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ABSTRACT: The molecular structures of polyamide barrier layers in reverse osmosis
membranes, made by interfacial polymerization of m-phenylenediamine and trimesoyl
chloride under different reaction and post-treatment conditions, were characterized by
grazing incidence wide-angle X-ray scattering (GIWAXS). The molecular backbone packing
is consistent with two different aromatic molecular packing motifs (parallel and
perpendicular) with preferential surface-induced orientation. The results suggest that the
perpendicular, T-shaped, packing motif (S A spacing) might be associated with optimal
membrane permeance, compared with the parallel packings (3.5—4.0 A spacings).

ost of the earth’s water is in the oceans and only 3% is

fresh water. Reverse osmosis (RO) has become the
leading method of converting seawater into potable water.'
Although RO systems are getting close to their thermodynamic
limit,"* thinner and more permeable polyamide barrier layers,
with an optimal degree of cross-linking and wettability, have
the potential to improve the functional properties, increase
permeance, and reduce the costs of water purification. Despite
the technical importance of the barrier layer (the smallest pore
size component in a RO membrane), an understanding of the
relationship between molecular level structure and function has
yet to emerge.

The typical polyamide (PA) barrier layer is made by
interfacial polymerization (IP) using m-phenylenediamine
(MPD) dissolved in water and trimesoyl chloride (TMC)
dissolved in hexane."”” In commercial RO membranes, a rapid
polymerization reaction occurs when the MPD infiltrated
surface of the porous polysulfone substrate is exposed to
TMC."” This process yields a chemically heterogeneous and
rough barrier layer, whose complex morphology and porosity
depends on the monomer concentrations and reaction
conditions.” The barrier layer morphology has been inves-
tigated by TEM,” AFM,”® SEM,”** and SAXS,'"'* however,
these methods have not enabled the determination of the
molecular scale structure. MD simulations have provided
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insight into the structure formation,”'*~"?

simulations have only recently emerged."”

The membrane scientific community has recently focused
attention on well-defined model membrane systems since the
precise composition and manufacturing conditions of
commercial membranes are proprietary and, hence, not
reported. In this regard, molecular layer-by-layer PA films
have been prepared by Stafford et al.' through the sequential
and alternating deposition of MPD and TMC solutions on a
flat surface to produce smooth, well-controlled barrier layers.
Likewise, Karan et al. have reported the formation of
polyamide layers via controlled IP reaction on a sacrificial
support layer.” While subsequent neutron and X-ray reflectivity
measurements have shown that the layer thickness is 8—24
nm,"” the molecular structure of these thin layers has not been
ascertained.

Surface layering and preferential alignment has been found
in thin films of alkyl-side chain polymers,'® conjugated
polymeric thin films'*~*" and vapor deposited glass films,”*
yet it is not known whether these same effects occur in

yet full atomistic
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commercial membranes. This is particularly relevant to the
barrier layer on RO membranes since such molecular ordering
may influence the membrane permeance. Despite the recent
progress in making well-defined MPD-TMC PA films, the
molecular-scale structure and alignment features of these films
has not been reported. We note that there are two bulk
studies," " both limited in scope, whereas no structural model
has been presented to describe the results.

In this Letter, we present synchrotron GIWAXS results from
well-defined thin PA layers supported on silicon wafers. From
the scattering patterns, we show that the polymeric molecular
order exhibits several characteristic length scales. A schematic
of the film preparation (PA barrier layer) procedure is shown
in Figure 1 where additional details are provided in the
Experimental Section and the Supporting Information.

2D GIWAXS scattering patterns are shown in Figure 2A,B
for 18 nm thick PA films before and after citric acid post-
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Figure 1. Thin PA films were prepared at the water/hexane interface
using MPD and TMC solutions with the assistance of a thin,
intermediate buffer layer of hexane between the two solutions (left),
and then they were transferred to a polished silicon wafer (right).
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Figure 2. GIWAXS scattering patterns, after the Ewald correction, in
reciprocal space from the MPD-TMC PA film in vacuum before (A)
and after citric acid post-treatment (B). Dashed arcs (shown for
reference) in (A) at 1.54 and 1.76 A™' and in (B) at 1.22, 1.54, and
1.79 A7 (C, D). Scattering profiles obtained from (A) and (B) by
integrating the intensity over 2° in y. Fits (solid lines) are described
in the text.
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treatment (see Supporting Information for information on the
thickness measurements). In this figure, g, and g, correspond
to the surface parallel and normal scattering wave vectors,
respectively, where the patterns provide information on the
molecular structure and preferential orientations. We note that
random molecular orientation would give rise to uniform
scattering rings, that is, equal intensity at all azimuthal angles
(x), and this is not observed in our films. Rather, we observe
arc-like scattering features, as in Figure 2A,B, where the more
intense scattering is preferentially aligned along the surface
normal direction, with weaker scattering along the surface
parallel direction. Prior to post-treatment (Figure 2A), their
arc-like scattering features are centered at and whose broad
width is suggestive of an amorphous phase with a short-range
order. Closer examination of the image shows that the arc-like
scattering features do not lie on a circle (dashed rings as a
reference), where quantitative analysis is presented in the
Supporting Information. After citric acid treatment, the
scattering pattern is radially more diffuse but remains
anisotropic. While the reported measurements were on dry
films, our measurements carried out with controlled humidity
showed similar results (not shown), albeit with higher
background.

To explore the anisotropic nature of the scattering patterns,

we plot the scattered intensity versus g = quz + qzz for

different values of y, where the results are shown in Figures
2C,D. For the untreated sample (Figure 2C), the peak
intensity decreases and moves to smaller g as y is increased. At
x = 10° and 80°, the peaks are centered at 1.75 and 1.55 A™,
respectively.

To quantify the scattering data (position, width, and
intensity), we fit the scattering profiles with Lorentzian
functions.” For y = 80°, the profile is well described by a
single Lorentzian scattering profile (black line) and a sloping
background, I; X (1 + (g — q,)*A7?)™" + a + bg, with q; = 1.54
A™" and width A; = 0.40 A™" (note that the peak’s profile falls
off too slowly with g for a Gaussian profile to describe the
shape). The correlation length of this analysis, &, = 0.93 z/A,
=~ 7 A (based on the Debye-Scherer formula), is short and
indicates an amorphous structure, where the scattering profile
shape is sensitive to the correlations between only several
neighboring backbone segments. The profiles for the smallest y
angles (Figure 2A) are asymmetric and cannot be represented
by a single Lorentzian with a symmetric profile shape.
However, all y profiles are reasonably well described by fits
that are composed by the sum of two Lorentzian scattering
profiles (Supporting Information) with the same constant peak
positions of g, = 1.54 A" and ¢, = 1.76 A™' and respective
widths A; = 0.40 A™' and A, = 0.25 A" (g, and A, are those
obtained for the y = 80° fit), where q, and g, correspond to
molecular spacings, 277/q of 4.0 and 3.5 A, respectively. These
g, and A, values (A, corresponds to a 12 A correlation length)
give the best overall fits, where for each profile there are two
independent intensities and two background terms. The linear
background term can be attributed in part to multiple, broad
higher order scattering features that do not give rise to
identifiable peaks. The existence of two independent, scattering
peaks suggests that there are two characteristic local molecular
spacings, where the corresponding distribution between the
two peaks provides a measure of their orientation dependence
(Supporting Information).
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In the GIWAXS profiles, before and after the citric acid
treatment (Figure 2C,D), the films exhibit slightly different
scattering features. There is significantly more scattering at
lower g values in the treated film (Figure 2D), suggesting a
structure of domains with a larger characteristic molecular
spacing. This is particularly apparent for the larger y values
(e.g, 80°) that exhibit an extremely broad scattering feature
centered at ~1.3 A™', whereas a well-defined peak remains at
~1.75 A7 for the small y values (e.g, 10°), as observed in the
untreated film. With increasing y values, the scattering features
move to lower g values and appear much broader compared to
the untreated sample. To describe the treated scattering
profiles, a third Lorentzian term is required. In the first fitting
cycle, we let parameters for all three Lorentzian profiles vary at
each y. After determining that many parameters did not
depend significantly with y, we fixed q, = 1.54 A™', g, = 1.79
A7l gy =122 A7, A, =040 A" and A, = 0.18 A" in
subsequent fits. The g5 peak corresponds to a ~ S A spacing, a
larger distance than those corresponding to the untreated film.
At each y, three peak intensities, background parameters, and
A; were varied in the final fitting. With increasing y, A;
increases monotonically from 0.11 to 0.30 A™", corresponding
to a maximum correlation length of 26 A at y = 10°, a factor of
3—4 larger than for the other peaks.

The scattering features with a § A spacing are not randomly
distributed, rather, they are preferentially aligned along the
surface parallel direction where the scattering peaks centered at
g, and g, are the weakest (Supporting Information). In the
fitting, note that q; and A, are the same as the untreated values
and ¢, and A, are only slightly different from their untreated
values. Further discussion of the fitting and fitted parameters
can be found in the Supporting Information.

We conjecture that the scattering in the 1—2 A" range is
dominated by the packing of the aromatic ring moieties, since
most of the atoms are in the aromatic rings and fewer are in the
linker regions between chains (amide bonds). The broad peaks
at g, and g, correspond to molecular spacings of 4.0 and 3.5 A,
respectively, are consistent with parallel, “7—n” stacking of the
aromatic cores” and not from the intrinsic spacing of water
channels. Well-controlled MPD-TMC PA films, made using a
layer-by-layer process, show a symmetric, single broad peak
that is well described by a Lorentzian fit with ¢ = 1.71 A™" and
A = 0.40 A™'*° similar to the untreated film shown in Figure
2C. Furthermore, we have determined that bulk MPD-TMC
PA powders made by gradual mixing of MPD and TMC
solutions can be described by a uniformly oriented, single peak
g =170 A™" and A = 027 A~ (Supporting Information),
similar to our untreated film. These results suggest that slow
preparation procedures give rise to molecular spacings,
consistent with parallel “z—n" stacking, whereas faster reaction
processes and post-treatments give rise to other features. In
aromatic molecular systems, the parallel stacking may be either
parallel face-centered or parallel offset,” but in polymer
systems, steric constraints can give rise to a greater distribution
in the packing motifs. For instance, the 3.8 A “z—x spacing” in
P3HT is reasonably consistent with our findings."” For the
untreated bulk and the layer-by-layer samples, there is no
indication of a § A spacing, such as the one observed for films
after the acid treatment.

The S A spacing (g9 = 1.22 A™") observed after citric acid
treatment is consistent with the perpendicular packing of
neighboring aromatic cores in the so-called “T-shaped”
configuration.">***” The larger spacing appears to be better
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associated with effective filtration materials (discussed below)
than those with 3.5—4.0 A spacings. The scattering peak at
1.22 A™! exhibits considerable variation with the orientation of
¢, both in intensity and width, and supports our hypothesis
that the in-plane and out-of-plane structures are not the same,
suggestive of an interface-induced process. A previous wide-
angle X-ray scattering study of the structure of MPD-TMC PA
'M12 reported a single, broad peak between 1.16 to
122 A7' (5.1-5.4 A), in general agreement with our findings.

GIWAXS studies (Supporting Information) of a commercial
BWXLE (DOW Filmtec) RO membrane provides additional
insight into the molecular structure of PA barrier layers. In
part, this membrane was selected since it does not have a
bound terminal hydrophilic layer. Here the PA/PS film is
soaked in distilled water for an hour and subsequently dried,
then placed with the PA surface in smooth contact with the
silicon wafer where the PS film is subsequently removed, and
rinsed using organic solvents.”® The GIWAXS pattern from the
BWXLE membranes exhibit similar arc-like scattering features
with characteristic peak positions (very similar to the pattern
shown in Figure 2B). The structural similarities appear to
validate that our well-defined membranes share some common
structural motifs as commercial membranes. A full comparison
is complicated since the GIWAXS patterns for commercial
MPD-TMC PA membranes depend on the commercial
product, the solvent used to remove the polysulfone layer,
and whether the membrane was first exposed to water
compaction. Due to this variability and since this is not the
primary subject of this Letter, a separate publication will
further explore these details.””

The water diffusion through a heterogeneous, randomly
cross-linked PA matrix is influenced both by the nanoscale
channels formed during the cross-linking process and by the
assembly of local molecular structural motifs. The latter is
determined by the interactions between the aromatic rings,
which are constrained by steric interactions due to the
molecular connectivity along the polymer backbone. Based
on the results from well-formed films and both bulk and
commercial materials, we speculate that the T-shaped,
perpendicular aromatic packing motif of the aromatic cores
may provide preferred conditions for water diffusion since its
structure is presumably lower in density and not as compact as
the parallel stacking arrangement (Figure 3). Although the T-
shaped configuration has been reported in MD simulations'”
of PA materials, its role on water transport has not been
considered before.

Our studies clearly show that the short-range molecular scale
structure in an 18 nm thick, MPD-TMC PA film can be
explored in great detail using synchrotron GIWAXS methods.
The resulting film structure exhibits anisotropy related to the
film growth direction where the molecular basis of the
anisotropy remains an open question. Our results from
chemically treated films and a commercial membrane suggest
that the S A spacing associated with the T-shaped
configuration may play an important role in governing the
membrane permeance. Future GIWAXS studies on a variety of
films made under different conditions, monomers and post-
treatments, along with careful depth dependence measure-
ments obtained by varying the incident angle, have the
potential to provide a detailed structure—function relationship
for polyamide barrier layers.
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Figure 3. Schematic of aromatic molecular packing motifs in a PA
matrix (the connecting atoms between the aromatic rings are not
shown), containing parallel and perpendicular arrangement along with
water molecules.

B EXPERIMENTAL SECTION

The film preparation procedure is shown in Figure 1. The MPD—
water solution (0.1 wt %) is added to a clean beaker with a silicon
wafer on the bottom, the hexane buffer layer is added on top, followed
by the dropwise addition of the TMC—hexane solution (0.04 wt %),
and the PA film is deposited on the silicon by draining the solution.
The buffer layer prevents immediate mixing and polymerization that
is thought to lead to the observed chemical heterogeneity and surface
roughness in commercial membranes. To remove unreacted MPD
monomers, a post-treatment using 1 wt % citric acid was carried out.
In the absence of this post-treatment and depending on the yield of
the polymerization reaction, the GIWAXS patterns sometimes exhibit
sharp crystalline peaks associated with unreacted MPD monomers.
The acid treatment also serves to protonate unreacted carboxylic acid
groups which could disrupt internal hydrogen bonding and ultimately
lead to structural changes within the membrane.
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