A method to quantify composition, purity, and cross-link density of the active polyamide layer in reverse osmosis composite membranes using 13C cross polarization magic angle spinning nuclear magnetic resonance spectroscopy.
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Abstract
A method for harvesting and purifying the thin polyamide (PA) active layer from thin-film composite (TFC) reverse osmosis (RO) membranes was developed, enabling quantitative nuclear magnetic resonance (NMR) measurements of the composition and cross-linking in the PA layer that can be directly related to membrane performance. Using our chemical separation process, we report on four trimesoyl chloride (TMC)/isophthaloyl chloride (IPC)/m-phenylene diamine (MPD)-based TFC membranes in which the cross-link density was intentionally reduced by replacing trifunctional cross-linking TMC monomers with their linear IPC difunctional analog.  While the NMR results show a two-fold decrease in cross-linking that causes a 30 % increase in salt passage, the addition of the difunctional analog leads to increased polar amine groups that reduce water permeance due to tighter binding of water in the PA membrane. Our results demonstrate that 13C cross polarization magic angle spinning (CPMAS) is a powerful method for quantitatively monitoring the purity, cross-linking, and chemical composition in PA membranes and will be an essential tool in ascertaining atomistic models of PA structure. 
Introduction
Thin-film composite (TFC) membranes are currently used for reverse osmosis (RO)-based water desalination. [1,2] These TFC membranes are multilayer films consisting of a polyester non-woven fabric, a microporous polysulfone (PSf) support, and a thin polyamide (PA) selective layer. While the polyester fabric and the PSf layer are critical for providing mechanical support and collecting the purified water, the polyamide layer enables the selective permeance of water versus dissolved ions/salt. Polyamide-based TFCs are typically manufactured via an interfacial polymerization process in which in an organic phase reagent, usually trimesoyl chloride (TMC), reacts with an aqueous phase reagent, such as m-phenylene diamine (MPD), to afford a thin skin of cross-linked polyamide at the organic/aqueous phase interface. One would think structure, morphology and dynamics of this polyamide selective layer should be critical in determining the solubility and diffusion properties of the absorbed water and salt, but ascribing such metrics to RO function has been complicated by the heterogeneity that these films generally possess. [3] The polyamide selective layer is thin (20 nm to 200 nm) and exhibits a rough ridge-and-valley topography [4,5], which makes microscopy a challenge. Furthermore, bulk chemical composition analysis for determining the degree of reaction, the cross-link density, and populations of available polar groups in the polyamide layer is hindered by the fact that the polyamide comprises only a small percentage (< 0.1 %) of a given TFC [6]; a near quantitative removal of the microporous polysulfone, polyester backing, and any additives (i.e., humectants) must be accomplished before analysis of the polyamide can be performed, and these additional compounds comprise > 99.9 % of the TFC.  
Solid-state nuclear magnetic resonance (NMR) is a powerful method for determining detailed chemical structures in disordered solids, including a long history of determining structures in polymers. [7,8] 13C cross polarization magic angle spinning (CPMAS) NMR [9,10] is particularly useful in for investigating complex mixtures of solids due to its quantitative and chemically selective nature, and its ability to determine spatial proximities of functional groups due to relaxation time averaging that occurs from local 1H spin exchange. [11,12] Herein, we report on results from 13C CPMAS NMR experiments on a series of polyamide-based TFC membranes. Interfacial polymerization was carried out using an “A2 + B2 + B3” reaction, as given in Figure 1g, for four samples in which the IPC content was systematically varied to affect the network connectivity. The aqueous phase monomer (MPD) and total organic phase monomer (TMC + isophthaloyl chloride, IPC) concentrations were kept fixed in the reaction feed and the molar fraction of IPC in the organic phase,, was varied between 0 and 0.373 (left column, Table 1). A protocol for removing the polysulfone and polyester support layers was established while using 13C CPMAS to determine polyamide sample purity. Once purified, our NMR structural analyses of the polyamide layers allowed us to determine the cross-link density and the fraction of amine-containing units, which we related to water permeance and salt rejection. As expected, the cross-linking decreases with increasing IPC (and decreasing TMC) content which causes an increase in the salt passage. Interestingly, the increased IPC content results in higher amine concentration, which results in lower water permeance. 

Experimental 
1.0 Polyamide synthesis and RO characterization
Membranes were fabricated at DuPont Water Solutions in a roll-to-roll process. Polysulfone support layers were cast from solutions (0.165 mass fraction) in dimethylformamide (DMF) consistently for all RO membranes used in this study [13]. The polysulfone support was submerged in an aqueous m-phenylene diamine (MPD) solution, followed by contacting the support with trimesoyl chloride (TMC) and isophthaloyl chloride (IPC) dissolved in an organic solvent as previously reported [13]. Four membranes were prepared with varying IPC/TMC feed ratio, which is the molar ratio of IPC and TMC monomers in solution. Each sample name is denoted by its IPC/TMC feed ratio value; the IPC/TMC feed ratio is 0 for “sample 0,” 0.1 for “sample 0p1,” 0.195 for sample 0p195,” and 0.373 for “sample 0p373.” Except for this increase in the molar fraction of IPC in the organic phase (from 0 to 0.373 as indicated in Table 1), process conditions were otherwise held constant throughout the fabrication of all four membranes . Water permeance and salt rejection values were measured via cross-flow filtration based on an applied pressure of 862 kPa (125 psig) and 2000 ppm NaCl feed stream at 25 °C. Error is given as the standard deviations (SD) from measurements on > 4 samples.
Bulk TMC/MPD polyamide was prepared by single phase polymerization. TMC and MPD were both dissolved in dry toluene at a concentration of 20 mg/mL (10 mL for each solution), and the toluene solutions combined and gently shaken. The polymerization of TMC/MPD occurs nearly instantaneously, but the solutions were allowed to sit for 1 h to ensure complete reaction. The polyamide was then filtered by vacuum filtration using a 0.45 mm polytetrafluoroethylene (PTFE) filter, washed with an excess of toluene followed by water, then dried under vacuum.
2.0 Polyamide separation
The polyester non-woven backing was mechanically removed by adhering the TFC (average total area of 8400 cm2) to a large glass plate (polyamide face down) using double-sided tape, exfoliating a corner of the polyester, then physically tearing the polyester from the PSf/PA layer. The PSf was then chemically separated from the polyamide via the following serial dilution process. (1) The PSf/PA film was placed into a large excess (500 mL to 600 mL) of tetrahydrofuran (THF) for 24 h to dissolve the PSf while the cross-linked polyamide remained insoluble. (2) The THF solution was divided equally into 18 vials, each containing 30 mL of solution. (3) The vials were centrifuged for 20 min at 3000 rpm (314 rad/s) to force the polyamide solids to the bottom of the vials. (3) The supernatant (composed of PSf and THF) was removed via a pipette. (5) Steps (3) and (4) were repeated 15 to 20 times until the polyamide solids were pure, and then each sample was placed under vacuum (3 kPa) for 24 h to 48 h to remove the remaining solvent. Assuming a polyamide density of 1.25 g/cm3, one would expect 0.21 g of PA, but it is expected that we lose some PA during the purification process. The fraction of remaining dry solid that we recovered (15 mg to 35 mg) was collected and placed into NMR rotors for measurement. 
2.0 Solid-state NMR measurements
Solid-state NMR experiments were performed on a 100 MHz NMR spectrometer composed of a 2.35 T, 125-mm bore Nalorac magnet, 100 MHz double resonance Apollo console from Tecmag, 5 mm double resonance magic angle spinning probe from Doty Scientific Inc., 1H amplifier from Amplifier Research, LPI-10 amplifier from ENI for 13C, and magic angle spinning and temperature controllers from Doty Scientific Inc. Other pertinent experiment parameters are: H = 100.13 MHz, C = 25.13 MHz, MAS = 4000 ± 1 Hz, (/2)H = 3.2 s, excitation and decoupling B1H = 80 kHz, Hartmann-Hahn match B1H = 54 kHz and B1C = 50 kHz, 50 s dwell time, 400 acquisition points, 65156 zero filling points, and 50 Hz of apodization. The Hartmann-Hahn match was calibrated on a sample of adamantane, which also served as a secondary chemical shift reference standard (38.5 ppm and 29.5 ppm). [14] The 1H decoupling frequency was calibrated using a sample of polyethylene (1.5 ppm) and was shifted to 8 ppm for the polyamide samples. The magic angle (54.7°) was calibrated on a sample of potassium bromide. [15]
3.0 FTIR measurements
[bookmark: _Hlk83117187]Fourier transform infrared (FTIR) spectra (Supplemental Information, Figure S1) were obtained on a Vertex 70 spectrometer (Bruker, MA, USA) equipped with a liquid nitrogen-cooled narrow-band MCT detector collected at an optical velocity of 2.6 cm s−1 (40 kHz, HeNe) and a resolution of 6 cm−1. Spectra were collected in attenuated total reflection (ATR) geometry using a VariGatr ATR accessory with a Ge crystal at an incident angle of 65°. Each sample was pressed against the crystal with a constant force of 700 N applied to the sample to achieve reproducible intimate contact between the sample and Ge crystal. Under these conditions, the penetration depth at 1661 cm-1 (amide 1 peak) is approximately 500 nm. 500 scans were averaged per spectrum and absorbance calculated by reference to a bare ATR crystal. ATR spectra were 2 point baseline-corrected at 1811 cm-1 and 1376 cm-1 and normalized to the amide 1 peak at 1661 cm-1.
Results/Discussion
1.1 Purity analysis
1.1.1 13C NMR of washed polyamide samples
In Figure 1(a)-(d), we show 13C cross polarization magic angle spinning (CPMAS) spectra of our four polyamide samples (“0,” “0p1,” “0p195,” “0p373”) after 16 cycles of our serial dilution treatment. All the spectra exhibit several broad resonances; the wide distributions of chemical shifts observed is due to the large number of bonding configurations possible from the reaction (Figure 1g) as well as distributions in bond lengths and angles that are expected from such a glassy solid. Each spectrum exhibits overlapping peaks in the aromatic region (100 ppm to 155 ppm), a peak in the carbonyl region (165 ppm), two resonances in the aliphatic region (30 and 42 ppm), and two weak resonances in the ether carbon region (62 and 73 ppm). As shown in Figure 1(e) polysulfone exhibits a forest of peaks in the aromatic (100 ppm to 140 ppm) and carbonyl (150 ppm to 170 ppm) regions. Furthermore, two resonances in the aliphatic region (25 ppm to 30 ppm) are observed similar to those seen in sample 0p373 (Figure 1a), suggesting that residual polysulfone can be left behind even after 16 rinse cycles of our serial dilution treatment. The polyamide comprises only sp2 carbons, reflected in the 13C CPMAS spectrum of neat bulk-polymerized polyamide (Figure 1(f)) that displays resonances at (110 to 165) ppm but no detectable resonances < 100 ppm. Hence, the sp3 carbons that appear in the spectrum (30 ppm to 75 ppm) are due to additives, impurities, or side products. (See Supporting Information for further assignment details). 
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Figure 1: (a)-(d): 13C CPMAS spectra of samples 0p373 (a), 0p195 (b), 0p1 (c), and 0 (d) after 16 cycles of the serial dilution process. (e)-(f): 13C CPMAS spectra of (e) polysulfone, and (f) bulk-polymerized polyamide. (g) Reaction scheme of the A2 + B2 + B3 polymerization reaction to make polyamide and HCl. The additional functional groups are as follows, R1 = H or amide carbonyl from TMC or IPC, R2 = H, carboxylic acid, or amide carbonyl linked to MPD, and R3 = OH or amide nitrogen linked to MPD.
1.1.2 Identifying non-polyamide substances based on 1H relaxation differences
In order to quantify the amount of polysulfone left behind after the polyamide isolation procedure, we performed 1H T1-filtered 13C CPMAS experiments to separate the different resonances that belong to different substances. For instance, the aliphatic peaks (30ppm and 42 ppm) may belong to the polysulfone, but the ether carbon (62 ppm and 72 ppm) peaks should not. The carbonyl peak (165 ppm) should belong to polyamide only, but the aromatic peaks (100 ppm to 140 ppm) may belong to either polysulfone or polyamide; 1H T1-filtered 13C CPMAS experiments can help assign peaks in a spectrum based on 1H spin proximity. In T1H-filtered 13C CPMAS experiments, a 1H inverting p pulse is inserted at the beginning of the CP sequence, so 13C spins are initially inverted by virtue of 1H-to-13C cross polarization from the inverted 1H polarization. As the 1H magnetization realigns with the magnetic field at the spin-lattice relaxation rate, R1=1/T1H, governed by the relaxation time constant, T1H, the 13C spins will also appear to realign due to their dipolar coupling to the 1H spins. Adjacent 1H spins will exhibit a common, locally averaged T1H due to 1H-1H spin-exchange; hence, 13C nuclei that are proximal to other 13C nuclei will appear to have a common spin-lattice relaxation time constant. Conversely, 13C spins that are physically separated at distances longer than the 1H spin diffusion radius, rSD, will appear to relax at different rates. The spin diffusion radius is related to the spin-lattice relaxation time constant by, , and is typically on the order of tens to hundreds of nanometers, where D is the 1H spin diffusion coefficient (0.4 nm2/ms to 0.8 nm2/ms), and T1H is the 1H spin-lattice relaxation time. Hence, comparing the relaxation time constants of peaks relative to the polyamide peaks is a useful tool for determining whether the non-polyamide species is contained with the polyamide network (i.e., a side product) or not (i.e., polysulfone). 



[image: ]Figure 2: (a)-(b): 1H-T1 filtered 13C CPMAS spectra for various delay times () for samples 0p195 (a) and 0p373 (b). (c) 1H-T1 filtered 13C CPMAS spectra (i, ii) and their linear combinations (iii, iv) of sample 0p373 for delay times of 400 ms (i) and 75 ms (ii). The linear combination for (iii) = 0.14*(i) + (ii) results in a spectrum of polyamide, and the linear combination for (iv) = 0.56*(i) – (ii) results in a spectrum of polysulfone. (d)-(e) Stack plots of 13C CPMAS spectra of samples 0 (bottom), 0p1 (bottom-middle), 0p195 (top-middle) and 0p373 (top) after (d) a second round of serial dilutions, and (e) a third washing step, which was a week-long rinse in hot water. (f) 1H T1 filtered 13C CPMAS spectra with delay times of 2 ms (light blue) and 50 ms (dark blue).
1.1.3 Distinguishing polysulfone from side products
We show in Figure 2(a) and (b) 13C CPMAS spectra acquired with a 1H T1H relaxation filter for two polyamide samples, sample 0p195 and sample 0p373, respectively. As shown for sample 0p195 in Figure 2a, all the sp2 13C resonances (100 ppm to 185 ppm) relax with approximately the same time constant, T1H = 70 ms, indicating that the sp2 carbons are mixed on length scales less than 10 nm to 15 nm and suggesting the peaks between 110 ppm and 170 ppm for sample 0p195 are solely due to polyamide 13C spins. Furthermore, the peak at 30 ppm (inset, Figure 2a) relaxes at the same rate as the polyamide 13C spins, indicating that these 13C are within the polyamide network, and could be methylene carbon side products.    
On the other hand, the T1H-relaxation spectra of sample 0p373, given in Figure 2b, clearly exhibit differences in the relaxation across 100 ppm to 185 ppm spectral region; the spectrum acquired with 50 ms of delay (Figure 2b, royal blue trace) shows both negative and positive peaks. For instance, signals at 165 ppm and 135 ppm are positive, and signal at 150 ppm is negative. Since the peak intensities at 165 ppm and 135 ppm relax faster than that at 150 ppm, they must correspond to sp2 carbons that are physically separated by >> 10 nm. Since the polyamide film is 20 nm to 200 nm thick, the difference in T1H time constants indicates that (1) the 13C NMR spectrum of sample 0p373 is a convolution of spectra of multiple compounds and (2) the additional compound is outside of the polyamide layer. In order to identify the non-polyamide compound, we inspected linear combinations of the relaxation spectra of sample 0p373; the results are given in Figure 2c. The spectrum acquired with a 400 ms filter, labeled (i), was subtracted from or added to the spectrum acquired with a 75 ms-filter, labeled (ii), using the equations (iii) = m*(i) + (ii) and (iv) = n*(i) – (ii). The coefficient m was iteratively varied until the aliphatic resonances at 30 ppm and 42 ppm (blue dotted lines, Figure 2c) were nulled (to within the noise level) at m = 0.14. Conversely, the coefficient n was iteratively varied until the aromatic intensity at 108 ppm and 172 ppm (red dotted lines, Figure 2c) were nulled (to within the noise level) at n = 0.56. The spectra (iii) and (iv) given in Figure 2c are consistent with polyamide and polysulfone, respectively. Deconvolution of (i) yielded relative amounts of polyamide and polysulfone of 60 % and 40 %, respectively, showing that after 16 rinses of THF sample 0p373 still contained 40 % 13C mol% of polysulfone. This sample was washed twice more in THF and the polysulfone signals were eliminated (Figure 2d, top spectrum). Similar T1H-based analysis of the other three samples showed detectable amounts of polysulfone only in sample 0. There was no appreciable polysulfone in samples 0p1 or 0p195.
1.1.4 Polyhydroxy compounds 
Reverse osmosis membrane manufacturers routinely include polyhydroxy compounds such as polyethylene glycol or sodium dodecyl sulfate to draw in water during water filtration operation, and it has been shown [16] that removing these humectants is important for membrane application studies. We show that CPMAS can be used to quantify the amount of residual polyhydroxy compounds contained within a given membrane. 
All four samples were washed an additional time in either tetrahydrofuran (THF) or water; the resultant spectra after this additional washing are given in Figure 2d. As shown in the figure, small aliphatic and ether carbon peaks persist even after this additional rinse, as well as after a week-long rinse in 70 °C distilled water for all samples (Figure 2e). Higher signal-to-noise T1 experiments were required to identify the degree of mixing for trace-level aliphatic and ether groups within the polyamide; we show the 13C CPMAS spectra of sample 0p1 with T1 delay times of 2 ms and 50 ms in Figure 2f. The spectrum acquired with the 2 ms delay comprises resonances that are uniformly inverted. In the spectrum acquired at 50 ms, the ether carbon resonances (65 ppm and 72 ppm) relax significantly slower, on time scales >> 50 ms; in fact, the intensities of the two spectra are essentially identical. This observation indicates that the ether carbons are not finely mixed within the polyamide solid and suggests an ether-containing solid that is insoluble in THF and water, such polyhydroxy compounds. The aliphatic resonances (30 ppm and 42 ppm), however, have positive intensity similar to the sp2 13C resonances (100 ppm to 165 ppm), indicating as shown in Figure 2a that these aliphatic carbons are intimately mixed () within the polyamide network, potentially resulting from a side reaction of the interfacial polymerization. While the precise identity of this compound is still unknown, integrating the peaks allows us to quantify the mol% of carbon of each impurity. The chemical compositions for all four samples are given in Table 1, showing the level of purity in the samples ranging from 86.5 % to 95.3 %. Due to the small fractions of sp3 carbons in the polyamide network 3.5 % to 5.2 % we ignore them below in our discussion regarding cross-link density, polar group estimation, and RO performance. 
	Sample

	Total chemical composition 
(mol% 13C)
	Polyamide-only composition

	number
	feed ratio
	polyamide (carbonyls, aromatics)

(170 to 100) ppm
	Non-polyamide
(-OCH3,-OCH2
-OCH)
(72 to 65) ppm
	Non-polyamide
(-CH-, -CH2, --CH3)
(20 to 30) ppm
	Carbonyl 13C mol %
	Phase/
Baseline
Error
	Total error

	0
	0
	92.0 % ± 2.9 %
	3.6 % ± 0.2 %
	4.5 % ± 0.2 %
	15.8 %
	0.0 %
	1.1 %

	0p1
	0.100
	86.5 % ± 3.8 %
	8.4 % ± 0.9 %
	5.2 % ± 0.8 %
	14.7 %
	0.4 %
	1.4 %

	0p195
	0.195
	91.6 % ± 3.9 %
	4.4 % ± 0.5 %
	4.0 % ± 0.4 %
	14.0 %
	0.2 %
	1.2 %

	0p373
	0.373
	95.3 % ± 3.1 %
	1.3 % ± 0.2 %
	3.5 % ± 0.2 %
	13.7 %
	0.1 %
	1.1 %


Table 1: 13C CPMAS spectral intensities of the polyamide (100 ppm to 165 ppm), ether carbon (65, 72 ppm), and aliphatic (30 ppm and 42 ppm) peaks. 
2.1 Polyamide layer composition quantitation 
2.1.1 Intensity normalization for quantitative CPMAS
In order to quantify 13C mol% from 13C CPMAS intensities one must carefully select the experimental parameters to ensure 13C polarization levels of all the resonances in the spectrum are equal. In CPMAS experiments, the 13C spins are cross polarized from 1H spins via their 1H-13C dipolar couplings, the rate of which depends on the 1H-13C internuclear distance, local 1H density, and molecular dynamics. The cross polarization rate is maximized when the nutation fields of the selected nuclei (i.e., 1H and 13C) satisfy the Hartmann-Hahn match condition [17], which for magic-angle spinning experiments is when the nutation fields are equal (i.e., B1H = B1C) or offset by an integer multiple of the MAS frequency, r, such that B1C = B1H + n*r where n = ±1, or ±2. [9] In the experiments performed here r = 4 kHz, B1C = 50 kHz, B1H = 54 kHz, and the contact time was selected such that the polarization levels of all the 13C polyamide resonances were the same to ensure the highest accuracy possible. To do so, we measured the cross polarization intensity as a function of the contact time, which, as shown in Figure 3a, is a kinetics curve that is marked by an initial polarization build-up followed by a decay governed by the spin-lattice relaxation mechanism in the rotating frame, T1. Note the units in Figure 3a are arbitrary intensity units. In order to relate intensity to relative 13C polarization (which is directly proportional to 13C mol %), we (1) measured the T1 time of the polyamide resonances using a CPMAS sequence both with and without a 7 ms T1 filter, shown in Figure 3b; (2) to eliminate the effect of T1 relaxation on the build-up curve, we assumed the T1 decay was exponential and divided the raw cross polarization kinetics curves by a factor exp[-tCP/ T1], where tCP is the cross polarization time; (3) as shown in Figure 3c, we fitted the data to Equation (1):
(1) 
where y is the cross polarization intensity, A is the scaling factor, x is a floating variable, tcp is the cross polarization time, and t1 and t2 are empirical fitting constants. We then scaled the raw data (Figure 3a) by these coefficients (“A”) so as to make the CPMAS intensity directly proportional to 13C polarization level and, hence, “quantitative” (Figure 3d). As shown in Figure 3d, the four resonances, which pertain to 13C nuclei of both protonated 13C (red curves) and unprotonated 13C (blue curves), have similar polarization values of 0.60 ± 0.02 at tCP = 3 ms, which is what was used for the CPMAS experiments throughout this manuscript. The optimization of additional experimental parameters, such as the timing of the time-domain echo signal and baseline correction, as well as their effects on 13C mol% uncertainty are given in the Supplemental Information. 
(a)
(b)
(c)[image: ])
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Figure 3: (a) CPMAS intensity as a function of contact time for four chemical shifts for sample 0p373. Errors are defined by the noise level. (b) 13C CPMAS spectra of the polyamide sample 0p373 without (black) and with (blue) a 7 ms pre-spinlock filter. Assuming the spin-lattice relaxation in the rotating frame time (T1r) is exponential, . (c) The CPMAS intensity as a function of contact time in which each data point was divided by a factor exp[-tCP/T1], fit to a double exponential curve, and then re-scaled to demonstrate the asymptote is equal to one. (c) The CPMAS intensities as a function of contact time for the four chemical shifts in sample 0p373 using the scaling factor from the fits in (c). The data was not divided by the factor exp[-tCP/T1]. 

2.1.2 TMC/IPC/MPD composition estimates
As shown in Figure 1g, the interfacially polymerized polyamide films were synthesized by the A2 + B2 + B3 reaction. The “A2” m-phenylene diamine (MPD), “B2” isophthaloyl chloride (IPC), and “B3” trimesoyl chloride (TMC) reacted to form cross-linked polyamide, and IPC/TMC molar ratio was increased to systematically lower the degree of cross-linking. MPD amine sites react with the acyl chloride sites of the IPC and TMC to form amide linkages as shown in Figure 1g. Each MPD has two reactive sites, each IPC two, and each TMC has three, which can result in MPD and IPC forming either chain termini or linear bridges, and TMC forming either termini, linear bridges, or tri-functionalized cross-links. The populations of these linkage units highly dictate the film porosity, molecular dynamics, and availability of ion sites, so controlling composition is important for directing the network structure and water transport throughout the membrane.
Upon inspection of the chemical structure (Figure 1g), one sees that the molar fraction of IPC (, TMC  and MPD units (1 – ) can be determined by quantifying the various functional groups. Since carbonyl sites reside exclusively on TMC and IPC units and the carbonyl peaks are isolatable in the 13C CPMAS spectra (Figure 2(a)-(d)), the TMC and IPC mol% can be estimated by direct integration of the carbonyl resonance relative to the aromatic peaks (Supplemental Information, Figure S2). The number of moles of aromatic carbons, , equals the quantity , where  is the number of moles of MPD,  is the number of moles of TMC, and  is the number of moles of IPC. The number of moles of carbonyl carbons,, is equal to the quantity 3. Since the sum  is the total number of moles, N, of all the units, upon taking their ratio one obtains the relation
(2) . 
Further, since intensities of the 13C NMR resonances are directly proportional to mole numbers of 13C, one obtains the relation
(3) 
where is the CPMAS NMR intensity ratio of the carbonyl and aromatic resonances,  is the IPC/TMC molar ratio, and  is the molar fraction of TMC and IPC. We measured these ratios for all four samples; their values are given in Table 1.
There are two unknowns in Equation (3), so we cannot absolutely find the mol% of MPD, TMC, and IPC from the NMR data alone. However, the amount of IPC included in the organic phase feed solution was systematically increased with sample number to reduce the degree of cross-linking, while the total organic phase monomer (TMC + IPC) and aqueous phase monomer (MPD) concentrations used were fixed. Assuming the monomers maintained their relative concentrations in the cross-linked film, we can predict the carbonyl/aromatic ratios based on the measurement of sample 0, which contained no IPC. As shown in Table 2, the predicted carbonyl/aromatic ratio, , does not match what is observed from NMR; the observed carbonyl/aromatic ratios are systematically lower than what you would predict from the feed concentrations. This finding indicates that either (1) there is more IPC in the product film than would be expected from the feed solution concentration, or (2) there is less total amount of (IPC + TMC) than one would expect from the feed solution. We tested both scenarios by either keeping  or  fixed while allowing the other variable to float; the results are tabulated in the right two columns of Table 2. As shown in the table, the values of “B” (TMC + IPC) range from 0.349 to 0.374 throughout the sample set, and the molar fraction of IPC in the B component systematically increases with sample number, as expected, reaching a maximum of (0.373 to 0.449) in sample 0p373.
	
	
	
	 floats, x is fixed
	x floats,  is fixed

	Sample
	Feed ratio
“x”
	observed
	predicted
	
	
	x
	
	
	x

	0
	0
	0.187 ± 0.013
	0.187
	0.626 ± 0.026
	0.374 ± 0.026
	0
	0.626 
	0.374
	0

	0p1
	0.100
	0.172 ± 0.016
	0.181
	0.644 ± 0.032
	0.356 ± 0.032
	0.100 
	0.626
	0.374
	0.241 ± 0.209

	0p195
	0.195
	0.163 ± 0.014
	0.175
	0.651 ± 0.028
	0.349 ± 0.028
	0.195 
	0.626
	0.374
	0.385 ± 0.225

	0p373
	0.373
	0.159 ± 0.013
	0.164
	0.637 ± 0.026
	0.363 ± 0.026
	0.373
	0.626
	0.374
	0.449 ± 0.245


It is typical to show bonding in A2 + B3 polymerization as a linear combination of linear and cross-linked units, thereby ignoring termini. [18,19] TMC/MPD networks composed solely of these two structures would contain between (40 to 50) mol% TMC. Maximum cross-linking occurs at 40 mol% TMC while deviations from this composition indicate opening up of the network through either an increase of TMC, indicative of more terminal carboxylic acid units, or a decrease in TMC, indicative of more terminal amine units. Sample 0, which has a molar composition of 37 % TMC / 63 % MPD cannot be solely comprised of these two units; rather, the film must contain a slight excess of MPD, indicating an appreciable population of terminal amine-containing units. Amines are generally thought to be negligible in TMC/MPD polyamide films, [20, 21] although a recent paper on industrial RO polyamide films (SWXHR, BW30, and XLE) has reported amine/amide ratios of approximately 0.14 when using solid-state dynamic nuclear polarization 15N NMR. [22] A more detailed analysis of the impact of our measured composition values on network connectivity will be discussed below. 
Table 2: Composition values of the four polyamide membrane samples as calculated from Equation (3) using the CPMAS NMR data (Table 1). Error bars of the tabulated values have been propagated from the uncertainties in Table 1, using Equation (3). 
3.1 Mesostructure and relationships of RO performance 
3.1.1 RO performance trends
The four RO membrane samples exhibited NaCl passage values that increased from 0.86 % to 1.16 % upon increasing sample number, and water permeance values that decreased from 0.376 gfd/psi to 0.255 gfd/psi with increasing sample number. The results are given in Table 3. It is curious what morphological and chemical variations would translate into increases in ion passage values and concomitant decreases in water passage values; typically, there is a trade-off between ion passage and water permeance in RO membranes. [21,23] Instead, sample 0 is the best RO membrane for both metrics, and there is a systematic decline in both performance metrics upon increasing sample number. As given in Table 3, there is no clear trend in the free carboxylic acid-to-amide ratio, which has been taken as a metric of cross-linking. We show below that the acid/amide ratio does not accurately report cross-link density if the composition varies.  
	Sample number
	Water permeance (l/m2hbar)
	NaCl salt rejection (%)
	

	0
	9.40 ± 0.375
	99.14 ± 0.15
	0.082 

	0p1
	9.05 ± 0.225
	99.14 ± 0.26
	0.086

	0p195
	8.55 ± 0.350
	98.94 ± 0.18
	0.088

	0p373
	6.375 ± 0.200
	98.84 ± 0.30
	0.076









Table 3: RO performance metrics and the carboxylic acid/amide ratio from FTIR measurements. The errors represent one standard deviation from the average value obtained from multiple films. 
3.1.2 Populations of MPD/TMC/IPC monomeric units
As shown in Figure 4, the polyamide network of our samples can be made up of seven possible irreducible units, two MPD, two IPC, and three TMC. There are terminal units (A1, ), linker units (A2, ), and cross-links (B3). Using our NMR and FTIR spectroscopy measurements and relations for the mass balance (Equation 4a) and connectivity restraints for A2 + B3 networks (Equation 4b), we generate four equations that can be used to solve for these irreducible units. (The derivation of Equation 4b is given in the Appendix). 
(4a)			(mass balance)
(4b)	 		(connectivity restraint)
(4c)			(NMR measurement)
(4d)	 				(FTIR measurement) 
[image: Diagram

Description automatically generated]Figure 4: Schematics of the irreducible polyamide units that result from the A2 + B2 + B3 reaction of MPD + IPC + TMC. 
There are seven unknowns and only four equations, so outright calculation of the seven potential irreducible units is not possible from the data we collected. However, with a few reasonable assumptions we estimated the populations of units within the network. First, since MPD is the majority component (B is starved), we assumed the fraction of terminal B units, TMC () and IPC (), is small () at these compositions. This assumption is supported by the small acid/amide ratios measured from the FTIR. Second, by assuming either the IPC/TMC ratio was the same as that of the feed solution ( is fixed, Table 3) or the total concentration of B (IPC + TMC) was the same as the feed solution ( is fixed), we can calculate the five remaining species. Since , we can straightforwardly solve for populations of the other four units, A1, A2, B2, B3, using Equations (4). The 
	
	
	Populations of irreducible units
	Hyperbranched polymer metrics

	Sample 
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	DBFrey
	DBFrechet
	CI
	TI

	
	
	Terminal
	Linker
	Linker
	Linker
	Cross-link
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	0
	
	0.214
	0.412
	0.000 
	0.085
	0.289
	6.797
	0.773
	0.744
	0.372

	
0p1

	
	0.337
	0.307
	0.036
	0.037
	0.283
	4.067
	0.670
	1.414
	0.658

	
	
	0.302
	0.411
	0.090
	0.044
	0.240
	2.353
	0.541
	1.493
	0.610

	
0p195
	x
	0.402
	0.249
	0.068
	0.079
	0.202
	2.741
	0.578
	1.994
	0.853

	
	
	0.353
	0.273
	0.144
	0.079
	0.151
	1.353
	0.403
	2.340
	0.792

	
0p373

	x
	0.388
	0.249
	0.135
	0.067
	0.160
	1.581
	0.441
	2.420
	0.851

	
	
	0.365
	0.261
	0.168
	0.067
	0.139
	1.179
	0.371
	2.634
	0.820


 results are given in Table 4. 
Table 4: (left) Relative populations of five irreducible MPD, IPC, and TMC units. (right) Metrics of hyperbranching in A2 + B3 polymers. 
3.3 Hyperbranching figures of merit
As shown in Table 4 (“Populations of irreducible units”) upon increasing sample number, there is a monotonic decrease in the cross-link density as shown from the lowering values of , regardless of whether  or  is fixed, and there is a concomitant increase in the populations of linear/linker B units (). There is a monotonic increase in the fraction of terminal amine-containing MPD units () at the expense of linker MPD units (). Using these populations, we calculated figures of merit of the hyperbranched structures [24] that would be observed in our samples such as the degree of branching (DB), the terminal index (TI) [25], and cyclization index (CI). The degree of branching, which is synonymous with cross-link density, has been defined both by Frey [26] and Frechet [27] as given in Equations (5a) and (5b). 
(5a) 	
(5b)	
We observe a two-fold decrease in the degree of branching with increasing sample number for both metrics even though the acid/amide ratio is invariant. We observe a tight network for sample 0, with a value of 0.73 (maximum is 1), and the networks are systematically opened up with sample number, reaching a minimum between DBFrechet = (0.371 to 0.441) for sample 0p373 (lowest possible is zero). These observations demonstrate the importance of calculating the populations of the irreducible monomeric units, found via the NMR and FTIR combined. 
The character of hyperbranching is also described by the two quantities the cyclization index (CI) and terminal index (TI), defined in Equations (6) and (7).  
 (6)					(7)	
Open, hyperbranched structures are predicted for CI values > 1 (there is no maximum) whereas tighter, cyclized structures are predicted for CI values < 1 (minimum is zero). In addition, TI values close to 1 are expected for open networks with high populations of terminal groups (no maximum), and TI values ≈ 0 are expected for tighter networks (minimum is zero). As given in Table 4, we observe an increase in the CI values with increasing sample number; ranging from 0.744 for sample 0, which is indicative of a tight network, to CI = (2.420 to 2.634) for sample 0p373, which is the marker of a looser branched network. Overall, we observe an increase in the TI values with increasing sample number, which, again, corresponds to more open networks and greater populations of termini with increasing sample number. 
3.4 Impacts of network structure on RO performance
Our observations indicate greater pore sizes with increasing sample number which would explain the increase in NaCl salt passage. The observed decrease in water flux we observe upon decreasing the cross-link density is curious, although not completely unprecedented. Reports of reduced water flux upon chlorination have generated an idea of “membrane tightening,” which is a densification of more loosely cross-linked films under hydraulic pressure while testing. [28] However, in another study on similarly prepared polyamide membranes, decreases in water flux were observed upon increasing the density in dry polyamide membranes as observed from TEM tomography. [29] In those samples, the polyamide cross-link densities were reported to be invariant based on FTIR, which as we show here, would only be true if A/B composition did not change across their sample set. Unfortunately, the chemical compositions of those samples are not known to us, so it is difficult to compare results. It has been shown by Coronell and coworkers [30] that water diffusion in the active layer highly dictates the observed permeability; one possible explanation for the decrease in water flux with sample number is an increase in the population of available amine sites that could increase the binding of water molecules in the membrane via hydrogen bonds. Relationships between the degree of swelling and amine group concentration have been established in amine-cured epoxy resins, [31,32,33]. It has been shown that increasing the amine content increases the propensity for water to form multiple hydrogen bonds, thereby raising the activation barrier and ultimately slowing transport. [34,35] Another possibility is that opening the network leads to increasing polymer chain dynamics, which previous studies have shown slows the diffusion of water in swollen hydrophilic polymers. [36] Future solid-state NMR data for measuring 13C-1H and 13C-14N internuclear distances will assist in generating more sophisticated models of monomeric connectivity, particularly when paired with molecular dynamics simulations. Furthermore, when paired with relaxometry NMR and quasi-eleastic neutron scattering (QENS) on swollen RO membranes, these models of connectivity will be related to water transport and segmental dynamics, allowing for a more comprehensive look at water transport in these complex media.
Conclusions
We used 13C CPMAS NMR to quantify the polyamide purity, chemical composition and cross-link density in a series of TMC/IPC/MPD-based thin-film composite RO membranes and describe the experimental details that are important for their accurate measurement. A chemical separation method was developed for harvesting the polyamide films from their polysufone supports using 13C CPMAS methods to follow the purification process. The polyamide cross-link densities and amine group populations of the polyamide layers were calculated from the populations of monomeric MPD, TMC, and IPC units in the polyamide samples estimated from 13C CPMAS NMR and FTIR measurements. Upon increasing IPC (and decreasing TMC) content, a two-fold decrease in the cross-link density is observed, despite no trend in the carboxylic acid/amide ratio, which resulted in an increase in salt passage values. Increasing IPC content also increased amine population, which caused tighter water binding and lower water permeance values. Our demonstrated methods will be useful for chemists and engineers of TFC water desalination membranes wanting to know the cross-link density, composition, and purity of the salt separation layer and for more advanced modeling efforts of reverse osmosis membranes.  
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