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Amide A Band is a Fingerprint for Water Dynamics in Reverse Osmosis Polyamide Mem-
branes
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Kimura, Yuji Sugita,Kiyoshi Yagi

e A dip of amide A, present in nylon 6, disappears in RO (aromatic polyamides).
e The absence indicates that amide-amide hydrogen bonds (HBs) are kept upon hydration.
e The HB structure facilitates growth of water clusters and rapid water diffusion.

e The amide A band is a fingerprint to probe the water permeability.
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ARTICLE INFO ABSTRACT

Keywords: Reverse osmosis membranes based on aromatic polyamide (ar-PA) are widely used in desalina-
IR difference spectrum tion of seawater, yet the microscopic mechanism of water diffusion through a polyamide layer re-
Molecular dynamics simulations mains elusive. Here, we study the structure and dynamics of polymer chains and water molecules
Vibrational quasi-degenerate pertur- in ar-PA in comparison to nylon 6 (one of aliphatic polyamides) under various water contents
bation theory (0.0—15.9 wt%). The infrared (IR) difference spectrum between dry and moist ar-PA shows little
Amide bands change in amide A bands, in contrast to that of nylon 6 which yields a prominent dip. Theoretical
Water diffusion analyses using molecular dynamics simulations and quantum electronic and vibrational calcula-

tions reveal that the dip in nylon 6 is caused by breaking of hydrogen bonds (HBs) among amide
groups. The incoming water molecules that break amide-amide HBs are bound to polyamide
chains nearby and diffuse slowly. On the other hand, the amide-amide HBs of ar-PA are kept
upon hydration. Such polymer structure facilitates growth of large water clusters with more than
100 water molecules and rapid diffusion of water molecules. The amide A band serves as a
fingerprint to characterize the water permeability of polyamide materials.

1. Introduction

Supply of clean water for all is an urgent subject for sustainable development of the global society. Reverse osmosis
(RO) desalination is one of the major technologies to produce fresh water from sea and brackish water [1-4]. The
process utilizes a RO membrane, which permeates water molecules but rejects other solutes and ions. The feed water is
filtered through the membrane with an external pressure applied from the higher salt concentration to the lower against
the osmotic pressure. There are various types of RO membranes proposed and developed to date, e.g., cellulose acetate,
inorganic/ceramic, and thin film composite (TFC) membranes based on aromatic polyamides (ar-PA) (Fig. 1 (a)).

The TFC membrane consists of three layers: a functionally active ar-PA layer (~ 100 nm thickness), a porous
polysulfone support (~ 50 ym thickness), and a polyester support backing. The ar-PA layer is prepared on the support
via interfacial polymerization (IP) reactions of aromatic amines and acyl halides in aqueous and organic solvents,
respectively. Cadotte [5, 6] first utilized IP reactions to fabricate the TFC membrane and discovered the effectiveness
of ar-PA synthesized from m-phenylenediamine (MPD) and trimesoyl chloride (TMC). It was a breakthrough invention
that achieved high salt rejection rate of over 99 % while keeping high operational pressure of several MPa. Further
improvements have been made by fine tuning the condition of IP reactions [7—10]. Recently, Chowdhury et al. [11]
have proposed a novel synthesis method in place of IP, which employs an electrospray to deposit nano-droplets of
monomers onto a support, thereby enabling precise control of the thickness and the surface roughness of ar-PA layers.

The microscopic structure of ar-PA has been investigated with great interest, because the filtration involves atomic
and molecular processes that require a delicate balance between permeability and selectivity [12]. The observation
using atomic force microscopy (AFM) has revealed that the surface of ar-PA has a ridge-and-valley structure with a
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(a) (b)

O (aromatic polyamide) Nylon 6 (aliphatic polyamide)

Figure 1: The chemical structure of (a) RO aromatic polyamide and (b) aliphatic polyamide or nylon 6.

roughness of ~ 50 nm [13]. The pore size has been measured to be in a range of 2 — 3 A by positron annihilation
lifetime spectroscopy (PALS) [14—17]. Lee et al. [18] characterized the water vapor sorption of ar-PA and measured
the variation of pore size with respect to the water content using PALS. The chemical composition and the degree
of cross-linking have been obtained by X-ray photoelectron spectroscopy (XPS) and Rutherford backscattering spec-
trometry (RBS) [19]. Jin et al. [20] measured infrared (IR) spectra during the water absorption process suggesting that
the hydration of ar-PA takes place in two steps. Theoretical calculations using all-atom molecular dynamics (MD)
simulations have been performed for a hydrated ar-PA system. The pioneering work by Kotelyanskii et al. [21, 22]
has revealed that water molecules diffuse in “jump-like” movements inside ar-PA. A number of works have followed
with improved structural modeling of ar-PA and advanced simulation techniques [23—31]. The interaction between a
polymer and water molecules has been investigated by analyzing the radial distribution functions (RDF), the number
of hydrogen bonds (HBs) in a polymer, and so on [32-34]. Recently, non-equilibrium molecular dynamics (NEMD)
simulations have been carried out to calculate transport properties through an ar-PA membrane in the presence of water
flow [35-39].

In the present study, we focus on the diffusion of water molecules in ar-PA in comparison to nylon 6, which is one
of aliphatic polyamides (Fig. 1 (b)). Because the diffusion coefficient is related to the water permeability of a polymer
[40], it is one of the critical parameters to judge the applicability of a material to RO filtration. Interestingly, the
diffusion coefficient of water molecules is orders of magnitude different between ar-PA and nylon 6. Such a difference
may be surprising, given that they are both polyamides with a similar number of carbon atoms (i.e., 5 or 6) between
amide groups. Although the low water diffusion of nylon 6 has been suggested to be due to its partial crystallization
[41], we have recently found in MD simulations that the diffusion of water molecules in nylon 6 is already slow in
amorphous, non-crystallized systems [42]. Therefore, nylon 6 serves as a good counterpart of ar-PA to understand the
molecular mechanism for water diffusion in polyamide materials.

To elucidate the dynamics of water molecules in ar-PA, we have carried out IR spectroscopic measurements and
theoretical calculations. IR spectroscopy is a powerful method for this purpose due to its high sensitivity to hydrogen
bonds (HBs). The amide groups give rise to strong bands in IR spectra originating from C=0O stretching, C—N—H
bending, C-N stretching, and N—H stretching vibrational modes, which are commonly referred to as amide I, II, III,
and A bands, respectively. Upon the formation of HBs, the amide bands show characteristic change in position and
intensity, thereby serving as a reporter of HB networks. It has been extensively used to probe the secondary structure of
protein [43, 44], amyloid fibril formation [45], and so on. The calculations have been performed to assign the observed
vibrational bands. We have recently developed a weight average method, which combines structural samplings using
all-atom MD simulations and anharmonic vibrational theory based on quantum chemical calculations [46, 47]. In the
previous work [42], we applied the method to nylon 6 to show that the incorporation of various HB structures and
anharmonic vibrational motion yields reliable computational IR spectra of hydrated polymer materials.

In the following, we first show the result of MD simulations of ar-PA and the IR difference spectra between dry and
moist ar-PA. The IR spectra obtained by experiment and theory are compared to assess the accuracy of the calculation
and to assign the nature of vibrational bands. Then, we discuss the hydration structure and the mechanism of water
diffusion by highlighting the differences in the interaction between polymer chains and water molecules in ar-PA and
nylon 6. We show that HB networks of amide groups play key role to promote the growth of large water molecules in ar-
PA, which facilitates rapid diffusion of water molecules in ar-PA. Amide A bands in IR difference spectra characterize
the HB networks, and help the design of novel polyamide materials with high the water permeability.
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(a) Aromatic polyamide structure
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Figure 2: (a) A chain of ar-PA used in MD simulations taken from Ref. 34. The chemical composition is C;95H;142N32040.
(b) and (c) Snapshot structures of a system with the water content of 5.9 and 15.9 wt%. Each system contains 32 chains
of ar-PA.

2. Methods

Computational and experimental methods are briefly described below. Further details are found in the supporting
information (SI).

2.1. Molecular dynamics

The atomistic structure of hydrated ar-PA was created based on a model of the RO membrane developed by
Kawakami et al. [34]. The chemical structure of a single polymer chain is shown in Fig. 2 (a). A dry system was
first prepared using 32 polymer chains. Then, water molecules were inserted in the system using PACKMOL [48], so
as to set the water content to target values, 3.1, 5.9, 8.6, and 15.9 wt%.

The LAMMPS [49] simulation package was used to perform all-atom MD simulations. We used the force field
parameters of ar-PA developed in the previous work [34], and TIP3P [50] for water molecules. The MD simulation
was carried out for 40 ns with timesteps of 1 fs in the constant temperature and pressure ensemble at 300 K and 1 atm
with Nosé-Hoover thermostats and barostats each with three chains [51]. For computing the self-diffusion coefficients
of water molecules, another MD simulation was performed for 60 ns in the constant volume and temperature ensemble
at 300 K using the Bussi thermostat [52]. The short-range interaction was cut off at 10 A, and the long-range Coulomb
interaction was treated with PPPM [53] at the precision of 1075 in LAMMPS. The RATTLE [54] algorithm was used
to constrain bonds containing hydrogen atoms and H—O—H angles of water molecules. The snapshot structures of the
system thus obtained are shown in Fig. 2 (b,c).
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2.2. Weight averaged anharmonic vibrational calculations

The method is explained in Ref. 47. The distinguishing feature of the method is that it combines quantum electronic
and vibrational calculations with classical MD simulations, which makes it feasible to compute accurate anharmonic
vibrational spectrum with an account of structural samplings. In brief, MD simulations are first carried out to sam-
ple the structure, and the resulting structures are classified into molecular clusters that contribute to the vibrational
spectrum. Then, the cluster is modeled in the gas phase, and the vibrational spectrum is calculated for each cluster by
anharmonic vibrational methods combined with the electronic structure theory. Finally, the total spectrum is obtained
by a weight average over the spectra of clusters. The method has been applied to a lipid bilayer [46], a phosphate ion
in solution [55], and nylon 6 [42].

In this study, the clustering was performed in terms of HB patterns. HB patterns of fragments of ar-PA (benzanilide,
aniline, and benzoic acid) and water molecules [see Fig. S1 (a) in SI] were investigated through MD trajectories to
obtain HB clusters and their statistical weights. The HB bond length was derived for all pairs of elements from number
density distribution functions (see Section S1.2 of SI). Then, density functional theory (DFT) calculations were carried
out for the clusters at the level of B3LYP [56, 57] functional and 6-314++G(d,p) basis sets using Gaussian09 [58].
Following the geometry optimization and harmonic vibrational analysis, the potential energy surface (PES) and the
dipole moment surface (DMS) were computed by a grid method using 11 grid points along each coordinate up to
two-mode coupling levels [59]. The vibrational Schrodinger equation was solved by the second-order vibrational
quasi-degenerate perturbation theory (VQDPT?2) [60, 61] to obtain the vibrational energy levels and the IR intensities.
Anharmonic vibrational program, SINDO developed by us [62], was used to generate the PES and DMS, and to perform
VQDPT?2 calculations. Finally, the total IR spectrum was obtained by a weight average of VQDPT2 spectra over all
the clusters.

2.3. Trajectory analysis

The volume of pores and the space of water molecules needed to obtain the porosity was computed using the
GROMACS free volume analysis program [63]. The probe radius and the number of probe insertions were set to 0.0 A
and 10 A3, respectively, for each trajectory snapshot. The distribution of pore size was computed using the PSDSolv
program [64]. The program was slightly modified to incorporate the periodic boundary condition and to set the probe
insertion number in the input. The number of probe insertions and the minimal probe radius were set to 1 A=3 and
0.0 A, respectively. 80 samples were used to estimate the standard deviation for each water content value. D" was
obtained from the Einstein relation. The mean square displacement (MSD) was calculated up to 60 ns, and the slope
was obtained by a linear fitting in a region of 18 — 60 ns. Further details as well as plots of MSD are given in SI.

2.4. Fourier transform (FT) IR measurement

The RO membrane samples for ambience-controlled FTIR measurement were formed on infrared-transparent Si
wafer pieces. The RO membrane samples (thickness 1 — 5 um) were fabricated over pieces of Si wafers by liquid
interfacial polymerization. The spectral recording was performed in a pure N,-purged compartment of a FTIR spec-
trometer equipped with a silicon barometer IR detector. Two identical light paths were composed with IR-transparent
Si wafer windows for the sample and the background in a gas-tight container. The sample spectrum and the background
spectrum were recorded separately, and the background cancellation was conducted by numerical processing.

The gas-tight container was filled with dry N, or humidity-controlled H,O in N, during FTIR measurement. For
precise humidity control, the cell was charged with H,O/glycerol mixtures for desired humidity, and allowed for a few
hours for equilibration. It is known that H,O/glycerol system equilibrates the ambient space in the full range of relative
humidity at the room temperature and in the vicinity. The humidity and temperature within the container were always
monitored with a compact electronic thermo/hygrometer. The humidity was converted to the water content using a
relation reported in Ref. 34.

3. Results and discussion

3.1. Properties of ar-PA in different hydration levels
The density of ar-PA, the self-diffusion coefficient of water molecules (D%2!), and the porosity obtained from MD
simulations are listed in Table 1. The porosity is calculated by

type
ovre = N 100%, )
N
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Table 1

The mass density of a polymer (™), the number density of amide groups (n*™4) and water molecules (n**), the self-
diffusion coefficient of water molecules (D¥*), and the porosity (®'*, @¥etvier) obtained from MD simulations with
different water contents.

ar-PA

water content (wt%) 0.0 3.1 5.9 8.6 15.9
PP (g/cm?) 130 127 124 120 1.08
nmid (nm=3) 571 558 543 527 475
™ (nm=) 000 134 261 380 685
D™ (x107 cm?/s)  — 019 046 090  4.69
DY (%) 3439 3359 3319 3286 33.60
Practwat (%) 3439 3583 3756 39.26 45.24
Nylon 62

water content (wt%) 0.0 2.3 45 8.6 15.9
Y (g/cm?) 1.09 1.07 1.05 1.01 0.93
9 (nm=3) 567 555 546 527 486
™ (nm=3) 000 085 165 319 589
D™ (x107 cm?/s) ~ —  0.015 0.014 0.057 0.28
¥ (%) 3391 34.01 33.60 33.25 33.47
Practwat (94) 3391 3535 36.22 38.36 43.06

2 Ref.42.

where N is the total number of probe insertion attempts, and N'YP® with type = “vac” and “vac+wat” is the number of
successful probe insertions into the pores and pores or volume coved by water molecules, which is also proportional
to the volume ratio of pores, and that of pores and water molecules, respectively.

As the water content increases from 0.0 to 15.9 wt%, the density of ar-PA (pP°Y) steadily decreases from 1.30 to
1.08 g/cm?. These values agree with experimental ones for FT-30, which were reported to be 1.24 and 1.06 g/cm? at
11.2 and 23 wt%, respectively [21, 65].

DY is obtained in a range of 0.19 X107 to 4.69 x10~7 cm?/s, which is two orders of magnitude smaller than
that of bulk water (5.06 x 10~ cm?/s for the TIP3P water model [66]). Thus, the diffusion of water molecules is
significantly slower in the RO membrane than in the bulk. It is notable that the increase in the water content leads to a
substantial increase in D2, To confirm this trend, we further carried out a MD simulation for a system with the water
content of 23 wt%, and obtained D" as 2.29 x10~® cm?/s. This result is consistent with the previous reports. D%
was obtained in a range of 2 — 5 10~ cm?/s in the previous MD simulations with the same water content (23 wt%)
[24-28, 32]. In experiment, it was estimated to be 1 — 8 %1070 cm?/s [65] based on the solution-diffusion model [40].

As the water content increases, ®V remains approximately 34 % with little change, whereas ®Y2t%at shows a
steady increase up to 45 %. The result suggests that water molecules form clusters in a membrane that grow large
along with an increase in water contents, instead of occupying the pores.

3.2. IR difference spectra

Theoretical and experimental IR difference spectra between dry and moist ar-PA are shown in Fig. 3 (see SI for
the absolute spectrum). Note that the dry system is taken to be 5.9 wt% and 6.3 wt% in theory and experiment,
respectively, because removal of water molecules from the RO membrane down to 0.0 wt% was difficult in experiment.
The calculated spectrum agrees well with the experiment reproducing major dips and peaks. As shown in the bottom
panel of Fig. 3 (a), the experimental spectrum yields a large, broad band in a high frequency range, which matches
well with that of bulk water. Thus, it is plausible to assign the band to O—H stretching vibration of water molecules.
The calculated spectrum supports this assignment. The decomposition of the spectrum, shown in the upper panel of
Fig. 3 (a), indicates that the O—H stretching modes of water molecules mainly contribute to this band. It is notable
that only half of the intensity is ascribed to water molecules surrounded by water, and that the other half originates
from water molecules hydrogen bonded to ar-PA. Interestingly, the amide A band is too weak to be visible in the IR
difference spectrum.

In a low frequency range, the decomposition of the calculated spectrum identifies amide I, II, and III of ar-PA,
which are labeled as I, II, and III, respectively, in the upper panel of Fig. 3 (b). All of them come in pairs of a dip and
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Figure 3: Theoretical and experimental IR difference spectra of ar-PA in (a) high and (b) low frequency ranges. The total
spectrum of bulk water [67] is also superimposed with dotted lines in the experimental ones. The calculated spectrum
(solid line) is decomposed into the contribution from water molecules interacting with other water molecules (w-w) and
ar-PA (w-PA), the amide groups of ar-PA, and the carboxyl groups (COOH). The position of amide I, Il, and Il are
indicated by labels I, II, and Ill, respectively.

a peak, indicating the loss of amide groups without water and the formation of hydrated amide groups. Note that the
peak is lower in frequency than the dip for amide I, whereas the order is reversed for amide II and III. This is because
the HB between amide groups and water molecules weakens the C=O bond and leads to a red-shift of amide I. On the
other hand, the bending motion of C—N—H is restricted and the C=~NH stretching motion is strengthened due to the
formation of HBs, thereby leading to a blue-shift of amide II and III.

A discrepancy between theory and experiment is seen for an intensity ratio of two peaks in a range of 1500 —
1700 cm~!. The first peak around 1640 cm~! is more intense than the second one around 1560 cm™! in experiment,
whereas the second peak is more intense than the first one in the calculated spectrum. The source is traced to the
bending vibration of water molecules. The IR spectrum of bulk water, also shown in the bottom panel of Fig. 3 (b),
gives the water bending band around 1640 cm~!, which matches well with the first band in the experiment. On the
other hand, the water bending band is calculated to be lower in frequency around 1570 — 1600 cm™~!. The underestimate
may be due to the limited accuracy of quantum chemistry calculations.

The carboxylic acid group has pKa commonly below 5 in water solution, and thus is believed to exist as a deproto-
nated carboxylate anion near the interface between water and ar-PA at neutral pH. The carboxylate anion charges the
surface of ar-PA negatively, and has substantial effect on ion rejection capabilities [68, 69]. However, the protonation
state is less clear in the membrane, in particular, upon water uptake. In Fig. 3 (b), the C=0O stretching mode of the
carboxylic acid is clearly observed as a dip at 1720 cm~! in both experiment and theory. The C—O stretching band
calculated in a range of 1200 — 1300 cm™! is hardly discerned in the total spectrum due to an overlap with amide III.
Nevertheless, the shape of the calculated spectrum resembles with the experimental one, exhibiting a sharp dip at 1220
cm~! and a relatively broad peak around 1280 cm~!. The O—H stretching mode gives a dip and a peak around 3100
and 2700 cm™!, respectively, in the calculated spectrum in Fig. 3 (a). The dip is assigned to the loss of HBs between
a carboxyl group and an amide group of ar-PA, while the peak arises from a hydrated carboxyl group. The peak is
also observed in the experimental spectrum around 2600 cm™, though it is less prominent compared to the calculated
spectrum. On the other hand, the experimental spectrum in Fig. 3 (b) lacks in any distinct bands in the 1400 cm™!
region, where the C==O stretching modes of carboxylate anions should give rise to [70]. These results indicate that the
carboxyl group remains protonated even in a moist membrane without substantial change in the population of carboxy-
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Fmax = 2.1 Tmax = 2.1
8.6 wt% 15.9 wt%
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Figure 4: Probability distribution function (PDF) of the size of pores and water molecules in (a) ar-PA and (b) nylon 6.

PDFs in each panel are normalized so that the integral matches the porosity of pores and water molecules (@vactvater) jn
Table 1. The radius at the maximum is displayed as r,,,,.

(a) ar-PA 8.6—0.0 wt% 15.9-0.0 wt%
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Figure 5: Difference PDF from 0.0 wt% in (a) ar-PA and (b) nylon 6.

late anions. This finding is in accordance with the previous experiment, which demonstrated for a wide variety of RO
membranes that the ionization behavior is explained well by two types of carboxyl groups with significantly different
pKa values [19, 71-73].

3.3. Comparison of ar-PA and nylon 6

In this section, we discuss on the hydration structure of ar-PA and nylon 6, and its relation to D¥®. The properties
of nylon 6 calculated in the previous work [42] are listed in Table 1. Although the mass and number densities of
nylon 6 are similar to those of ar-PA, D™ is more than ten times different between the two. The difference has also
been observed in experiment: D2 of RO and nylon 6 has been reported to be 1 — 8 x10~® cm?/s [65] and 0.5 — 3
x1078 cm?/s [74, 75], respectively.
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(a) ar-PA
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Figure 6: Snapshots of water clusters in (a) ar-PA and (b) nylon 6. Water molecules in the same cluster are represented
with the same color. The clusters with the number of water molecules (N) smaller than 3 and 12 are not shown for clarity
for 8.6 and 15.9 wt%, respectively. Note that the system volume is roughly 8 times different (twice in dimension) between
ar-PA and nylon 6.

Fig. 4 shows the probability distribution functions (PDFs) of the size of pores and water molecules for ar-PA and
nylon 6 with water contents of 0.0, 8.6, and 15.9 wt%. In dry systems, the PDFs of ar-PA and nylon 6 both show a
single Gaussian peak with the maximum radius of 2.2 and 2.0 A, respectively. The maximum radius agrees well with
the free volume radius measured around ~ 2.5 A by PALS experiments [18, 76]. It is notable that the main peaks
at r = 2.0 — 2.1 A are retained in moist systems as well, suggesting that the majority of pores remains free from
water molecules even after the hydration. This is reinforced by observing that PDFs of the size of "pores only" remain
unchanged in dry and moist systems (see Section S2.1 and Fig. S5 in SI).

In Fig. 4, the moist systems show a notable increase in PDF in a long range (i.e., r > 3.0 A). To clarify the
difference, we have subtracted the PDF of dry systems from that of moist systems. The difference PDF (6PDF) thus
obtained is shown in Fig. 5. 6PDF is found to be negative in a short range and positive in a long range, indicating the
loss of pores and the growth of water clusters, respectively. In the long range, ar-PA shows a positive peak around ~
3.2 A and a tail that decays slowly and continues as long as 7 A in the case of 15.9 wt%. In contrast, nylon 6 shows a
strong positive peak around 2.8 — 3.0 A, which decays to zero around 4 A. The result indicates that ar-PA forms large
water clusters, whereas nylon 6 has many small clusters. It is also notable that the radius where §PDF changes its sign
from negative to positive occurs around 2.8 and 2.4 A in ar-PA and nylon 6, respectively. The turnover radius may be
interpreted as the minimum size that water molecules can access in a polymer, thereby suggesting that water molecules
access to smaller pores in nylon 6 than in ar-PA.

Water clusters in ar-PA and nylon 6 are visualized in Fig. 6. It is clear that water clusters in nylon 6 prefer to have a
long, linear shape. In 15.9 wt%, the largest nylon 6 cluster (shown in green, 33 water molecules) is still elongated, even
though it is partly becoming three-dimensional. In striking contrast, some of the water clusters in ar-PA already form
three-dimensional shapes at 8.6 wt%. These clusters get connected and gather to form extremely large clusters at 15.9
wt%. The largest (in blue) and the second largest (in green) clusters have 589 and 112 water molecules, respectively.
The HB network of water molecules leads to an increase in the self-diffusion coefficient of water molecules. These
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Figure 7: Theoretical IR difference spectrum of ar-PA (this work) and nylon 6 (Ref. 42). The total spectrum (solid black)
is decomposed in terms of amide A and O—H stretching modes of water molecules shown in dotted orange and dashed
blue lines, respectively.

findings are in line with the previous MD works [31-33], which have reported that large clusters in a polymer with
300 — 600 water molecules facilitate the diffusion of water molecules without the cage effect of polymer environment.

Next, we focus on the IR spectrum to see if the difference in the hydration structure of ar-PA and nylon 6 gives rise
to any characteristic signal. A striking difference is observed in a high frequency range of the IR difference spectrum
shown in Fig. 7. A strong dip is observed around 3350 cm™! for nylon 6, whereas no such dip is observed for ar-PA.
The sharp dip was also observed in the IR measurement of nylon 6 by Iwamoto and Murase [77]. The decomposed
spectrum, also shown in Fig. 7, indicates that the dip originates from amide A, i.e. the N—H stretching mode of amide
groups. Interestingly, ar-PA shows very little changes in amide A. The IR intensities of amide A of nylon 6 and ar-PA
are on an equal order. For example, trimers of N-methylacetamide and benzanilide, which are one of the major clusters
in nylon 6 and ar-PA, yield the IR intensity of amide A as 663 and 238 km/mol, respectively. Therefore, the absence
of the dip in ar-PA is not due the IR intensity of amide A, but indicates a difference in the hydration structure of amide
groups.

Amide groups and water molecules classified in terms of their HB types are displayed in Fig. 8. In the right panel
of Fig. 8 (a), the number of amide groups in nylon 6 that have no HBs with a polymer (red area), is only 0.72 nm ™ at
0.0 wt %, but dramatically increases to 2.59 nm~> at 15.9 wt%. The change is mainly caused by a decrease of amide
groups that form HBs with a polymer both as an acceptor and a donor (blue area), where the number varies from 2.55
nm~> to 0.42 nm~3. The result indicates that dry nylon 6 has well developed networks of amide-amide HBs, yet the
HBs are broken by water molecules upon hydration. This is mirrored in HB types of water molecules in nylon 6. In
the right panel of Fig. 8 (b), more than 80 % of water molecules in nylon 6 interact with a polymer (yellow, blue, and
white area) in all water contents. Also, the water molecules forming HBs with a polymer both as an acceptor and a
donor (blue area) are dominant in low water contents. The result implies a replacement of amide-amide HBs with
amide-water HBs. The loss of the amide-amide HBs gives rise to the dip of amide A in the IR difference spectrum.

In contrast, dry ar-PA has less number of HBs among amide groups. The left panel of Fig. 8 (a) shows that the
amide groups at 0.0 wt% that form HBs with a polymer as an acceptor and a donor (blue area) are only 1.03 nm~3,
whereas those that remain free from HBs (red area) are as much as 1.90 nm~3. The breaking of HBs is observed as
the water content increases, but to a much lesser extent than in nylon 6. The extension of red area is 0.67 nm~ and
the decrease of blue area is 0.70 nm~3 between 0.0 and 15.9 wt%. Note also that 45.0 % of the amide groups are out
of contact from water molecules (non-hatched area) even at 15.9 wt%. In ar-PA, the HB networks of amide groups are
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Figure 8: Hydrogen bond analysis of (a) amide groups and (b) water molecules. The results of ar-PA and nylon 6 are
displayed in the left and right panels, respectively. The color and the hatched pattern represent HB types formed with a
polyamide (i.e. amide, carboxyl, and amine groups) and water molecules, respectively.

kept after hydration, thereby suppressing a dip of amide A in the IR difference spectrum.

It is notable in the left panel of Fig. 8 (b) that water molecules in ar-PA that have no HBs with a polymer (red area)
steadily grow in number to reach 3.08 nm~3 at 15.9 wt %, and that such water molecules form HBs with each other.
The result reinforces the growth of water clusters and the development of water-water HB networks in a polymer seen
in Fig. 6 (a).

From these results, we propose a mechanism for water diffusion in a polyamide material mediated by HB networks
of amide groups, which is schematically illustrated in Fig. 9. In dry ar-PA, the number of HBs among amide groups
is relatively few (Fig. 9 (a), left panel). Thus, in the early stage of hydration, water molecules interact with amide
groups while retaining certain mobility (Fig. 9 (a), middle panel). As the water content increases, the mobile water
molecules facilitate the formation of water clusters and water-water HB networks, which makes rapid diffusion of water
molecules feasible through a polymer (Fig. 9 (a) right panel). On the other hand, the HB networks of amide groups are
well developed in nylon 6 (Fig. 9 (b), left panel). Water molecules that enter into this network break the HBs between
amide groups (Fig. 9 (b), middle panel); the loss of amide-amide HBs signals the dip of amide A. However, such water
molecules form multiple HBs with amide groups and have little mobility. Consequently, the growth of water clusters
is suppressed (Fig. 9 (b), right panel), leading to an order of magnitude smaller D¥? than that of ar-PA. We emphasize
that such interaction between water molecules and polyamides can be experimentally characterized by measuring the
amide A region in IR spectra.
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Figure 9: Schematic drawing of water diffusion through HB networks of amide groups. 'A’' and blue circles represent
amide groups and water molecules, respectively. Black solid and blue dotted lines are polymer chains and hydrogen bonds,
respectively. Arrows indicate mobile water molecules that facilitate fast water diffusion in a polymer.

4. Conclusions

The dynamics of water molecules and the interaction with ar-PA are investigated by IR difference spectroscopy,
MD simulations, and anharmonic vibrational calculations. The modeling and calculation methods are first validated by
comparing the results of MD with available experimental data, and by comparing the computational and experimental
IR spectroscopy. Then, the mechanism for water diffusion in ar-PA is discussed in comparison to nylon 6. The analysis
of MD trajectories has revealed that ar-PA has fewer number of HBs between amide groups than nylon 6. Such
amide-amide HB network enables to recruit mobile water molecules in polyamide and promote the growth of large
water clusters, through which water molecules diffuse efficiently. The extent of HB networks among amide groups is
characterized by the presence or absence of a dip of amide A bands upon hydration. The present result suggests that
the amide A band serves as a marker to indicate the water permeation performance of polyamide materials.

Further study on other polyamide materials is necessary to establish the relation of the amide A band and the water
diffusion. For example, ar-PAs with different branching ratio, those before and after degradation, etc. are among the
most important ones. The filtration performance is determined not only by the water permeation but also the selectivity.
A similar approach combining MD simulations and vibrational spectroscopy is applicable to surface/interface systems,
which will reveal the mechanism for ion rejection and fouling. These subjects will be the scope of future works.
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