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Abstract
We systematically reduce the cross-link density of a PA network based on m-phenylene diamine by substituting a fraction of the trifunctional trimesoyl chloride cross-linking agent with a difunctional isophthaloyl analog that promotes chain extension, in order to elucidate robust design cues for improving the polyamide (PA) separation layer in reverse osmosis (RO) membranes for desalination. Thin films of these model PA networks are fully integrated into a composite membrane and evaluated in terms of their water flux and salt rejection. By incorporating 15 mol % of the difunctional chain extender, we reduce the cross-link density of the network by a factor of two, which leads to an 80 % increase in the free or unreacted amine content. The resulting swelling of the PA network in liquid water increases by a factor of two accompanied by a 30 % increase in the salt passage through the membrane. Surprisingly, this leads to a 30 % decrease in the overall permeance of water through the membrane. This conundrum is resolved by quantifying the microscopic diffusion coefficient of water inside the PA network with quasi-elastic neutron scattering. In the highest and lowest cross-link density networks, water shows strong signatures of confined diffusion. At short length scales, the water exhibits a translational diffusion that is consistent with the jump-diffusion mechanism. This translational diffusion coefficient is approximately five times slower in the lowest cross-linked density network, consistent with the reduced water permeance. This is interpreted as water molecules interacting more strongly with the increased free amine content. Over longer length scales the water diffusion is confined, exhibiting mobility that is independent of length scale. The length scales of confinement from the quasi-elastic neutron scattering experiments at which this transition from confined to translational diffusion occurs is on the order of (5 to 6) Å, consistent with complementary X-ray scattering, small angle neutron scattering, and positron annihilation lifetime spectroscopy measurements. The confinement appears to come from heterogeneities in the average inter-atomic distances, suggesting that diffusion occurs by water bouncing between chains and occasionally sticking to the polar functional groups. The results obtained here are compared with similar studies of water diffusion through both rigid porous silicates and ion exchange membranes, revealing robust design cues for engineering high-performance RO membranes.
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Introduction
	What has been termed the “looming water crisis” is quickly becoming a reality – over 2 billion people live in water-stressed areas of the world with limited access to fresh water.[1] For example, the southwest US is currently experiencing a protracted, multi-year drought and the consequences to human life, the environment, and property have been catastrophic. Water scarcity coupled with a growing population has also caused conflict over equity in access and usage. Solutions to this crisis include societal actions such as water conservation, water reuse, and water transfer. Moreover, an important engineering solution that expands access to fresh water is membrane-based desalination – the use of a semi-permeable membrane to selectively pass water while excluding dissolved salt and other contaminants.
	The prototypical reverse osmosis membrane is a highly crosslinked and roughly (100 to 300) nm thick aromatic polyamide (PA) selective layer cast via interfacial polymerization onto a much thicker, but highly porous, polysulfone (PSf) backing and polyester non-woven fabric to create a thin film composite reverse osmosis (RO) membrane.[2] Water must preferentially traverse the nominally dense PA selective layer; however, the selective layer must also adequately reject dissolved contaminants to achieve selectivity. Since water interacts with and transports through the PA membrane, it is critical to perform targeted measurements of the interactions between water and the polymer and connect those properties directly to membrane performance. However, these structure-property relations remain elusive due to the extremely thin, poorly defined, and delicate nature of the PA selective layer.[3]
	While design cues for high-performance RO membranes have been difficult to realize, the polymer community has extensive knowledge about the transport of water through crosslinked networks. Crosslinked polymers underpin a range of applications that include sorbents or getter materials, adhesives, sensors, membranes and separation media, barrier films, paints and coatings, and structural composites. Across this diverse range of applications, the requirements for the solubility and/or diffusivity of water in the network vary by several orders of magnitude. Polymer scientists, in general, have a good understanding of how to change these properties. For example, incorporating polar groups (such as amines, hydroxyls, acids) typically increases the solubility of water in epoxy networks.[4] However, these polar groups increase the interactions between the network and water, which can retard water mobility.[4,5] Changes to the crosslink density of a polymer can impact the extent to which water can swell the network,[4,6] but changes to the crosslink density often result in changes in the concentration of functional groups in the network.[4] Individually, these effects are easy to rationalize, yet collectively these effects are coupled and it is often difficult to precisely tune the transport properties of water. This is especially true for the extremely thin PA selective layers that are relevant for RO membranes. One needs to be able to rationally change the solubility and diffusivity of water in a poorly defined ultra-thin layer, and then connect these changes to the actual performance of the membrane – the ability to reject salt from seawater.
	To experimentally tackle this conundrum, we developed a solid-state nuclear magnetic resonance (SS-NMR) method to characterize the degree of conversion or crosslink density in thin PA selective layers.[7] This method was deployed on a series of PA membranes that started with the canonical example of an RO membrane material, m-phenylenediamine (MPD, a difunctional amine) crosslinked with trimesoyl chloride (TMC, a trifunctional acid chloride), and subsequently expanded to include a series of PA membranes where the crosslink density of the network was systematically reduced by replacing a fraction of the tri-functional TMC monomers with di-functional isophthaloyl chloride (IPC). In this membrane series, the mole fraction of IPC monomer was systematically varied between 0 and 0.37 (ratio of IPC to total acid chloride) in an effort to isolate changes in cross-link density without substantially changing other membrane composition properties. Using SS-NMR, we demonstrated that the incorporation of IPC successfully reduced the cyclic index (a measure of the crosslink density) of the PA network. Specifically, by increasing the molar fraction of IPC monomers from 0 % to 15 %, the crosslink density of the PA network was cut in half, the linear swelling of the membrane increased from 7.5 % to 12.8 % (see Table 1), and salt passage increased by approximately 30 % (Figure 1). These observations seem consistent with a size exclusion or pore flow description of transport. A more open network should be less effective at preventing the passage of the larger sodium ions. However, we also observed a 30 % decrease in water permeance through the membranes when the crosslink density was reduced (Figure 1). It is striking and unexpected that salt permeance increased while water permeance decreased. Traditionally, a trade-off between water flux and salt rejection is observed a more open network allows more water to permeate the membrane but it also becomes less selective (more salt permeates as well).[8-10] We noted in our previous publication that this decrease in crosslink density was accompanied by a concomitant increase in the concentration of unreacted amine (-NH2) groups (see Table 1) and speculated that the increased concentration of primary amines led to stronger polymer-water interactions, impeding water transport according to the solution-diffusion model of transport. However, we did not have direct evidence to support this mechanism of reduced water diffusivity at the microscopic scale.  In the remainder of the manuscript, we explore how these primary amines affect the diffusivity of water in the PA networks. We will use the terms functional groups interchangeably with the free amine concentration.


Figure 1. Water permeance and NaCl rejection for a series of polyamide membranes of decreasing crosslink density, with membrane 6 being the highest crosslink density and membrane 10 being the lowest.


Table 1. Functional group composition as measured by SS-NMR [7] and linear swelling as measured by AFM for same series of polyamide membranes of decreasing crosslink density.
	Membrane
	Terminal Amines
	Di-Amine Linker
	Di-Carbonyl Linker
	Tri-Carbonyl Linker
	Cyclic Index
	H2O Linear Swelling (%)

	6
	0.21
	0.41
	0
	0.09
	0.29
	7.5

	7
	0.32
	0.36
	0.06
	0.04
	0.26
	7.8

	8
	0.38
	0.26
	0.11
	0.08
	0.18
	10.9

	10
	0.38
	0.26
	0.15
	0.07
	0.15
	12.8
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	In this manuscript, we use quasi-elastic neutron scattering (QENS) to quantify the local mobility of water in these membranes in order to shed light on the origins of this paradox. QENS yields information about molecular motions over short-length scales (< 1 nm) and fast-time scales (ps). Previous studies [11,12] have established that QENS can characterize the intrinsic self-diffusivity of absorbed water in desalination membranes. Furthermore, the description of translational motions determined by macroscopic (mm) measurements that often depend on geometric parameters such as membrane thickness and macroscopic pore connectivity are often difficult to relate to subtle variations in local structure and chemistry, whereas QENS is directly sensitive to the microscopic details of water mobility. We then combine the results from QENS with other structural characterization methods to correlate macroscopic performance with molecular structure and motions in isolated polyamide RO membrane materials.

Materials and Methods
2.1. General 
Equipment and materials are identified in the article to adequately specify the experimental details. Such identification does not imply a recommendation by the National Institute of Standards and Technology, nor does it imply that the materials are necessarily the best available for the purpose. The error bars presented throughout this manuscript represent one standard deviation of the data, which is taken as the experimental uncertainty of the measurement.

2.2. Membrane fabrication and performance testing
Polyamide membranes were fabricated at DuPont Water Solutions using traditional interfacial polymerization techniques in a roll-to-roll process. Membrane 6 consisted of the canonical trimesoyl chloride (TMC) and m-phenylenediamine (MPD) chemistry, whereas the chemical composition was varied in membranes 7-10 via the addition of a difunctional monomer, isophthaloyl chloride (IPC), to the TMC solution, as previously reported. Water permeance and salt rejection values were measured via crossflow filtration based on an applied pressure of 862 kPa (125 psig) and 2000 ppm NaCl feed stream at 25 °C. Each membrane roll was then divided into 30.5 cm × 46 cm (12” × 18”) sections and soaked in DI water for (12 to 24) h, with at least one water exchange during that time. The membranes were air dried for (4 to 8) h and then dried overnight in a vacuum oven at 50 °C. A “double sided tape” method was used to remove the polyester non-woven support [7]. The remaining layer (polyamide/polysulfone, PA/PSf) was then placed into solvents to dissolve the PSf porous support, as detailed in respective sections below for each specific characterization method. All solvents were purchased from Sigma Aldrich and used as received.

2.3. QENS measurements and analysis
To prepare samples for QENS, the PA/PSf were dissolved in ≈750 mL of tetrahydrofuran (THF) and stirred overnight. 30 mL volumes of the slurry were separated into glass centrifuge vials which were spun at 209 rad/s (2,000 rpm) in an Eppendorf Ultra Centrifuge for 10 mins. The supernatant was removed (≈15 mL) and replaced with fresh THF and allowed to re-dissolve for ≈2 h. This solvent exchange process was repeated ≈10 times for each sample until no PSf could be precipitated from the supernatant layers via ethanol addition. The harvested polyamide slurry was solvent cast into a (9 cm × 3 cm) aluminum foil boat and heated gently (≈30 °C) to evaporate the THF. Samples were dried overnight at elevated temperature in a vacuum oven for approximately 14 h, weighed, and transferred to a chamber with a relative humidity of 88 % H2O or D2O for (14 to 24) h. The foil envelopes containing the samples were rolled using a cylinder with the sample inner diameter (17.5 mm) equal to the annulus for the aluminum sample can and a sample mask was used for all experiments. After measuring with H2O hydrated conditions, the sample we re-dried and exposed to D2O. If a sample was re-hydrated, three consecutive cycles of drying and rehydrating cycles were completed with H2O to ensure that all labile species were fully exchanged.
	Incoherent neutron scattering was used to characterize proton dynamics in dry and hydrated polyamide layer harvested from industrial reverse osmosis membranes. Both the high flux back scattering (HFBS) spectrometer located on the NG2 beamline and the disc chopper spectrometer (DCS) located on the NG6 beamline at National Center for Neutron Research (NCNR) at the National Institute of Standards and Technology were used to observe mean-squared displacements in these systems. HFBS was performed in fixed window mode over a temperature range from 4 K to 305 K, allowing the measurement of elastic incoherent scattered intensity as a function of momentum transfer, Q, and T. In this mode, all neutrons that scatter elastically are counted and the measured intensity provides information about any phase changes as well as mobility of the sample. The HFBS has a fine resolution of 0.85 µeV (≈2 ns in time) and a Q range of 0.25 Å-1 to 1.75 Å-1. The incident monochromatic wavelength for DCS spectrometer was 6 Å and spectra were collected at 300 K for all the samples. In this configuration, DCS has a resolution of ≈64 µeV and a usable Q range of 0.2 Å-1 to 1.8 Å-1 with a step size of 0.1 Å-1. The instrument resolution for DCS was measured using the vanadium standard. Samples for HFBS and DCS were prepared to have about 10 % of scattering to avoid multiple scattering events from within the samples.

2.4. QENS data analysis
The HFBS data was reduced by averaging detectors 5-14 with a Q range of 0.62 Å-1 to 1.60 Å-1.  The data reduction and fitting were performed in the DAVE software environment. The data was normalized using a vanadium standard, and the spectra were fit using the DAVE software package. The DCS detectors were grouped into bins (0.2 Å-1) to produce spectra between Q = 0.3 Å-1 and Q = 1.4 Å-1. When hydrated with D2O, the dynamics measured by QENS reflect the swollen polymer dynamics of the sample membrane. When hydrated with H2O, these dynamics reflect a combination of polymer dynamics and water mobility. In the DCS measurements, the polymer samples hydrated with D2O showed a small amount of broadening and were used as background for the H2O sample to subtract the contribution from the hydrated polymer matrices. Using this approach, the reduced data highlights only the dynamics of H2O in these membranes.
	In each H2O hydrated QENS spectrum the incoherent scattering function, S(Q,ω), was fitted as a function of the momentum transfer, Q, and energy transfer, ω, and modeled using the D2O data as a background function. The reduced data could be accounted well by a Delta function, a Lorentzian function, and a flat background. The Delta function represents elastic events while flat background is due to faster processes that are outside the dynamic range of the instrument. The Lorentzian function describes the translational component of water dynamics as revealed by its Q2 dependence. The scattered elastic intensity was represented by scaling the experimentally determined resolution function, , with the D2O data, and the inelastic broadening was modeled with a Lorentzian distribution function, , where the half width at half maximum (HWHM) is  and  is the weighted intensity with the assumption that translation displacement can be described as three dimensional, random, and spatially isotropic.
	The elastic incoherent structure factor (EISF) was calculated using the following relationship  and represents the fraction of hydrogen atoms in the systems that are “immobile” on the timescale and spatial resolution of the DCS. The EISF was calculated using the weighted intensity from the fits and the D2O-resolution convoluted background function. The dynamics of a non-restricted system, where Fickian diffusion is the dominant method of translational motion, exhibit a linear response of  with respect to . Several studies in the literature explore non-Fickian models of translation diffusion in media where interaction with the surface and between molecules cause non-Fickian behavior. Here we apply models where the mobile species is bound within a radius at large Q (i.e., a jump-diffusion model) or experiencing hindered diffusion within the polymer network.
	Jump diffusion is a stochastic diffusion process in which molecules exhibit translational jumps between adjacent localization sites, with an average residence time between consecutive jumps. In the classic jump diffusion model of Hall and Ross , where  is the diffusion coefficient,  is the residence time, and  (HWHM, or FWHM/2), can be fit to a monotonically increasing FWHM/2 vs .[13]  In polymer membranes, these localization sites can be either spatial heterogeneities in the local packing or density of chains, such as described in the Brandt model of transport where local chain fluctuations gate the translational jumps between sites [14], or more chemical in nature due to specific polar interactions of the water with the polymer.[4,5]  There have also been stochastic models that describe the motion of water through a membrane as a porous or confining media.  Li et. al. [15] introduced a simple model for water in cement paste where water molecules are associated with either an immobilized fraction that can be thought of as bound within the pore, , or a mobile fraction, , that is embedded in the matrix but not localized to any location and able to participate in a series of translation steps moving throughout the matrix. For low-Q, long-time (> ps) behavior, the effect of confinement may be represented by the Volina and Dianoux model [16], where there is a plateau in  at the level of 4.33 until a value , where  and  is the radius of confinement (spherical). These can be calculated from both the Q dependence of the FWHM and from the Q-dependence of the elastic incoherent structure factor (EISF), i.e., the fraction of elastic or ’mobile’ species contributing to the observed scattering intensities.

2.4. Atomic force microscopy
Atomic force microscopy (AFM) was used to quantify both the dry thickness and roughness of each membrane, as well as the linear swelling degree in water. Membrane samples on silicon were prepared by first removing the non-woven support using the peeling method, [7] yielding a bilayer of PA/PSf. Then, each sample was adhered to a silicon wafer, PA side down, using a drop of isopropyl alcohol, followed by dissolution of the PSf using THF, similar to the sample preparation for QENS measurements. X-ray photoelectron spectroscopy was used to confirm the complete removal of the PSf layer (sulfur content < 0.5 at%). Thickness measurements were performed using the AFM step height function. Prior to AFM step height measurements, a scratch was induced onto the film using a clean razor blade. AFM step height measurements were performed both in the dry state and the hydrated state using a Bruker Dimension Icon AFM operating in ScanAsyst mode. Images were collected using a scan rate of 0.250 Hz, scan size of 50 µm, and an aspect ratio of 1:4. Structural features inherent in each image were used as fiducial marks to ensure that the same location was imaged in both the dry and wet state. Roughness measurements were performed at random locations on each membrane (far away from the scratch). Multiple images were collected for each measurement.

2.5. Small angle neutron scattering
Small angle neutron scattering (SANS) measurements were performed on the nSoft 10 m SANS instrument at the NIST Center for Neutron Research, operated at incident neutron wavelengths of 5 Å and 12 Å and a sample-to-detector distance of 5 m. The exfoliated membrane flakes prepared for QENS were first vacuum dried and mounted in cells for the “dry” state measurements. The membranes were then removed from the cells and vapor exchanged to D2O by successive saturation and drying, and then resealed in standard SANS demountable cells. It is worth noting that free carboxylic acid groups in the polyamide contain labile protons which are likely to exchange at some rate with deuterons/protons in the ambient water; the scattering length density of the sample may thus be changing locally during saturation. Several cycles of drying and rehydrating were conducted to minimize the impact of this effect. Data were collected in three instrument configurations to maximize the available Q-range. Data was reduced using the NCNR Igor macros and the empty cell background subtracted before stitching the data together as presented in Figure 4.

2.6. Grazing incidence wide angle X-ray scattering
Grazing incidence wide angle X-ray scattering (GIWAXS) measurements were performed at beamline 11-BM (Complex Materials Scattering) at the National Synchrotron Light Source-II (NSLS-II), equipped with a multilayer focusing mirror, an in-vacuum sample exchange system, and a Dectris Pilatus 800k custom WAXS detector operated at a wavelength of 13.5 keV and a sample-detector distance of 0.255 m. Significant optimization work was also performed on beamline 12-ID (Soft Matter Interfaces) at NSLS-II. The isolated films were transferred onto clean (3× rinse with hexanes, isopropanol, and water) silicon wafer chips, which were then mounted to the instrument’s standard aluminum bars for measurement. It should be noted that fastidious attention to cleanliness was necessary to isolate the weak signal of the membrane from any environmental contaminants such as oils, greases, adhesives from mounting tape, etc. The samples were aligned such that the beam was in the plane of the surface (i.e, an incidence angle of 0°) and the sample was half-blocking the beam using x-ray scans. The samples were measured at incidence angles of (0.08, 0.10, 0.12, and 0.14)° to bracket the expected critical angle; data from all four angles were comparable and only data from 0.08° are shown. Each frame was acquired for a total of 30 s in each of the two detector positions and the resulting exposures were stitched. The resulting two-dimensional images were masked for any geometrically-blocked area and radially integrated using the Nika package for Igor Pro.[17] It should be noted that despite extensive efforts to ensure film cleanliness, a small amount of background from silicon dust remains in the data presented around  2 Å-1.

2.7. Positron annihilation lifetime spectroscopy
Positron annihilation lifetime spectroscopy (PALS) is a well-established technique for probing free volume voids in insulating materials.[18,19] Briefly, the technique uses positrons from a radioactive source which stop in the target material, where a fraction of the positrons captures an electron and form the long-lived triplet state of positronium (the hydrogen-like bound state of the electron and its antiparticle, the positron). Positronium preferentially traps in free volume voids where the measured annihilation lifetime is related to average void size. To analyze the membrane samples, a bulk PALS spectrometer was used. The bulk sample holder consists of a 1 mm diameter spot of 4 µCi of Na-22 deposited onto a tungsten substrate, which is covered with a thin (13 µm) Kapton sheet. A piece of bulk-metallic glass (2.2 mm thick with a 5 mm diameter hole) was mechanically attached to the tungsten to form a well. The samples (compressed flakes) were loaded into the well, covered, and placed in a vacuum chamber which was pumped to < 0.133 Pa (<1 mTorr) using a mechanical scroll pump. Fast plastic scintillators connected to phototubes were used to either detect 1270 keV nuclear gamma rays (start signal) or <511 keV annihilation gamma rays (stop signal). The time difference between start-stop signals is determined using either a time digitizer with long time range of 1250 ns or a higher time resolution time-to-analog convertor (TAC) with time range of only 200 ns. Spectra with roughly 125 M events or 6 M events were acquired with each system, respectively, for each sample.
	All of the spectra were analyzed using the POSITRONfit [19] routine to fit for multiple discrete lifetimes and corresponding intensities. Given the very broad range of lifetimes present in these samples, spectra from the digitizer system were analyzed to determine the very low intensity long-lifetime (47.5 ns to 76.9 ns) positronium component (). The TAC system was then used to determine the shorter lifetime components by fixing the longer lifetime and intensity, and fitting for four shorter additional lifetimes. The shortest lifetime of 0.25 ns is due ostensibly to positron annihilation in solid matter and is not presented. The next lifetime () is interpreted to be from positron annihilation in the pores while , , and  are positronium annihilation in the pores. The positron lifetime is complicated by the fact that positrons stop and annihilate in various media of the sample holder, Kapton, and the membrane sample. We focus here on the three Ps lifetimes and corresponding intensities, which are specific to the membrane sample since no other material in the sample holder can form Ps. The fitted lifetimes and their corresponding intensities (fraction of all positrons that annihilate with this lifetime) are presented in Table 2.

2.8. Differential scanning calorimetry
A TA Instruments differential scanning calorimeter (DSC, model 2500) equipped with an RCS120 mechanical chiller was used to perform the DSC measurements. The instrument was calibrated per the instrument manufacturer’s specifications. Temperature calibration was achieved using the following temperature standards: adamantane, benzophenone, indium, tin, and lead. All measurements were performed on samples that had been equilibrated at a relative humidity of 88 % (to prevent the possibility of liquid water resting on the surface). Measurements were performed in hermetic DSC pans that were punctured just prior to the sample being run under a dry nitrogen purge. Samples were heated and cooled from -100 °C to 110 °C at 10 °C/min and were held at 110 °C for 3 min. Second heats were performed under identical conditions; it was	apparent from the second heat that not all water had been driven off the sample. Lower bounds on the water content were estimated by comparing the integrated heat flow and the change in heat capacity at ≈ -50 °C to literature values for the enthalpy of vaporization and heat capacity of water, respectively. A sample of ≈5 µL of water was measured in a hermetic pan as a baseline for the melting of liquid water. It was determined that if only 2 % of the total estimated water content was liquid water, its melting would still be detectable.

Results and Discussion
 3.1 Quantifying nanoscale water mobility via QENS
	Due to the time-intensive nature of QENS measurements, we chose to focus on the two extremes of the membranes presented in Figure 1 (membranes 6 and 10), in an effort to understand the role of crosslink density and polar groups on the water motions within the membrane. Membrane 6 is the canonical example of an RO membrane formulation, MPD crosslinked with TMC, resulting in a highly cross-linked PA membrane. Membrane 10 is the lowest crosslink density membrane, having 15 % mole fraction of TMC replaced by IPC. Figures 2A and 2B display the effective mean-square atomic displacement  of both membrane 6 and 10 respectively, under three different hydration states: dry, saturated with D2O vapor, or saturated with H2O vapor. These effective  curves are obtained from the fixed window scans on the high flux backscattering (HFBS) spectrometer and quantify the fluctuations of the hydrogenated moieties in the sample on the time scale of approximately one nanosecond or faster. In the dry membranes,  quantifies the native dynamic fluctuations of the polymer network. At very low T,  evolves linearly with T, consistent with the vibration of a harmonic oscillator. However, as T increases, the evolution of  becomes non-linear as anharmonicities in the fluctuations emerge. In this non-linear or anharmonic regime,  can no longer be quantitatively described as a harmonic oscillator stuck in a potential well but reflects an effective value of that is averaged across a complicated landscape of local motions within the polymer that includes both harmonic and anharmonic motions. In comparing dry membranes 6 and 10, we see that the slope, or thermal evolution of , in membrane 10 is slightly larger than in membrane 6. The slope of a linear fit in the range from 5 K to 100 K can be used to quantify the effective spring constant  of these harmonic vibrations, which is directly related to the stiffness of the membrane [20] as shown in Table 2. This analysis yields  = (2.8 ± 0.3) N/m in membrane 6 and  = (1.7 ± 0.1) N/m in membrane 10, both in the dry state. This quantitatively shows that membrane 6 is stiffer than membrane 10, consistent with our SS-NMR interpretation that the crosslink density in membrane 6 is greater. This is also consistent with the observation that membrane 10 can swell more than membrane 6 upon hydration (see Table 1).
	We now turn our attention to the membranes hydrated with D2O vapor. To a first approximation, the  measurements are insensitive to small amounts of D2O absorbed into the membrane; the dynamics are heavily biased by the hydrogenated components in the sample (i.e., the polymer). In both membranes 6 and 10, the addition of D2O to the system gives rise to a small but systematic increase of  over the dry membrane. These differences become more evident at elevated temperatures as indicated by the black arrows, showing the points at which the D2O curve starts to deviate from the dry membrane. In membrane 6 this deviation point is near 240 K while in membrane 10, this point shifts upwards to approximately 260 K. The magnitude of increase in  over the dry membrane indicates the extent to which D2O softens the dynamics of the membrane. The onset of membrane softening occurs in the temperature range of 240 K to 260 K. Similar dynamic softening transitions have been observed in hydrated proteins, both by calorimetry,[21,22] and identical measurements,[23-25] where the transition is generally ascribed to the glass transition of water in the non-freezing hydration shell of the protein. We believe that an analogous phenomenon takes place here, representing the vitrification of non-freezing water associated with hydrogen bonding with residual amines. The shift to higher T in 
[image: ]Figure 2. High flux backscattering (HFBS) data displaying the mean squared displacement  as a function of temperature for membranes 10 (A) and 6 (B) hydrated with H2O, hydrated with D2O, and under dry conditions, where the blue and red shaded boxes indicate the regions over which the two spring constants were calculated in Table 2. The measured heat flow (C) during the first (solid) and second (dashed) heating of the originally H2O hydrated membranes 6 (green, bottom) and 10 (blue, top) determined by differential scanning calorimetry (DSC). In both the HFBS and DSC data the hydrated membranes exhibit a characteristic “transition point” between 240 K and 260 K associated with increased mobility of water.
membrane 10 is consistent with the increased free amine concentration in this membrane. We will return to this point below.
	Upon switching from D2O to H2O, we see a much larger increase in that can be nominally attributed to contributions from the hydrogenated water. The increase in is more substantial for membrane 10 than membrane 6, especially above the freezing point of water. At 300 K, increases by approximately 59 % and 94 % upon switching from D2O to H2O for membranes 6 and 10, respectively. This is consistent with the one-dimensional (thickness direction) water swelling data reported in Table 1. If we assume the membranes to be isotropic in three dimensions, membrane 6 picks up approximately 23 % water by volume whereas membrane 10 picks up approximately 38 % water by volume. While it is tempting to quantitatively compare these increases in to the amount of water in the membrane, we warn that such a direct comparison is not appropriate. Volumetric swelling is a reliable indicator of the concentration of water in the membrane. However, represents a complicated mixture of both water concentration and mobility. It is well known that  measurements have an inverse frequency weighting, with lower frequency motions, closer to the 1 ns resolution of the HFBS spectrometer, giving larger ; slower motions in a material naturally have larger amplitudes. Later in the discussion, we directly assess the mobility of the water in these two membranes and provide evidence that the water in membrane 10 is moving slower. We also advise to not interpret the large increase in near 273 K as evidence of freezing water. DSC measurements reported in Figure
2C show no evidence of water crystallization or melting. Considering the mass of the membrane and the amount of water absorbed into the membrane from the swelling experiments, we estimated a lower bound on what the calorimetric signal would be if all the water in the membrane were to freeze; we do not see any melting transitions that support freezing water. In fact, upon cooling deep into the glassy state we see strong evidence of non-freezing or bound water. Recalling that heat capacity reflects the level of activation of thermally excited displacements,[26] the heat flow curves in Figure 2C are analogous to the dynamic transition mentioned earlier for this non-freezing water in the hydration shell of proteins.[21,22] This is further supported by comparing the heat flow of the hydrated membranes (first heat) to the dry membranes (second heat) in Figure 2C. Upon heating, these two heat flow traces deviate from one another, in the range of 240 K to 260 K, suggesting some sort of transition in the bound water interacting with the membranes. 
	To better understand the microscopic nature of how water diffuses through these crosslinked PA membranes, we turn our attention to the QENS spectra fitted with a simple single Lorentzian, as described in the Materials and Methods section. It is important to distinguish our analysis from the recent manuscript by Foglia and co-workers [27] that undertook a detailed accounting of the different dynamic processes that take place in similar PA membranes, analyzing the motions of the dry membrane, the membrane after hydration, and then the water dynamics inside the membrane. While the QENS measurements presented here are nominally the same, we used a simplified analysis that just focuses on the translational water dynamics in the membrane. Our primary objective is to correlate the diffusive dynamics of water in the material with its performance as an RO membrane. We are not concerned with identifying the local dynamic processes in the membrane itself. We are also not concerned with very fast vibrational motions of water that are not related to translation. Our simplified approach is to experimentally subtract the D2O hydrated spectra of the membrane, which contains all the information about the dynamics of the hydrated polymer itself, from the H2O spectra in order to experimentally isolate the QENS spectra of the water. These QENS spectra are adequately fit using a single Lorentzian, as shown in Figures 3A and 3B.
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Figure 3. DCS data collected with an incident wavelength of 6 Å with the blue data representing membrane 6 and the green data representing membrane 10. Panels A and B contain selected spectra for  Å-1 for membrane 10 and membrane 6; the reduced data, the convolution of the instrument resolution and D2O data, a linear background, and the fitted Lorentzian are with the total fit function in black. Panel C displays the FWHM for each membrane, determined from the Lorentzian fit, versus . Panel D shows the EISF for each membrane, determined from the total fit versus the . The resulting curves from the parametric Volino model are shown for both jump diffusion (C) and confinement (D). Additionally, the arrows in C indicate the value of Q equal to 3.3/.

The Elastic Incoherent Structure Factor (EISF) from these fits is derived from the ratio of the elastic scattering (Delta function) to the sum of the elastic plus the quasi-elastic (Lorentzian) scattering. The dependence of the EISF on the scattering wave vector, or , shown in Figure 3C exhibits the classic decay in the elasticity of the scattering as you move to higher . At low  the experimentally derived EISFs extrapolate back to 1 (fully elastic) at , as theoretically required, suggesting that our fits are physically meaningful and robust. At high  the EISF decays to a plateau of approximately 0.9, indicating that a significant fraction of the scattering is still elastic. This is striking in that the spectra were corrected to remove the dynamics of the polymer, i.e., the EISFs primarily reflect the dynamics of the water inside the membrane. That the EISF plateau is around 0.9 is a strong indication that the water in the membrane feels strong confinement. Similar observations of strong confinement have been reported for water diffusion in rigid, nanoscale porous frameworks [28] as well as swollen Nafion films, [29,30] where it is believed that porous structures open up inside the membrane. In these systems, similar QENS spectra have been analyzed in terms of diffusion within nanoscale pores.[16] At high  one sees evidence of translational diffusion of water within the pore, typically modeled in terms of the classic jump-diffusion model of Hall and Ross.[13] At low  the diffusion becomes fixed in space, or confined within the pore, and correspondingly independent of  over length scales that are larger than the confining pore. In Figure 3C, we fit the EISF to the same models used by Bellissent-Funel [28] and Volino [16] to obtain an estimate of the radius of this confinement, , and the fraction of water molecules immobilized within these confined domains, . The values of  and  for membranes 6 and 10 are reported in Table 2. These length scales of confinement and the immobilized fractions are very similar in the two membranes. The  0.90 ± 0.01 in membrane 6 and  0.89 ± 0.01 in membrane 10. The length scales of confinement in membranes 6 and 10 are (2.78 ± 0.23) Å and (2.56 ± 0.14) Å, respectively. The differences are slight, but in general, the fraction of mobile water is slightly higher in membrane 6, but the length scales of confinement are slightly smaller in membrane 10. We expand upon these trends in more detail below. 
	The  dependence of the full width at half maximum (FWHM) of the Lorentzian functions used to fit the water dynamics is presented in Figure 3C. Without fitting the data, it is immediately apparent that the FWHMs are larger in membrane 6 compared to membrane 10. This tells us, unambiguously, that the water is more mobile in membrane 6 than membrane 10, a trend that is reflected in the values of  from the EISF. This is striking and somewhat counter-intuitive to the swelling data, where membrane 10 picks up more water than membrane 6. At this point, we return to the diffusion within a sphere model that was used to fit the EISF and the  dependence of the FWHM data in Figure 3C. At high , the dashed lines represent quantitative fits to the classic jump diffusion model of Hall and Ross.[13] From the jump diffusion model, we quantify a translational diffusion coefficient () of the water molecules within the confining domains. While these fits adequately parameterize the data at high , strong deviations occur in the low  regime, nominally below  1 Å-1. In this low  regime, the experimental FWHMs appear to plateau and do not approach an FWHM of zero at  Å-1, as would be expected for classic jump diffusion. This low  plateau is evidence that the mobility of water becomes independent of length scales over dimensions greater than the confining domains and is consistent with the confined diffusion in a sphere model. In accordance with this model, we assume that this low  region represents similar confinement and fit the plateau to a linear function, as indicated by solid lines, where the amplitude of the plateau quantifies the confined or localized diffusion coefficient . While  represents the relatively free motion of water moving inside a confining domain,  represents slower motions as water jumps between confining domains and has a much lower frequency. The resulting values of  and  for membranes 6 and 10 are reported in Table 2. In both membranes 6 and 10,  is almost an order of magnitude faster than . These results are generally consistent with a large body of literature on water mobility in porous membranes. However, the more interesting observation is that the mobility of water in membrane 6 is consistently about 2× greater than membrane 10, for both  and . Even though membrane 10 swells almost twice as much (linear swelling) as membrane 6, the water in membrane 6 is moving approximately twice as fast. This experimental observation of the local water mobility in the membranes is consistent with our previously unexplained macroscopic membrane performance observation that the water flux through membrane 10 is lower than membrane 6. The decreased flux in membrane 10 can be ascribed to a reduced water diffusivity at the microscopic scale, presumably associated with the increased concentration of free amines in membrane 10 that interact more strongly with water.
	At this point, it is instructive to discuss the origins of confinement in these PA membranes. There is still considerable debate in the literature whether these PA networks should be treated as porous structures with nanoscale pores that water can diffuse through or dense membranes that obey a solution-diffusion mode of transport, where water must first partition into the membrane and then diffuse through the fractional free volume not occupied by polymer chains. The observation that water flux is tied to polar free amine concentrations seems to suggest solution diffusion is the operative mechanism. However, the increase in the free amine concentration comes at the cost of decreasing the crosslink density, or opening up the mesh size of the network, which would seem to ascribe the increased salt passage through membrane 10 to size exclusion or pore flow mechanisms. Others have tried to explain these conflicts in terms of a dual distribution of larger network pores that might operate by size exclusion in a matrix of network polymer that operates by solution diffusion. Before trying to address these questions further, it is instructive to see what other quantitative information we can extract about the nature of confinement in these membranes. Although we have invoked the diffusion in a pore model of Volino, we do not necessarily believe that there are discrete water pores in the membrane.
	Earlier we reported the length scales of confinement from the EISF being 
2.78 ± 0.23 Å in membrane 6 and  2.56 ± 0.14 Å in membrane 10. According to the Volino model, the dynamics of the water diffusing inside the membranes should go through a transition from confined to translational motions at a length scale of approximately 3.3 / . Vertical arrows on Figure 3C denote these length scales, which appear to be consistent with a transition from a confined plateau in the FWHM at low  (solid line) to the classic jump diffusion behavior indicative of translational motion at high  (dashed line). This consistency is important because the EISF data is fit independently from the FWHM. That the two data sets are consistent gives us additional confidence that our interpretation is physically meaningful.

3.2. Zooming out to focus on network topology and pore structure
	As mentioned above, we do not believe that discrete pockets or pores of water open in these membranes upon hydration. It is important to recognize that length scales of confinement () are in the range of 5 Å to 6 Å, the same order of magnitude as the average interatomic spacings that are evidenced in the region of the amorphous halo. Evidence of this is shown in Figure 4 where wide-angle X-ray scattering (WAXS) patterns are provided for membranes 6 and 10 from grazing incidence WAXS (GIWAXS) measurements of the membranes under hydrated conditions. As with FWHM data, the vertical lines in Figure 4B denote the same confinement length scales () extracted from the EISF fits.	In each case, the confinement length scale nominally coincides with the low-angle flank of the amorphous halo or the larger of the interatomic distances in the glassy crosslinked network. This suggests that the dynamic confinement is being imposed by the nearest neighboring chains in the network, not discrete pores or pockets of water. Given that the diameter of a water molecule is 2.8 Å, this hypothesis seems plausible – there should be sufficient space for the water to diffuse between the chains. This insight is also intriguing because it is nominally consistent with previous correlations between the swelling response of PA membranes and shifts in the amorphous halo as measured by GIWAXS.[31] This length scale is presumably tight enough to “screen” the bulkier sodium ions. The reported diameter of a hydrated Na+ ion is about 7.2 Å. We know that membrane 10 swells linearly	by approximately 70 % more than membrane 6. If the confining length scales of membrane 6, which effectively screens salt ions in terms of membrane performance, were to dilate by 70 % from approximately 5 Å to 8.5 Å, this might open the membrane sufficiently to allow salt passage. This back-of-the-envelope estimate is at least consistent with our experimental membrane performance.
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Figure 4. Reduced SANS (A) and GI-WAXS (B) scattering intensities versus  for membranes 6 and 10. For the SANS data, both the dry and D2O hydrated intensities are plotted, demonstrating that in the dry state both membranes have similar scattering profiles. The GIWAXS plots show that once hydrated with D2O, the peaks in membrane 10 shifts to higher  values while membrane 6 shifts to lower  values.

	To gain more insight into the local packing of these polyamide membranes, we turn to positron annihilation lifetime spectroscopy (PALS), a powerful tool for characterizing intermolecular packing heterogeneity in polymer glasses. Here we performed PALS measurements on membranes 6 and 10 in the dry state, with the results reported in Table 2. Positronium, the neutral bound state of an electron and positron, is known to localize in regions of the sample with low electron density, such as packing defects or nanoscale pores. The ortho-positronium (o-Ps) lifetime is proportional to the size of these packing defects and the o-Ps intensity, or the number of annihilation events, is proportional to their relative population density. As described in the Materials and Methods section, the PALS spectra were fit to a distribution of three discrete o-Ps lifetimes (, , and ) that can be attributed to pores or open space in the sample, with the lifetimes, corresponding pore sizes, and relative annihilation intensities reported in Table 2. In both membranes 6 and 10, the smallest o-Ps lifetimes, , correspond to pore diameters of approximately 5 Å to 6 Å, with little difference between the two membranes. These are consistent with a previous PALS publication on PA membranes and referred to as “network pores”.[32] While PALS uses a spherical pore model to analyze the data, we do not believe these are discrete spherical pores. At these length scales, PALS is really sensing the same intermolecular packing or space between neighboring chain segments that contribute to the amorphous halo in WAXS (Figure 4B). In this respect, we observe the same confinement length scale in PALS () that shows up in the QENS measurements, consistent with our notion that the confinement is intermolecular in nature.
	If we assume that the chemistry of the different membranes is similar and that the positron stopping power of the different materials is comparable, then differences in the annihilation intensities can be used to estimate the relative population densities of the open or poorly packed regions of the membrane. It is notable that the  annihilation intensity of membrane 6 is (2.96 ± 0.08) % while membrane 10 is (1.93 ± 0.07) %. While both intensities are admittedly small in terms of the PALS signal, the population density of these interchain domains is almost 50 % greater in membrane 6 than in 10. At the nanoscale, membrane 6 is more open than membrane 10. This is consistent with our SS-NMR observations [7] that the crosslinking density is higher in membrane 6 than 10. Crosslinks impose steric restrictions on packing; prescribed bond angles that must be achieved. Similar observations of an increase in  with increasing crosslink density have been reported in several epoxy networks.[33] Atomistic molecular dynamic simulations of similar MPD/TMC membranes by Wei and coworkers [34] discuss the importance of these same intra- and intermolecular length scales in terms of the local packing of adjacent phenyl rings. If  stacking is present, neighboring phenyl rings can come close together in a locally dense configuration. However, if the neighboring phenyl rings are configured in a “T” type junction, as might occur at a covalent junction, the local packing is frustrated. Moreover, neighboring phenyl rings could even be locally co-planar in a configuration that creates what they refer to as extended “slip” paths that are fast transport paths for water. These local packing concepts are consistent with the cavities characterized by  in PALS as well as the intermolecular distances evidenced by WAXS. A primary conclusion from the simulation work by Wei and co-workers is that it is the distributions of these length scales that is important, with the larger length scale dominating transport. The same conclusion is obtained from Culp and co-workers [35,36], where they employed tomographic transmission electron microscopy (TEM) measurements to analyze the local void structure of similar PA membranes. They concluded that discrete local pores were unimportant for transport, which was instead sensitive to the effects of local density distributions on the length scale of both  and WAXS.
	PALS is also sensitive to larger pores. The longer lifetimes in Table 2,  and , correspond to significantly larger pores in the network. The largest of these lifetimes, , are approximately 48 ns and 77 ns in membranes 6 and 10, respectively, and are unphysically large (3 nm to 6 nm) for a polymer, approaching the in-vacuo lifetime of positronium at 142 ns. We believe that  reflects o-Ps that forms within the relatively thin polyamide membrane (individual flakes that are approximately 300 nm thick) but then diffuses out of the sample and then annihilates in the vacuum of the PALS measurement chamber; o-Ps diffusion lengths can be as large a few tens of nanometers in polymeric materials. So  is an artifact of our sample preparation (physically pressing these flakes together to aggregate enough material to get a signal) and not relevant to membrane performance. However, the slightly smaller pores reflected in  would be relevant to membrane performance. The  in membrane 6 corresponds to a pore diameter of approximately 15 Å while in membrane 10 it is slightly smaller at 11 Å. Pores of these dimensions have in the past been referred to as “aggregate pores” in PA membranes.[32] These pores are slightly larger in the highest crosslink density, and the stiffest membrane is consistent with the previous notion of the steric hindrances of covalent cross-links inhibiting local packing. While such aggregate pores have been reported elsewhere in PA membranes, we do not believe that their contribution to transport properties are significant here. The relative intensity  for these  annihilation events is exceedingly small, nearly one to two orders of magnitude smaller than , indicating that the number density of these pores in the materials must be small. They are not present in any significant concentration, a fact that is supported by in-situ small angle neutron scattering (SANS) measurements described below as well as tomographic TEM measurements from Culp.[35,36]
	Additional information about the network topology comes from small angle neutron scattering (SANS) measurements (see Figure 4), which were performed on membranes 6 and 10 in both the dry state as well as hydrated with liquid D2O. The use of D2O provides a strong scattering length density contrast between the hydrogenous polyamide membrane and water. As we know from the AFM swelling experiments, membrane 10 swells considerably more than membrane 6, owing to the reduced crosslink density. The SANS measurements under D2O would reveal if this swelling is microscopically heterogeneous, with small pockets of water-rich domains opening up. The most important trend in the data is that the overall shape of the scattering curve does not change when the membranes change from a dry to a hydrated state. The absolute scattering intensities appear to shift up slightly when the D2O is introduced into the sample, but this shift, to a first approximation, seems to be uniform across all . We do not see new length scales or local pockets of water opening up inside the membrane. Rather, the water appears to enter the membrane uniformly across all length scales (i.e., affine deformation). We do not see any evidence of the so-called aggregate pores discussed in the size range characterized by  in PALS. If there were an appreciable fraction of pores in the range of 11 Å to 15 Å in diameter, they would show up in the SANS data in the  range of (0.4 to 0.6) Å-1. The SANS data is very flat and featureless in this region, supporting our assertion that if present these pores must be occasional defects and exceedingly dilute.



Table 2. Coefficients from the Fitted Data
(a) Calculated spring constant from HFBS temperature sweeps, where (±) is the standard deviation.
	
	
	spring constant  () from model

	membrane
	condition
	Region I ( 0 K to 100K)
	Region II ( 260 K to 340K)

	6
	dry
	2.8 ± 0.1
	0.41 ± 0.01

	6
	D2O
	2.7 ± 0.1
	0.38 ± 0.01

	6
	H2O
	2.1 ± 0.1
	0.26 ± 0.01

	10
	dry
	1.7 ± 0.1
	0.43 ± 0.01

	10
	D2O
	1.8 ± 0.1
	0.32 ± 0.01

	10
	H2O
	1.5 ± 0.1
	0.22 ± 0.01


(b) Coefficients from Volino fit for H2O hydrated membranes, where (±) is the standard deviation.
	membrane
	 (Å)
	
	
	

	6
	2.78 ± 0.23
	0.90 ± 0.01
	1.9 ± 0.2
	12.3 ± 1.4

	10
	2.56 ± 0.14
	0.90 ± 0.01
	0.9 ± 0.1
	7.3 ± 0.7


(c) Coefficients from PALS fits, where (±) is the standard deviation. 
	membrane 6

	 (ns)
	(%)
	 (ns)
	(%)
	 (ns)
	(%)
	 (ns)
	(%)

	0.508 ± 0.011
	23.2 ± 1.4
	1.943 ± 0.043
	2.96 ± 0.08
	11.8 ± 1.3
	0.11 ± 0.01
	47.5 ± 2.3
	0.07 ± 0.01

	
membrane 10

	 (ns)
	(%)
	 (ns)
	(%)
	 (ns)
	(%)
	 (ns)
	(%)

	0.496 ± 0.010
	20.3 ± 1.0
	1.842 ± 0.061
	1.93 ± 0.07
	6.9 ± 1.7
	0.07 ± 0.03
	76.9 ± 8.9
	0.02 ± 0.01




3.3 Holistic picture of water motion and network structure across length scales
At this point, we return to this discussion of transport and the distinction between the mechanisms of pore flow versus solution diffusion. In the discussion above we noted observations that seem to support either mechanism. That water uptake increases and diffusivity slows down as the crosslink density is reduced and the free amine concentration increases seemingly consistent with solution diffusion. However, the observation that the salt transport increases as the network is loosened could be interpreted with a size exclusion or pore flow mechanism; the estimated relevant length scales for this process initially seemed plausible. But we cannot exclude the possibility that the increased free amine concentration also increases the solubility of the salt ions in the membrane. So at this point, it is instructive to compare the diffusion coefficient of water between the PA membranes reported here to our previously published values for the diffusion of bulk water by QENS,[37] bulk water by PFG NMR,[38] and water in a broader swath of membranes that includes an analogous PA membrane,[11] an ion-contain alkaline exchange membrane,[11] water in Nafion at different hydration levels,[30] even water confined in microporous MCM-41 aluminosilicate supports.[39,40] As shown in Figure 5, in this previous publication we observed that on the time and lengths scales of QENS, the diffusion coefficient of water was essentially on par with that of free water in the rigid microporous silicates where the pore flow mechanism is arguably appropriate; water does not interact with the rigid, porous material. In that previous publication, we were struck that water in the PA membrane also had a diffusivity equal to that of free water, suggesting that the pore flow was the operative mechanism. However, the  values observed here for membranes 6 and 10, as shown in Figure 5, are clearly slower. In fact,  in membrane 10 is on par with water diffusing in an ion exchange membrane, which is significantly slower. On the time and length scales of QENS, both membranes 6 and 10 add impedance to the transport process, with the effect being greater in membrane 10.






Figure 5. Collection of measurements from the literature and this study showing the measured diffusivity of water versus the temperature. Data included on this plot include the values of  and  (what we refer to as ) from membranes 6 and 10 determined here, bulk NMR measurements,[38] bulk QENS measurements,[37] QENS measurements of water confined in porous MCM-41,[39,40] previous QENS measurement of water in a Dow RO PA membrane and block copolymer alkaline exchange membrane (AEM BCP),[11] and water as a function of hydration in Nafion membranes.[30] The blue-shaded region represents observed diffusion that falls into the solution diffusion regime while the red-shaded region represents values measured in the pore flow regime.

[image: ]
Conclusions
The immediate question that comes to mind is why the water diffusivity in the PA membrane from our previous publication [11] is faster than either membranes 6 or 10; they are all aromatic, crosslinked PA membranes. We note that the PA membrane studied in our previous publication was prepared by a slightly different process, and at that time, we were unable to quantify the crosslink density or functional group concentrations via NMR. However, we strongly suspect that the concentration of free amines was significantly lower than even membrane 6. In the previous publication, we reported that the gravimetric uptake of water in the PA membrane was < 5 % by mass, while the linear swelling in membrane 6 was 7.5 %. We think that the affinity of water for our previous PA network was significantly smaller than membrane 6. This was further supported by our QENS measurements, where the QENS spectra of the dry PA membrane and the PA membrane hydrated in D2O were identical. Water did not appear to interact with the membrane at all. This is entirely consistent with the comparison to a porous silicate network, where water cannot be solubilized in the material.
	The picture that evolves with respect to the map of diffusion coefficients for the PA membranes in Figure 5 is an insightful tool to understand membrane performance. Presumably, the PA membrane from our previous publication has been optimized for performance and salt rejection. It is a commercial formulation and probably exhibits excellent salt rejection. It appears to swell very little, and water diffuses through the membrane freely at the microscopic level, on par with free water at length scales equal to the interatomic packing dimensions of the network chains. As the cross-link density is decreased by creating network defects, the free amines are left unreacted, which increases the solubility of water in the network and more coupling between the dynamics of the water and polymer. This slows down the transport of water through the network. If the crosslink density of the network decreases sufficiently to allow greater swelling, salt can start to permeate the membrane as well, but it is still not exactly clear if this can be attributed to size exclusion or solubility of the salt. However, at this point, the water does appear to be following solution diffusion transport on par with an ion exchange membrane.


Appendix A. Supplemental Data 
Figures S1-S31: reduced QENS data and fits for membrane 6 and 10 over the range of  values.
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