogen and sodium ions in ion-

exchanged polyamide using variable-temperature NMR. We identify two predominant

diffusion components within the spectra associated with bound and unbound hydrogen

and sodium ions. We show that the diffusion coefficient of the bound hydrogen ions

decreases by 46% while the free hydrogen diffusion coefficient remained constant as the

salinity of the mixture increases from 1 M to 2 M. Conversely, the diffusion coefficient

of bounded sodium did not change while the unbounded sodium diffusion coefficient

decreased by 38% as the salinity of the mixture increases from 1 M to 2 M. Through

examining the spin-lattice relaxation time (T1) at various temperatures we reveal that

the sodium and hydrogen ion motion decreases with an increase in salinity, and we also

report the associated activation energy. We believe these molecular-scale measurements

can aid in extending the solution-diffusion model of reverse osmosis membranes.

Introduction

The development of highly permeable thin film composite polyamide membranes with high

salt rejection has allowed reverse osmosis (RO) to become the leading technology for seawa-

ter and industrial water desalination.1,2 Commercial RO membranes have an active aromatic

polyamide layer which is formed by interfacial polymerization.3–6 At a macroscale, commer-

cial polyamide RO membranes achieve near ideal salt rejection (> 98%), high water perme-

ability (2 - 20 L m−2 h−1 bar−1), and low salt permeability(0.1 - 0.4 L m−2 h−1).5–7 This

high salt rejection is largely ascribed to the unique nonporous and highly tortuous nature of

the polyamide layer.6
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Water and salt transport properties through polyamide is largely limited to physics ex-

trapolated from the solution-diffusion model.1,8 For instance, bench scale measurement of

water and salt permeability is commonly used to extract water and salt diffusion coeffi-

cient.5,9,10 While the solution-diffusion model is well tested, the model assumes that chemical

and hydraulic gradients are constant, and that all transport processes occur under equilib-

rium conditions.9,11 These and other core assumptions of the solution-diffusion model are

becoming increasingly limiting as the field moves beyond seawater as the primary feed-

streams.11–14

The transition state theory (TST) model is an alternative to the solution-diffusion model

which begins to the explore microscopic phenomenon associated with water and salt trans-

port. In the TST model, salt and water partitioning and molecular diffusion is considered

an activated process. Thus salt and water must contain enough energy to overcome various

transition states within the membrane in order to permeate through the membrane.15 The

transition states within the membrane largely depends on molecular-scale interactions be-

tween the polymer, water, and ions. In order to improve the TST model, there is a need

for experimental verification of water and salt activation energy, and translational and rota-

tional diffusion coefficients. This type of verification is attained through the use of molecular

simulations and advanced characterization.16

Advanced characterization techniques which aim to extrapolate water and salt trans-

port in membranes include transmission electron microscopy (TEM), quasielastic and in-

elastic neutron scattering (QENS,INS), Extended X-ray absorption fine structure (EXAFS),

full-field Transmission X-ray Microscopy 2D and 3D (TXM-CT and microCT), positron

annihilation lifetime spectroscopy (PALS), and Nuclear Magnetic Resonance (NMR) spec-

troscopy.17–21 The average water diffusion coefficient was recently obtained generating a 3D

mapping of polyamide density from TEM images, and found to be in the range of 1.03 ±

0.02 - 1.67 ± 0.04 × 10−9 m2/s.18 The water diffusion was calculated by converting the 3D

nanoscale intensity distributions (density and thickness) to nanoscale distributions of den-
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sity, from which the water diffusion coefficient was extracted within polyamide films.18 It

was concluded that aromatic polyamide membranes contain water channels.

Quasielastic neutron scattering experiments suggests that the water diffusion coeffi-

cient is 1.9 ± 0.4 × 10−9 m2/s.22 While, molecular dynamics simulations of a hydrated

polyamide membrane suggest the diffusion coefficient of the bulk phase is (3.08×10−9 m2/s),

the interface region is (0.58 × 10−9 m2/s), and the polyamide membrane is (0.24 × 10−9

m2/s).23 A transmission XAFS provides absorption coefficient for thin film samples; how-

ever, one drawback is that samples should have very smooth surfaces, which is not found with

polyamide. Positron annihilation lifetime spectroscopy (PALS) coupled with modeling study

can also assist in deriving diffusion coefficients in membranes.24 Examining sodium diffusion

in polyamide is feasible through 23Na NMR.25 NMR is also effective for determining the pu-

rity, degree of cross-linking, and chemical composition of polyamide systems sing 13C MAS

techniques.26,27 Examining the polymer chemistry (reaction mechanism, chemistry of poly-

mer and effects of treatment processes) and dynamics of water in other types of polyamide

materials with different chemistry (i.e., nylons) is routinely examined with NMR.28–31

Herein, we examine the use of solid state NMR to extract the diffusion and activation

energy barrier for water and salt in polyamide. We have prepared ion-exchanged polyamide

membranes where we introduced the polyamide different salt mixtures (ionic strength =

1 and 2M) and different levels of relative humidity (0, 60 and 98%). We applied pulsed

field gradient (PFG) NMR experiments to examine the translational diffusion coefficients

of hydrogen and sodium ions in ion-exchanged polyamide.32,33 We have measured 1H and

23Na NMR spin-lattice relaxation time (T1) for ion-exchanged polyamide at varying RH and

salinity. Through monitoring the spin lattice relaxation time (T1) at various temperatures

we also extract the activation energy for salt and water transport.
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Results & Discussion

Hydrogen and Sodium Diffusion in Fully Hydrated Polyamide

First, we examine the translational (Figure 1-a) and rotational (Figure 1-b) motion of water

(1H) in fully hydrated polyamide as salinity increases from 1M to 2M using pulse field

gradient NMR (PFG-NMR). As the salinity doubled, there is a clear broadening of the

1H line-width spectra (Figure 1-a and Figure S1 and S3) indicating that the rotational

movements are hindered in the presence of higher salt concentration. When examining

chemically and magnetically inequivalent components within the 1H spectra, we identified

four peaks. Two peaks follow a 2-component distribution model (≈ 5 ppm). The diffusion

coefficient attributed to the peak ≈ 1.3 ppm were unchanged under all conditions (changes

in applied gradient pulse (∆) and salinity), and thus were assumed to be ascribed to the

polymer functional groups. The second two were ascribed to bound and unbound hydrogen.

The two bound and unbound hydrogen diffusion coefficients changed with salinity and were

attributed to the 1H resonance around 5 ppm.

When examining the rotational and translational motion of water within polyamide,

as the salinity increases from 1M to 2M, (Figure 1 a - green line) the unbound hydrogen

decreases from 14.7% to 4.6% and the amount of bound hydrogen increases from 82.3 %

to 94.4% (as determined by deconvolution of line-shapes as shown in Figure S1). When

examining the normalized intensity of the 1H as a function of different gradient strengths

we observe a relaxation (Figure 1-b) for water component at ≈ 4.7 ppm. The Stejskal-

Tanner equation allows the extraction of diffusion coefficients (Equation 3). The unbounded

hydrogen diffusion coefficient (D1) does not change with salinity (Figure1-b, Table 1). The

unbound hydrogen diffusion coefficient is in the range of 4.7× 10−10 -4.9× 10−10 m2/s which

is lower than the bulk water (self) diffusion coefficient (2.3 × 10−9m2/s) (Table 1).34 The

values for self-diffusivity of water in polyamide in this work are also lower than the value for

self-diffusivity of bulk water (2.5 × 10−9 m2/s at 300 K) reported by quasi-elastic neutron
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scattering.35 Diffusion of unbound hydrogen is not impacted by increases in salinity. This

is not surprising as the molar concentration of water (approximately 55M) is significantly

higher than either salt.

The diffusion coefficient of the bound protons decreases from 7.4e−11 to 4.0e−11 m2/s

with the addition of 1M KCL (Figure1-c, Table 1). The diffusion of bound protons decreases

by 46% with the addition of 1M KCl to a 1M NaCl feed stream (Figure 1c and Table

1). This is due to the increase of salt within the polyamide, which sterically blocks the

motion of bound protons.36 It should be noted that the self-diffusion coefficient of water at

room temperature is reported to be at 2.8 × 10−9 m2/s.1 The presence of more than one

diffusion coefficient for 1H could be due to strong hindrance of water mobility in the dense

polyamide network, as water molecules are diffusing from a local to bulk diffusion pathway.

Here, we assume that the bound water is the molecules that are associated by hydrogen

bonding to the oxygen-containing functional groups and fill the polyamide voids (Figure 2).

The bound water can be transported (translational motions) across the membrane by being

combined with the membrane through hydrogen bonding. Bound water migrates by water

molecules hopping from one hydrogen site to another. When salt is added the bounded

hydrogen-containing molecules are hindered from interactions with water and/or hydroxide

functional groups due to the presence of potassium. The tightness of these bound-water

regions depends on the presence of additional ions. As salinity increases, the space around

the bound water region is tighter leading to a decrease in the bound water diffusion coefficient.

The bound hydrogen diffusion behavior in polyamide is dependent upon interactions with

dipoles of hydroxyl of polyamide, water-water, water-polymer, water-sodium-potassium, and

electrostatic interactions.
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Figure 1: 1H and 23Na NMR for probing local environments and diffusion coefficients. a)
1H NMR spectra , b)D1 and D2 fitting of 1H PFG NMR decay for hydrogen translational
motion (diffusion), c) 23Na NMR spectra, d) D1 and D2 fitting of 23Na PFG NMR decay on
sodium translational motion(diffusion).

Next, we examine the translational (See Figure 1-d) and rotational (see Figure 1-c)

motion of salt (23Na) in polyamide as salinity increases from 1M to 2M using pulse field

gradient NMR (PFG-NMR). As the salinity doubled, like the 1H spectra, there is also a

clear broadening of 23Na line-width spectra (Figure 1-c and Figure S2). This again indicates

that the rotational and translational movements are hindered in the presence of higher

salt concentration. When examining the number of diffusion components within the 23Na

spectra, we identified two peaks. They were ascribed to bound and unbound sodium (Figure

1-c and Figure S2). When examining the rotational and translational motion of sodium

within the membrane, as the salinity increases from 1M to 2M, (Figure 1 c - green line)

the unbounded sodium decreases from ∼ 87% to ∼ 75% and the amount of bounded ions

increases from 12.5 % to 24.6% (as determined by deconvolution of line-shapes as shown
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in Figure S2). Thus, the hindrance in sodium ion movement is due to the increase in the

amount of sodium that exists in the bounded state in the presence of high salinity.

When examining the normalized intensity of the 23Na as a function of different gradient

strengths we observe a relaxation (Figure 1-d). The unbound sodium diffusion decreases

by 38% from 9.4 to 5.8e−12 m2/s (Figure 1-d and Table 1). The decrease in the unbound

diffusion coefficient of sodium may be due to the competitive diffusion between sodium and

potassium as salinity increases. The bounded diffusion coefficient (D2) does not change as

the ionic strength increases, and remains around 0.2e−12 m2/s (Figure 1-d and Table 1).

Self-diffusion coefficients of sodium ions in polyamide in this work are also lower (approxi-

mately 10 orders of magnitude) compared to self diffusion of sodium in relative concentra-

tion of sodium chloride solution.37 This is due to the fact that there are most likely low

concentrations of sodium physiochemically interacting with the polymer as sodium is able to

freely move within the free space of the polymer. We deduce that with increase in salinity,

the translational movements of the unbounded sodium ions passing through polyamide are

hindered. For unbounded sodium ions, the high salinity reduces Brownian motion and pro-

vides accessible open space for the translation motions of sodium ions. In this case, sodium

ions with a large hydrodynamic radius than potassium ions encounter more boundaries and

thereby can only travel smaller distances. Our results show that the bound and unbound

diffusion coefficients of sodium ions in ion-exchanged polyamide are less than the sodium ion

diffusion reported reported in water (DNaCl= 1.6 e−9 m2/s).38 The ion transport in polymeric

membranes is usually governed by Donnan exclusion, dielectric exclusion, and size exclusion.

Since the ion-exchanged polyamide membrane contains the same functional groups with sim-

ilar charge properties in different ionic mixtures, the PFG NMR diffusometry results suggest

that a size-exclusion mechanism dominates the ion translational motions resulting from the

dense structure of the polyamide network.39
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Table 1: Diffusion Coefficient measurements derived from PFG experiment for fully hydrated
ion-exchanged polyamide

Diffusion PFG Experiments
Multi-ionic Mixture Nuclei D1 (unbounded)

(m2.S-1)
D2 (bounded)
(m2.S-1)

1M NaCl 23Na 9.4× 10−12 0.2× 10−12

1M NaCl+ 1M KCl 23Na 5.8× 10−12 0.2× 10−12

1M NaCl 1H 4.9× 10−10 7.4× 10−11

1M NaCl+ 1M KCl 1H 4.7× 10−10 4.0× 10−11

Figure 2: Schematic of ionic translational and rotational motions in polyamide. The motion
of Relatively mobile "unbounded/free" water/sodium and relatively immobile "bounded"
water/sodium.

Ion Dynamics at Polyamide Interface by Magic-Angle Spinning Solid-

State NMR

Herein, we used magic angle spinning (MAS) to produce high-resolution NMR spectra to

characterize the ion dynamics in polyamide. MAS NMR spins the sample at the magic

angle (54.74 ◦) with respect to the direction of the magnetic field. This allows us to have

high-resolution data where the effects of dipolar, chemical shift anistropy, and quadrupolar

interactions are ruled out. MAS is a powerful method for analyzing chemical environments
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in an atomic level.

The peak positions (chemical shifts) of the and the line width of the 1 H signal vary with

changes in relative humidity and salinity (Figure 3 a). At low relative humidity (RH=∼ 0 %),

the physics examined is mainly due to the properties of the polymer. Ideally, enhanced trans-

port within the polymer itself can allow enhanced transport within the hydrated polymer,

which is important to examine. Without hydration, the (H2O/OH−) motion is ascribed to

hindered movements within the pores, at the membrane interface and outside the pores (Fig-

ure 3-a). At low relative humidity, when salinity increases, the 1H peak positions shift toward

lower values (ppm) slightly. As the 1H shifts upfield (lower ppm values), we hypothesized

the peaks of hydrogen are attributed to water (hydrogen) bonding with amine functional

groups. Reversely, as the 1H peak shifts downfield (higher ppm values), we hypothesize that

water molecules (hydrogen) bond with carboxylic acid functional groups of polyamide.40 We

assume as the polyamide is more decorated with linear chains on the interface (carboxylic

acid functional groups) and more fully crosslinked aggregates (amide functional groups) in

the core part of polymer,41 a lower ppm value in 1H demonstrates the interaction of hydrogen

ions with amide-containing functional groups which implies a in the pore behavior for the

ion .

At high relative humidity (RH=∼ 98 %), the physics examined is largely due to polymer-

water interactions. With hydration, we observed a sharp peak in the 1H spectra, indicating

fast rotational motions of water molecules. Increased molecular mobility is expected because

water hydrates the polymer. This phenomenon results in an increased effective magnetic

field (higher ppm values) and this effect can be caused by the presence of specific functional

groups that withdraw electron density from hydrogen ions, such as amide functional groups in

polyamide. This gives us information that the hydrogen ions are closer to amide functional

groups as the relative humidity of the membranes increases. However, with high relative

humidity, when salinity increases, the 1 H spectra shift upfield by 2.4 ppm (Figure 3-a).

Furthermore, the signal that indicates that water within the pores vanishes. Therefore, as
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salt infiltrates the pores, water is displaced to the polyamide interface (Figure S1).

Figure 3: a) 1H and b) 23Na MAS NMR spectra of ion-exchanged polyamide at different
levels of humidity and ionic mixtures. MAS rate: 10 kHz.

The peak positions (chemical changes) of the sodium signal and the line width of 23Na

also vary with changes in relative humidity and salinity (Figure 3 b). Without hydration, the

(Na+) movement is attributed to hindered movements outside the pores (Figure 3 -b). At

low relative humidity, when salinity increases, the 23Na shift or line-width does not change

significantly.

At high relative humidity (RH=∼ 98 %), the sodium motion is largely due to polymer-

water interactions. With hydration, we observed a sharp peak in the 1Na spectra, and a

shift in the peak position from ∼7.3 to ∼0. This shows that sodium ions move toward the

pores of polyamide with increasing humidity (Figure 3 -b). As the sodium peak changes to

higher values, the sodium ions interact with the carboxylic acid of polyamide on the surface,

since the higher chemical changes for the sodium peaks are usually related to the interaction

of sodium with an acidic environment (Figure S5). At higher RH, sodium ions become on

average more hydrated and the distance between sodium ions increases, thus reducing the

asymmetry in the surrounding electronic environment.42 This results in a decrease in electric
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field gradients (EFGs) in the 23Na nuclei, leading to a reduced quadrupolar broadening.42

Hydrogen and Sodium Ion Rotational Motion Rates in Polyamide

The parameters of the nuclear spin-lattice relaxation rate (T1) which accounts for the longi-

tudinal relaxation time, depend on the fluctuation of the nuclear spins of the ions. Therefore,

measuring nuclear spin-lattice relaxation rates can provide information regarding the inter-

action of molecules with their chemical environments.43 In an effort to examine the rotational

movement of hydrogen and sodium, we performed spin-lattice relaxation experiments.

We observed that spin-lattice relaxation times (T1) follow a bimodal distribution of ions

attributed to the presence of two different nuclear coordination environments (biexponential

relaxation - two components). This is consistent with our NMR PFG experiments and

further confirms that the two-site model for bound and unbound ions is appropriate for the

polyamide-salt mixture. Bounded ions are located in regions of strong confinement, along

with regions where unbounded ions coordinate with other hydrated nuclei.

The T1 relaxation time for the mobile/unbound site is denoted as T1-b whereas the T1

relaxation time for the sites with low mobility / bound is indicated as T1-a (Figure 4). For

rigid cross-linked polymers, most of the ionic molecular motion near room temperature is in

the slow motion region, which means that a longer T1 suggests slower motion, such as T1-a

> T1-b.3 When we plot the magnetization intensity as a function of the recovery time for

sodium and hydrogen ions in polyamide (Figure S7 and Table S1-S2), we observed that the

T1 relaxation for both hydrogen (Figure 4-a) and sodium ions (Figure 4-b) (bounded and

unbounded) continued to increase with salinity (all levels of RH), suggesting that the sodium

and hydrogen ionic motions are hindered as the feedstream becomes more concentrated.

For the same salt mixture, as the relative humidity of the polyamide membrane increases,

the spin-lattice relaxation time for sodium/hydrogen ions (both bounded and unbounded)

becomes shorter, meaning that the overall motion of the fluid-lattice surrounding the ions

increases (Figure 4 -a, b). It should be noted that the T1 values for 23Na in polyamide are
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still higher compared to the relaxation times of 23Na in a dilute NaCl solution (T1= 49.6

ms, T2= 34.0 ms)44.45 In summary, the results of relaxation rates for rotational motions

of ions follow the same trend as those observed in the study of translation motions derived

from diffusion coefficients with respect to varying RH and salinity.

a b

Figure 4: T1 (component1, left y-axis (Black lines, square symbols)) and T1−2 (component 2,
right-y axis, red-lines with star symbols) for a) 1H and b) 23Na NMR of samples with varied
concentrations of KCl solution in the ionic mixture. The legend in each graph indicates the
relative humidity (RH,%).

Activation Energy for Proton and Sodium Rotational Motions in

Polyamide

We have measured the energy barrier (Ea) of proton and sodium ions due to rotational

motions by detecting relaxation times as a function of temperature. The T1 values were

measured at four temperatures of 25, 35, 50, and 70 ◦ C to determine the energy barrier
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using Arrhenius plots. In general, ions are able to overcome different hindrances to transport

at higher temperatures due to the increased internal energy.15

Figure 5: ln(T1-a) (left-axis) and ln(T1-b) (right-axis) of 23Na NMR for ion-exchanged
polyamide in a) 1M NaCl, b) 1M NaCl & 1M KCl at the 0 relative humidity (RH, 0%).

We have provided experimental evidence on the rotational energy barrier to elucidate the

ion competitive behavior using relaxation experiments at the ≈ 0 relative humidity level. At

low relative humidity, we examine the activation of ions in polyamide. Without hydration,

the energy barrier is expected to be high because it is the polymer, not the hydrated polymer.

As salinity increases, the activation energy barrier of bounded sodium rotational motions

in ion-exchanged polyamide increases from 14.6 KJ/mol (1M NaCl) to 15.3 KJ/mol (1M

NaCl & 1M KCl) (Figure 5) while the unbounded sodium ions activation energy barrier did

not show a significant dependence on the changes in the ionic mixture. At the molecular level,

the bounded sodium remains bounded and the unbounded sodium becomes more bounded

with increasing salt amount requiring more energy to overcome the activation energy barrier

for motions (Figure S8).

For hydrogen nuclei, we observe that the relationship for rotational relaxation time ver-

sus temperature does not necessarily follow a linear trend (R2<0.9) (Figure S7, Figure S9).

Thereby, we assumed that the dynamics of water in the polyamide at a very low relative

humidity level (0 RH) and in the presence of other larger ions (Na, K, Cl) remains bounded.
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Therefore, an increase in the temperature of the polyamide environment has not yet over-

come the energy barrier for rotational motions without hydration. We hypothesize that

the phenomena that water has more affinity to bind to small ions tighter than binding to

other water neighboring molecules,46 contribute to the bounded water remaining bounded

at higher temperatures or KCl amounts. With an increase in the salt in the media, the

activation energy barrier for hydrogen rotational motions increases. This increase is due to

the increase in hydrogen-frictional interactions with the polyamide material. The frictional

effects are due to physical collisions between more potassium ions and rough surfaces, leading

to an increased energy barrier.

Ion Dynamics in Polyamide

We illustrate a representative computational model in which the Na+ and Cl- ions are

distributed with water (Figure 6-a). Our MD simulations were performed using three-

dimensional cross-linked PA membrane structures rather than two-dimensional sandwiched

PA slab structures47 to investigate ion diffusion through the water phase in the PA membrane

instead of interfacial ion transport between bulk water and the PA membrane. We carried

out all simulations in isothermal-isobaric (NPT) ensemble at 298.15 K and 1 atmospheric

pressure conditions until they reached equilibrium states in terms of density and potential

energy fluctuations, as indicated in Figure S11 of the supporting information.

The density of the bulk PA structure is determined to be 1.16 g/cm3 and 1.22 g/cm3

at the dry and hydrated states. Systems containing ions are found to have slightly higher

density. Table S3 summarizes the average density values obtained from the MD simulations

for the three systems. It should be noted that all hydrophilic polar functional groups, such

as carboxyl and amino groups, and charged species such as Na+ and Cl- are solvated by

water molecules in the PA membrane. Therefore, we expect that the dynamics of ions are

coupled with that of water molecules. Here, we investigate the self-diffusion (D) of ions and

water molecules by analyzing the mean square displacement (MSD) calculated as a function
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of time (t) using Equation (1):

D =
1

6
lim
t→∞

1

t
[(r(t)− r(0))2] (1)

where r(0) and r(t) denote the position of the particle at the beginning and at time t,

respectively, and [(r(t)− r(0))2] is the mean square displacement (MSD).
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Figure 6: (a) Representative model for cross-linked polyamine membrane with ions solvated
in water. The mean square displacement is computed for (b) H2O and (c) Na+ and Cl- ions,
where the diffusion of Cl - ion is higher than that of Na +. (d) Pair correlation analysis for
the Na+- O of water pair in which the oxygen of H2O is denoted by Ow
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We have demonstrated that (Figures 6 (b) and (c), MSD plots for water)for Na+ and Cl-

the MSD decreases as the concentration of KCl increases to 1M, and the slope of the linear

segment taken from each MSD curve is found to decrease accordingly. These results indicate

that the diffusivities of water and ions are reduced with increasing KCl concentration, as

summarized in Table S3. The diffusivity of Cl- is found to be higher than that of Na+,

which is attributed to the more electrostrict character of water molecules adjacent to the

cation compared to anion of the same charge.48 Overall, the water diffusion is on the order

of magnitude higher than that of ions because the ions in weakly solvated state tend to be

associated with surrounding chemical species of PA such as functional groups or neighboring

ions via clustering or aggregation for further stabilization, which diminishes the mobility of

ions. Therefore, lower diffusion coefficients are expected, especially for the Na+ ion.

In this paper, we implement pair-correlation analysis between the Na+ ions and solvating

water molecules. We show that the correlation of Na+ with water molecules decreases as

the KCl concentration increases (Figure 6-d ). Thus, it is evident that the presence of KCl

weakens the solvation state of the Na+ ion and thereby decreases the Na+ diffusivity, which

emphasizes the sensitivity of the ion mobility in the PA membrane to the local solvation

environment.

Conclusion

Here, we used solid-state nuclear magnetic resonance spectroscopy (NMR) to examine the

transport of water and salt in polyamide. We investigate the dynamics of H+ and Na+

ions at different levels of relative humidity in various salinity environments. We identi-

fied "bound" and "unbound" states of water and sodium. These species are attributed to

highly immobile, "bound" (or aggregated) sodium/hydrogen, and a significantly more mo-

bile sodium/hydrogen, "unbound", for which the concentration is temperature-, ionic-, and

polymer-dependent. The NMR spin-lattice relaxation T1 shows a behavior consistent with
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the transition to a region of rapid hydrogen and sodium motion as T1 decreases with tem-

perature, concluding that the spin-lattice relaxation obeys the Arrhenius relation where the

activation energy barrier of mostly unbounded sodium ions is affected compared to bounded

ions. Bounded hydrogen ions remain bounded as the concentration of a competing ion in-

creases (here potassium) or the temperature increases. Therefore, hydrogen ions do not

follow the Arrhenius relation or vary in translational/rotational mobility.
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Materials and Methods

Materials

The following materials have been purchased from Sigma-Aldrich and have been used as

received without further purification: Trimesoy chloride (TMC) 98%, m-phenylenediamin

(MPD) flakes> 99%, anhydrous sodium chloride (NaCl, >99%), anhydrous potassium chlo-

ride (KCl, >99%), Phosphorus pentoxide, potassium sulphate, and magnesium nitrate.

Methanol, ethanol, and n-hexane were purchased from VWR International Ltd. Deionized

(DI) water (18.2 Ω) was prepared in a millipore Milli-Q purification system.

Polyamide Membrane Preparation

Polyamide membranes for NMR experiments were synthesized via interfacial polymeriza-

tion method by adding 0.1 % (w/v) trimesoyl chloride (TMC, Sigma-Aldrich) in n-hexane

solution into 2 % (w/v) aqueous m-phenylenediamine (MPD, Sigma-Aldrich) solution. Free-
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standing interfacial polymerization has been a well-known technique to form the selective

top layer of reverse osmosis membranes for advanced characterization purposes where the

polyamide layer has been synthesized without the need for a ultrafiltration support mem-

brane49 . The polyamide film would form at the water-oil solution interface instantaneously

by a self-limiting reaction. In the interfacial polymerization method, the polyamide layer

is formed by diffusion of MPD molecules toward the oil-water interface and reaction with

TMC acid chloride groups. It has been hypothesized that nanofilms form by nucleation

and aggregation of different molecular weight of oligomers at the interface and the form a

continuous film under prolonged reaction time.49 The interfacial reaction proceeded without

stirring, and the fragments of the polymer film formed at the solution interface were retrieved

and precipitated in deionized water. The formed polyamide films were dried at 90 C for 4

minutes, and neutralized with 0.2 wt.% sodium carbonate solution and then washed gener-

ously with deionized water and methanol to remove unreacted monomer and formed salt.

The synthesized polyamide membranes were ion-exchanged for further experiments. For ion-

exchanging the polyamide membranes materials, the synthesized polyamide was immersed

in solutions of 1 M NaCl, 1 M NaCl + 0.5 M KCl, and 1 M NaCl + 1 M KCl stirring for 24

hours using magnetic stirrer. Afterwards, the polyamide was retrieved from the solutions us-

ing vacuum filtration. Dried ion-exchanged polyamide membranes containing different ionic

mixtures (ionic strength of 1M and 2M) were partially rehydrated by exposure to different

levels of relative humidity (0, 60 and 98%). The samples were then stored in desiccators

where we controlled the environment of the desiccator for relative humidity levels using sat-

urated solutions of organic salts for at least 48 hours prior to NMR experiment. We probed

the relative humidity of the environments using a high-precision hygrometer/thermometer

(Cole-Parmer). To obtain relative humidity levels of 0, 60, and 98 RH, we used inorganic

salts of phosphorous pentoxide, magnesium nitrate, and potassium sulphate respectively. We

characterized the pure polyamide using solid-state 1 H and 13 C NMR spectra upon synthesis

before introducing ionic salt solutions in the sample (Figure S11-S12).
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Polyamide Water Uptake, Density, and Elemental composition Mea-

surements

The water uptake were measured by comparing the wet and dry state of polyamide mem-

branes at room temperature. The water uptake was calculated using following equation:

Water Uptake = (
Ww −W d

W d
)× 100(%) (2)

Where Ww and Wd are the masses of fully hydrated and dry polyamide samples, re-

spectively. We measured the mass of fully hydrated polyamide samples after we wiped off

the excess surface water with tissue paper. In this work, the polyamide water uptake is

measured to be 29.1 %. Additionally, we determined the density of polyamide with use of

DI water at room temperature using density measurement kit (VWR International) via an

analytical balance and the synthesized polyamide density was measured to be 1.35 g/cm3.

The surface chemistry of synthesized polyamide were investigated with X-ray photoelectron

spectroscopy (XPS) revealing atomic elemental composition for synthesized polyamide be

67.6 % C (carbon), 28.9 % O (oxygen), and 3.5 % N (nitrogen).

NMR Characterization

All the NMR data for polyamide characterizations were obtained using the NMR research

facilities at Georgia Institute of Technology. The solid-state NMR characterization was

performed on a Bruker AV3 HD 300 NMR spectrometer (Bruker, Rheinstetten, Ger- many)

operating at an MAS frequency of 10 kHz for 23Na and 1 H. Polymers were tightly packed

into 4 mm Bruker MAS rotors which were then exposed to various relative humidity levels

by placing the rotor over different inorganic salt solutions in sealed environments. Be- fore

measurement, the rotor was removed from the sealed environment and quickly capped. MAS

NMR experiments were performed at 10-kHz spinning speeds. NMR spectra under static

conditions were also recorded. Spin-lattice relaxation times (T1) were mea- sured using a
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standard saturation recovery sequence. The diffusion coefficient, relaxation, and activation

energy barriers have been provided in the result and discussion section.

Diffusion Measurement

Diffusion measurements were carried out using a pulsed field gradient (PFG) method at 25

◦C on a Bruker AV III 400 spectrometer. In a PFG experiment, with applying external

magnetic field, spins of nuclei are being decoded position-wise called spatial labelling which

can be observed by a period of observation time allowing diffusion of ions happen. This

will cause dephasing in magnetization and decrease in signal intensity.45 We determined the

diffusion coefficients from the exponential decay of peak intensities over a range of applied

gradients.45 The Stejskal-Tanner equation describes the signal attenuation that results from

diffusion in the PFG experiment. 16 to 32 gradient steps were applied and the number of

scans varied from 4 to 64 to yield sufficient signal-to-noise ratio. Diffusion was measured

along the magnetic field (z) direction. Acquisitions for a series of b-value were obtained by

stepping the strength of the gradient , where b is defined as seen in the Stejskal-Tanner

equation below.50

I = I0e
−Dγ2g2δ2(∆−δ/3) = I0e

-bD (3)

where I is intensity/integral of the peak at a given g, I0 is intensity/integral of the peak

at G=0, γ is the gyromagnetic ratio of the nucleus (for 1H, γ = 267.522 × 106 rad/s.T , and

for 23Na, γ = 70.761 × 106 rad/s.T), δ is the effective applied gradient pulse width (1 ms),

∆ is the time duration of the applied gradient (50 ms), G is the field strength (maximum

gradient strengths ranged from 0-200 G/cm for 1H and 0-800 G/cm for 23Na), and D is

the diffusion coefficient. The diffusion coefficients, D, was obtained by fitting the I/I0 data,

obtained from a PFG experiment, as a function of g.51
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NMR Data Analysis

The NMR data were processed using the TopSpin software (Bruker, Rheinstetten, Germany).

The fitting equation used to analyzing T1 spin-lattice relaxation times is described below.

The saturation recovery is characterized by an exponential function:52

M(τ) = M0(1− exp(
t

τ
)) (4)

In many instances data could not be fitted with the single exponential recovery of the

above equation. Good fits were obtained with a two-component model according to following

equation:

M(τ) = M(0) +M(0)’(1− exp(
−t

T 1-a
) +M(0)”(1− exp(

−t

T 1-b
) (5)

For activation energy measurements, where the relaxation time is temperature dependent,

we used the following equation to calculate the activation energy:

1

T 1
= Aexp(

−Ea

RT
) (6)

where Ea is the activation energy, R is ideal gas constant, T is the temperature in Kelvin,

and A is the pre-exponential factor.53

Computational Details

We investigated the ion diffusion in hydrated polyamide (PA) structures using molecular

dynamics (MD) simulation method. To model a cross-linked PA membrane via simulations,

first, we mixed trimesoyl chloride (TMC) and M-phenylenediamine (MPD) in 1:2 molar ratio

and performed MD simulation to prepare equilibrated structure, and then made the bonds

between amine and carboxyl groups which were located closely in order to obtain a cross-

linked PA structure. Once the bulk structure was fabricated, it was hydrated by adding water
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content of 29.1 wt% which was determined in experiments. Next, Na+, K+, and Cl ions were

introduced into the system with predetermined conditions: i) 1 M NaCl, ii) 1 M NaCl 0.5 M

KCl, and iii) 1 M NaCl + 1 M KCl. In our MD simulations, we employed the F3C forcefield54

to describe water molecules, and a set of Lennard-Jones parameters developed by Yagasaki

et al.55 for Na+, K+, and Cl- ions, which has been reported to successfully reproduce the

solubility of ions avoiding spontaneous ion aggregation in the vicinity of biomolecules.56,57

For all other pairwise interatomic interaction parameters, we employed the DREIDING

forcefield.58 Atomic charges for the description of Coulombic interactions were determined

by Mulliken population analysis computed by a Jaguar59 with the B3LYP functional and 6-

31G** basis set, where DFT-D360 correction was used for van der Waals interaction between

atoms. MD simulations were performed using the LAMMPS61 software package.
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