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ABSTRACT: Porous membranes coated with so-called asym-
metric polyelectrolyte multilayers (PEMs) have recently been
shown to outperform commercial membranes for micropollutant
removal. They consist of open support layers of poly(styrene
sulfonate) (PSS)/poly(allylamine) (PAH) capped by denser and
more selective layers of either PAH/poly(acrylic acid) (PAA) or
PAH/Na on. Unfortunately, the structure of these asymmetric
PEMs, and thus their superior membrane performance, is poorly
understood. In this work, neutron re ectometry (NR) is employed
to elucidate the multilayered structure and hydration of these
asymmetric PEMs. NR reveals that the multilayers are indeed
asymmetric in structure, with distinct bottom and top multilayers
when air-dried and when solvated. The low hydration of the top
[PAH/Na on] multilayer, together with the low water permeance of comparable [PAH/Na on]-capped PEM membranes,
demonstrate that it is a reduction in hydration that makes these separation layers denser and more selective. In contrast, the [PAH/
PAA] capping multilayers are more hydrated than the support [PSS/PAH] layers, signifying that, here, densi cation of the
separation layer occurs through a decrease in the mesh size (or e ective pore size) of the top layer due to the higher charge density
of the PAH/PAA couple compared to the PSS/PAH couple. The [PAH/PAA] and [PAH/Na on] separation layers are extremely
thin ( 45and 7 nm, respectively), con rming that these asymmetric PEM membranes have some of the thinnest separation layers
ever achieved.
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INTRODUCTION

Layer-by-layer (LBL) deposition of oppositely charged
polyelectrolytes (PEs) to form polyelectrolyte multilayers
(PEMs) has proven to be a powerful approach to control
the physicochemical behavior of interfaces.* PEMs are found
in a wide variety of applications; they can be used as coatings
to modify surface properties in optical® electrochemical*
ame retardant,® and biomedical® applications. Soon after the
publication of the LBL approach for PEM assembly by Decher
et al,” PEMs were also used in membrane science as they allow
for the fabrication of new composite membranes with ultrathin
and defect-free separation layers for nano Itration applica-
tions.® ' The internal structure of PEMs is particularly
important for membrane applications, with neutron re ec-
tometry a powerful approach to elucidate their structure in situ.

PEMs are particularly versatile coatings as their thickness,
density, hydration, and charge can be readily ne-tuned to suit
the desired application by careful selection of the PEs and
variation of the salt concentration and pH of the coating
solutions.>** Multilayer hydration is especially important for
PEM-coated membranes as higher layer hydration typically
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increases water permeance.”® The choice of PE couple is
important for controlling hydration; using weak PEs such as
poly(L-glutamic acid) and poly(L-lysine) tends to give more
hydrated layers** than those made with strong PEs like
poly(styrene sulfonate) (PSS) and poly-
(diallyldimethylammonium chloride).® The salt concentration
of the PE coating solutions, together with salt identity, have
also been shown to in uence the ultimate hydration of
multilayers.™ In addition, PEMs with only a few layers tend to
be more hydrated than those with many layers.*® PEM
hydration can also be dependent on whether the multilayer is
terminated by the polyanion or polycation,*® *® the so-called
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“odd even” e ect. Even the temperature during multilayer
preparation a ects eventual PEM hydration.™

Multilayers containing [PSS/poly(allylamine) (PAH)],
[poly(acrylic acid) (PAA)/PAH], and [Na on/PAH] have
been shown to be especially relevant for membrane
applications.”® % [PSS/PAH] multilayers have been widely
studied, and their layer-by-layer build-up is linear at low salt
concentrations (<100 mM), resulting in thin layers® that are
typically non-stoichiometric with an excess of PAH of  30%.%*
At higher salt concentrations (>100 mM), the build-up
becomes non-linear gexponential),23 a phenomenon seen in
all PEM systems.>* [PAA/PAH] multilayers are similarly
well-studied, and since both these PEs are weakly charged, the
pH of the PE coating solutions becomes a crucial parameter.
PAA is a weak polyacid, and PAH is a weak polybase; their
e ective pK, values (in dilute solution) are 4.5°° and 8.7,%’
respectively. At pH values where both these PEs are highly
charged (i.e., pH 6 7.5), thinner multilayers are favored, while
at pH values where only one of the PEs is charged, thicker
layers are found.?® ! Studies on PEMs containing Na on, a
hydrophobic and highly uorinated anionic PE, are
limited. > Reurink et al. showed that terminating a
[PSS/PAH] multilayer with a nal layer of Na on results in
a reduction in multilayer swelling from 30% to  15%.%

As previously mentioned, PEMs are closely linked to the

eld of membrane science. Here, the standard practice is to
coat porous support membranes with PEMs in a LBL fashion
to create new composite membranes with thin and selective
separation layers. Unfortunately, this is not as straightforward
as it may rst seem. The problem is that, while thin layers are
desired, coating a thin layer does not result in complete pore
closure of the support membrane, and thus much thicker
multilayers are needed to create defect-free membranes.** In
addition, the e ective thickness of the PEM is even greater
since the multilayer also builds inside the pores. Typically, this
problem leads to two scenarios: (i) membranes with thick and
dense PEM coatings that have high solute retentions but very
low water permeances and (ii) membranes with slightly
thinner yet more open PEM coatings that have higher water
permeances but reduced solute retentions. Recently, te Brinke
and co-workers®* showed that it is possible to resolve this
problem by coating so-called asymmetric PEMs, a concept  rst
invoked by the Bruening group.*>*® In this approach®’ a
relatively thick [PSS/PAH] multilayer was coated rst
(support layer, closing the pores) followed by a much thinner
[PAA/PAH] multilayer coated on top (separation layer). The
improvement in membrane performance was striking, with on
average 98% micropollutant retention and 5 10 times higher
water permeance compared to commercial membranes with
similar micropollutant retentions. Similar performance im-
provement was reported for Na on-terminated and Na on-
containing asymmetric PEM-coated membranes.”?

For asymmetric PEMs topped with [PAA/PAH] and
[Na on/PAH], the mechanism by which the asymmetric
layers improve the separation performance of the membranes
is unclear. For example, the asymmetric top layer may lead to
densi cation of the multilayer (reduction in e ective mesh/
pore size) by lowering hydration, as postulated for the Na on-
containing systems,?* or the top multilayer may have similar
hydration yet a smaller mesh size than the support layer,
leading to a separation layer with a lower e ective pore size.®’
Therefore, to understand the excellent performance of both
these asymmetric PEM systems, it is crucial to determine their

layer structure and hydration. Unfortunately, measuring the
solvated thickness and hydration of these thin separation layers
is only possible on model substrates. Moreover, for asymmetric
PEMs, conventional techniques like ellipsometry and quartz
crystal microbalance (QCM) are unable to provide this
information as they cannot distinguish between the “bottom”
(support) and the “top” (separation) multilayers. Indeed, at
this moment, it is not known if these multilayers build
asymmetrically or if the bottom and top layers become mixed.
Contrary to ellipsometry and QCM, neutron re ectometry
(NR) is an ideal tool for studying these asymmetric PEMs, as
NR allows for the variation of scattering contrast between the
di erent layers of the system through selective deuteration of
the PE(s) and solvent.***°

NR has been widely used to study the properties of
symmetric PEMs.*>*° This study is the rst to examine the
detailed structure of asymmetric PEMs. NR measurements of
symmetric multilayers, containing carefully positioned deu-
terated layers of PE, revealed that PEMSs can indeed be highly
ordered multilayer Ims.**** Moreover, the degree of inter-
penetration between adjacent PE layers can be controlled by
parameters such as the ionic strength*® and temperature*®**
used during layer preparation. Another strength of using NR is
the ability to measure the total (or true) hydration of PEMs.
Here, NR is able to quantify both the amount of water that
leads to layer swelling and the amount of water present in the
space between the PE chains by examining changes in both
layer thickness and scattering length density (SLD),
respectively.”® In this work, four di erent PEMs are studied:
a symmetric [PSS/PAH] multilayer and three asymmetric
multilayers consisting of support layers of [PSS/PAH] and top
separation layers of either [PAA/PAH] or [Na on/PAH]. NR
is used to investigate the structure, thickness, and hydration of
the PEMs with a particular focus on resolving di erences in the
support and separation layers of the asymmetric multilayers.
The new ndings are then related to the performance of
analogous asymmetric PEM membranes recently reported by
Reurink et al.?* and te Brinke et al.**

EXPERIMENTAL SECTION

Materials. Poly(allylamine) (PAH, M,: 150 kg:-mol 1, as a 40 wt
% aqueous solution) was purchased from Nittobo Medical (Japan).
Poly(styrene sulfonate) (PSS, M,: 200 kg:-mol , as a 30 wt %
aqueous solution), poly(acrylic acid) (PAA, M,: 100 kg-mol %, as a
35 wt % aqueous solution), Na on (as a 5 wt % solution in a mixture
of lower aliphatic alcohols and 15 20% water), and branched
poly(ethyleneimine) (PEI, My,: 25 kg-mol 1, as an entirely PEI
solution) were all purchased from Sigma-Aldrich/Merck. Deuterated
PAA (d-PAA, M,: 96 kg-mol %, as a dry solid) was purchased from
Polymer Source (Canada). Sodium chloride (SANAL-P, pharmaceut-
ical quality) was purchased from AkzoNobel. All polyelectrolytes and
chemicals were used without further puri cation (Figure 1). pH
adjustments of the PE solutions were performed using a minimal
volume of dilute solutions of sodium hydroxide (NaOH, Alfa Aesar)
or hydrochloric acid (HCI, Sigma-Aldrich/Merck). Milli-Q water
(182 M -cmat 25 °C, Millipore) was used to prepare all dip-coating
and rinse solutions. For spectroscopic ellipsometry, silicon wafers with
an 2.5 nm native SiO, layer were purchased from Silicon Valley
Microelectronics (USA). For specular NR experiments, single side
polished silicon wafers of 101.6 mm diameter and 10 mm thickness
with an 2.0 nm native oxide layer were purchased from EL-CAT Inc.
(USA).

PEM Preparation. Before PEM preparation, the silicon wafer
substrates underwent an O, plasma treatment for 5 min to remove
any organic contamination before being rinsed with Milli-Q water and
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Figure 1. Polyelectrolytes used to prepare the multilayers: (a)
poly(styrene sulfonate) (PSS), (b) poly(allylamine) (PAH), (c)
poly(acrylic acid), and (d) Na on.

then dried under a stream of N,. PEM samples for NR were prepared
by the dip-coating method, where the silicon wafer substrate is
alternately immersed in solutions of polycation and polyanion with
rinsing steps in between. In this study, 0.1 g/L PE solutions
containing 50 mM NaCl were used together with 50 mM NaCl
rinsing solutions. All PE solutions were adjusted to a pH of 6.0 + 0.1.
For the Na on solutions, a 80:20 wt % ethanol:water solvent mixture
was used. All PE adsorption steps were performed for 5 min, and each
rinsing was performed thrice for 5 min each. The LBL assembly of the
PEs was repeated until the desired number of layers was obtained,
with the polycation/polyanion changed when desired. Following
completion of the dip-coating process, all PEMs were soaked in Milli-
Q water for 30 min. For all PEMs, the rst layer was branched PEI.
PEMs with an initial layer of PEI have been shown to be more
laterally homogeneous (desirable for NR experiments) as the
branched PEI acts as a uniform anchoring network for the consecutive
layer formation.*®” All prepared PEMs had 22 individual PE layers,
so the nal (or terminating) layer was always a polyanion (either PSS,
d-PAA, or Na on). Four di erent PEMs were prepared by dip-coating
and studied by NR. One of the PEMs was the symmetric system
[PEI],[PSS/PAH]ys. The other three PEMs were the asymmetric
systems, [PEI];[PSS/PAH]ss[PAH/d-PAA],, [PEI],[PSS/
PAH]gs[PAH/Na on],, and [PEI],[PSS/PAH],s[PAH/d-PAA].
As all the PEMs have an initial PEI layer, from now on, PEI will be
omitted from the naming scheme. For spectroscopic ellipsometry
measurements, the PEMs were not prepared by dip-coating, but
rather they were prepared in situ, allowing multilayer build-up to be
studied as a function of layer number.

Spectroscopic Ellipsometry. Ellipsometry measurements were
performed using a J.A. Woollam M-2000 V spectroscopic ellipsometer
(USA) with data analysis completed using the J.A. Woollam
CompleteEASE software package. The air-dry thickness of the nal
dip-coated PEM samples was measured at angles of incidence of 65°,
70°, and 75° across the wavelength of light range of 370 1000 nm for

ve di erent surface locations. To calculate the air-dry thickness
values, the recorded ellipsometric quantities and  were tted
using a multiple-layer model consisting of sequentially an in nite Si
layer, a 2.5 nm SiO, layer, and a polymer layer (of uniform density)
representing the entire PEM described by a Cauchy model; n( ) = A
+ B/ 2 where n is the refractive index of the layer, is the wavelength,
and A and B are the Cauchy coe cients. For in situ ellipsometry, the
polycation and polyanion solutions (pH 6, 0.1 g/L PE in 50 mM
NaCl) were alternatingly owed through the uid cell with rinse
solution (50 mM NacCl) in between. PEM build-up was followed by
recording and as a function of time over the spectral range of
370 1000 nm at a xed angle of incidence of 75°. The in situ
ellipsometric data were tted using a multiple-layer model consisting
of sequentially an in nite Si layer, a 25 nm SiO, layer, a linear
e ective medium approximation (EMA) layer of solvent (water) and
polymer of unknown thickness and composition, and an ambient
water layer. For Si, SiO,, and water, dielectric values available within

the software package were used, while the A and B Cauchy
coe cients (1439 and 0.010, respectively) for the PEMs were
taken from air-dry measurements of the nal Ims. The thickness of
the native SiO, layer was measured on all unmodi ed wafer samples
(i.e,, before PEM coating), and this data was used to constrain the
tting and improve the robustness of the data processing. The
asymmetric PEMs could not be modeled as two distinct regions due
to low refractive index contrast between the di erent polyelectrolytes.
The fact that these layers are very thin (<30 nm) is an additional
obstacle to implementing models with increased complexity (i.e.,
models with more ttable parameters) because the change in  as a
function of thickness is minimal.*8
Neutron Re ectometry. Specular NR measurements were
carried out on the PLATYPUS time-of- ight re ectometer®® at the
OPAL 20 MW reactor at the Australian Nuclear Science and
Technology Organisation, Sydney, Australia. NR was measured as a
function of the scattering vector, Q = (4 / )sin , where is the
wavelength and is the angle of incidence. Measurements of each dip-
coated PEM sample were made in air and against three contrasts of
D,0, H,0, and CM (CM refers to a 70:30 v/v H,O:D,0 mix
intended to match the SLD of the [PSS/PAH] base layer), with a
background electrolyte of 5 mM NaCl. Air measurements were
carried out in ambient conditions, with a temperature of 21 °C and an
approximate relative humidity of 50%; measurements were made with
angles of incidence of 0.65° and 3.0°, resulting in a usable Q range of
0.008 0.25 A . After characterization in air, the samples were placed
in solid liquid cells, and the cells were lled with D,O. Measure-
ments were performed rst in D,O, then CM, and lastly H,O.
Solution exchange was carried out in situ by pumping 20 mL of the
new solution through the cell at a rate of 1 mL-min *; the cell volume
is 0.5 mL. Importantly for all cases, the PEM samples were allowed
to equilibrate for at least 2 h in the given solvent environment before
being measured; time-resolved NR measurements support that the
Ims were equilibrated, see Figure S1. For the solvated symmetric
[PSS/PAH]5 system, three angles of incidence (0.8°, 2.0°, and 5.0°)
were measured, resulting in a Q range of 0.01 0.4 A % Analysis
during data collection revealed that not all three angles were required;
3.8° (a maximum Q of 0.3 A ) was more than su cient to reach
background. Consequently, data were collected at angles of 0.8° and
3.8° for subsequent solid liquid measurements. An angle of 0.8° was
su ciently shallow to capture the Si:D,O critical edge, allowing
subsequent solvent contrasts to be correctly scaled. Data was reduced
using the refnx re ectometry analysis package® using standard
procedures, resulting in an overall Q resolution of approximately 5.1%.
NR Data Analysis. Data were analyzed in the refnx re ectometry
package® using a model constructed from a series of layers, each
de ned by a thickness, roughness, and SLD value as well as an
optional solvent volume fraction. The layer roughness parameter
describes the width of the Gaussian error function that blends
consecutive layers. The e ect of roughness on the calculated
re ectometry pro le is calculated using the Nevot Croce approx-
imation. The Nevot Croce approximation works by multiplying the
re ectance coe cient of an interface by an exponential damping term
and does not propagate to re ectance coe cients of other interfaces.
The re ectivity of micro-sliced SLD pro les, (with zero roughness
between 1 and 2 A layers), Figure S2, compares well to the re ectivity
calculated by the Nevot Croce approach. The layer roughness
parameter is used to describe both physical roughnesses (i.e., the
roughness of the SiO, surface) and regions of intermixing between
consecutive layers (i.e,, the intermixing between the support and
separation PEMs). Each layer represented a component of the
physical interface, with each of the native SiO, layer, PEI base layer,
[PSS/PAH] layer, and asymmetric capping layer of [PAH/PAA] or
[PAH/Na on] being represented by a single slab. As in previous work
on PEM systems, it was not necessary to model the individual
polycation/polyanion layers separately; rather, a single layer was
assigned to the distinct deuterated top layer and undeuterated bottom
layer sections."” This model was re ned against all four NR datasets
(air, D,O, CM, and H,0) simultaneously. The SLD of D,0O was
allowed to vary between 6 and 6.37 to account for contamination with
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H,O, while the SLDs of CM and H,O were taken as 1.5 and 0.54
A 2, respectively. The addition of the 5 mM NaCl did not signi cantly
change the SLD of the water. The thickness, solvent fraction, SLD,
and roughness of the SiO, layer were allowed to vary within sensible
bounds and were common to all contrasts, while the thickness and
roughness of corresponding polymer slabs was shared across the three
water contrasts. Constraining the thicknesses in this manner
circumvents nding identical symmetric solutions (caused by the
phase problem) during optimization and allows for the calculation of
a compositional depth pro le.>® The SLD values of the polymer slabs
were unique for each contrast. While it would have been possible for
the polymer layers to share a common SLD and solvent fraction value,
this would have assumed that the SLD of the polymer layers was
independent of the isotope of the solvating water. Our analysis later
shows that this is indeed the case, but we do not make that
assumption here.

The model was optimized against the four datasets using the
di erential evolution algorithm of Storn and Price,>® as implemented
in SciPy.>* The optimizer was run 10 times, with the pro le with the
lowest 2 term being selected as the pro le of best t. During this
optimization, parameters were allowed to vary within sensible bounds.
Most notably, the SLD of the polymer layers in each solvent
environment could vary to account for solvation by the di erent water
isotopes. After optimization, the posterior probability distributions of
the parameters were determined by a parallel-tempered Markov chain
Monte Carlo (MCMC) method, as implemented by Vousden et al. in
ptemcee.>> For details regarding the implementation of MCMC in
refnx, the reader is referred to the work of Nelson and Prescott.>* To
facilitate reproducibility, all data has been made available online
alongside a template of the analysis method.>®

Quantifying Total PEM Hydration. In studying the solvation
behavior of PEMs, it is important to calculate the degree of hydration
correctly by partitioning hydrating water into two classes: swelling
water and so-called void water.*® The swelling water volume fraction
( swen) IS the value typically reported for PEM hydration and is
calculated directly from the change in thickness upon solvation:

- dsolvatedé d dry
swell dsolvated (1)

where dgry is the dry thickness and dggseeq iS the solvated thickness.
However, there always exists a discrepancy between the hydration
values calculated from the thickness ( ) and the hydration
calculated from the change in the SLD. Delajon et al.*® and others'>“®
posit that the reason for this disagreement is the presence of voids/
space between the PE chains in the dry polymer matrix. In a
dehydrated state (0% relative humidity), these voids are lled with air,
but when exposed to a solvent, they Il with water (' ,4q). This event
does not change the PEM thickness, but it does change its SLD. The
total amount of solvent in the Im is then given by

total = swell+ voi (2)

It must be stressed that the void volume is lled with water upon
Im solvation; at this point, the distinction between g and 4 iS
notional. Although we did not measure our dry Ims at 0% relative
humidity (the relative humidity of the atmosphere was approximately
50%), we still adopt the 4 notation to refer to hydration that
results in a change in SLD but not a change in thickness. It is worth
noting that it is the void volume (not the void fraction) that stays
constant as the layer swells, such that

void = dry voi&l é swgll (3)

Dodoo et al.*® derived a formula for the polymer fraction of the dry

layer (1 dryvoid), and hence 4 (through eq 3) by assuming that
the SLD of the dry voids is zero, that the molecular volume of the PEs
in question is independent of the solvation state and that there are no
labile protons within the PEM. This method has been used to provide
self-consistent approximations for the total hydration of PEMs using
dry measurements (at 0% relative humidity) and a single solvent

contrast.*>>” Here, we instead utilize multiple water contrasts to
calculate the e ective solvated SLD of the layers:

_ layer,1 water,§ layer,2 water,1
PE layer— & & &
( Iayer,lS watep, lS ( Iayer,% Wa)(er,Z (4)

where  pe e IS the composition-weighted average of the
polyelectrolyte SLD values (excluding solvent), and e i and  yater, i
are the SLD of the layer and water in water contrast i, respectively.
See the Supporting Information for the full derivation. This approach
makes some of the same assumptions as Dodoo et al,'® namely, that
there are no labile protons in the system. However, by measuring with
three water contrasts, pgjayer Can be calculated for each of the three
solvent pairs. Then, if the SLD values calculated from the di erent
contrast pairs (ie., D,O H,0, D,O CM, and CM H,0) are self-
consistent, the e ect of labile protons and other imperfections can be
neglected. We calculate pgp by averaging the values from all
available contrast pairs and report the standard deviation as a measure
of self-consistency. This PE layer SLD can then be used to calculate

total-

[0p3

solvated PE layer
total —

solvent

(0p3

PE layer )

Again, this process was repeated for all measured contrasts, and the
results averaged. Once gy aNd o are known, nding g is then
trivial. Consistency was then checked by calculating dry void fraction
through Equation 3 and comparing it with:

dry S PE layer

dry void = S

dry void PE layer (6)

where g, is the SLD of the dry PE layer, and 4yiq is between 0
(air) and  0.56 x 10 5 A 2 (H,0) as we did not measure the dry Im
thickness under a vacuum. The dry void fractions calculated through
both methods were typically within 5% of one another (see Table S1),
indicating that our method is consistent with the approach of Dodoo
et al.'®> A worked example detailing our approach is supplied in the
Supporting Information.

RESULTS AND DISCUSSION

This section is divided into three main parts. First, the layer-
by-layer build-up of the symmetric and asymmetric PEMs, as
measured by ellipsometry, is presented and discussed. Next,
NR studies of the structure and hydration of both the
symmetric and asymmetric multilayers are given, and lastly, the
insights gained from NR are linked to the performance of
comparable asymmetric PEM-coated membranes.
Layer-by-Layer Build-Up. Figure 2 presents the LBL
build-up as measured by in situ ellipsometry for the four
di erent PEMs studied in this work. The build-up is shown
from the 7.5 bilayer onward in order to highlight the
di erences in the solvated thickness of the PEMs when the
nal asymmetric layers are added (full multilayer build-up is
presented in Figure S3). All multilayers consist of a total of
10.5 bilayers, are polyanion terminated, and are prepared from
0.1 g/L PE coating solutions (50 mM NaCl adjusted to pH 6).
As expected for the chosen coating conditions, the LBL build-
up of the symmetric [PSS/PAH],,5 multilayer is linear, with
the thickness of each bilayer roughly the same.”® For the
asymmetric PAA-containing systems, after the linear build-up
of the bottom [PSS/PAH] layers, the nal [PAA/PAH] layers
build in a non-linear or exponential fashion.**** The non-
linear build-up of the PAA/PAH layers is more apparent for
the [PSS/PAH],s[PAH/d-PAA]; multilayer than the [PSS/
PAH]gs[PAH/d-PAA], multilayer, and this results in an
overall thicker, more solvated layer. In comparison, the
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Figure 2. Solvated thickness as a function of bilayer number for the
symmetric and asymmetric PEMs as measured by ellipsometry (for
complete data sets from 0 to 10.5 bilayers, see Figure S3). The inset
plot shows the solvated thickness of the asymmetric top layer as a
function of bilayers added to allow for comparison of the top layer
build-up.

[PSS/PAH]ss[PAH/Na on], multilayer has a much lower
solvated thickness.

Study of PEM Structure. NR is sensitive to the SLD of
interfacial components in the direction normal to the interface.
SLD is analogous to an optical refractive index and is
dependent on the density and the nuclei present in a material.
Here, the top PE layer has a higher SLD than the bottom layer
(through its partial deuteration or use of the per uorinated
Na on), which allows the layered structure of the PEMs to be
investigated with NR.

The structure of the four PEM multilayers was determined
via co-re nement of multiple NR pro les collected from
systems with di erent solvent contrasts using a single structural
model. The optimized models of the PEMs were in good
agreement with all collected datasets. SLD pro les and
corresponding re ectometry pro les are presented in full in
Figure 3. To begin, we discuss the SLD pro les for the [PSS/
PAH],,5 multilayer across the four di erent contrasts (Figure
3a). On the left of the SLD pro les is the Si block followed by
the native SiO, layer and the thin base layer of branched PEI,
which is used to allow for the formation of smoother
multilayers.*>*” After the PEI layer comes the [PSS/PAH]
multilayer of uniform density followed by the surrounding
medium, which is either air, D,O, the CM solution, or H,O.

For the asymmetric PEMs, it is immediately apparent from
the SLD pro les (Figure 3c,e,g) that the bottom (support) and
top (separation) multilayers are distinct from one another for
both the air-dry and solvated measurements. The Ims referred
to as “air-dry” are measured against air and will have a degree
of residual water present in them, either from deposition/
rinsing or from humidity in the atmosphere (our analysis
accounts for this). A single uniform layer was su cient to
model the [PSS/PAH],ys dataset, while two layers were
required for all asymmetric datasets. Attempts to model all
datasets with a single uniform layer were unsuccessful for all
but the symmetric [PSS/PAH],,5 dataset (see Figure S4). The
intermixing between bottom and top multilayers was
represented in our structural model using a roughness term.
In the case of the [PAH/d-PAA] structures, the degree of
interlayer mixing is high, resulting in the apparent layer SLD
(from the SLD pro les) not matching the value of the SLD

modeling parameter; the reported SLD for the top layer is then
taken from the SLD pro le (Figure 3). Models with a high
degree of interlayer mixing were validated by a micro-slicing
approach (see Figure S3). The reported SLD value is sampled
from each pro le at the location of the SLD-maximum in the
H,O contrasts. The H,O contrast is used to nd the “center”
of the layer because the low solvent SLD results in the top
layer forming a clear SLD peak (Figure 3).

Another prominent feature seen in the SLD pro les is the
change in layer SLD when the isotope of the solvating water is
varied, which is most pronounced for the [PAH/d-PAA] layers
and least pronounced for the [PAH/Na on] layers. These
changes indicate that a signi cant portion of the volume of the
[PSS/PAH] and [PAH/d-PAA] layers is made up of water,
while very little water is present in the [Na on/PAH] layer;
the water content of these layers is analyzed and discussed in
detail in the following sections.

From the three solvent contrasts, the approximate SLD
values for each of the PEMs can be determined via eq 4; these
values are presented in Table 1. Two main inferences can be
drawn from the calculated SLD values. First, the SLD of the
[PAH/d-PAA] layer is lower for the [PSS/PAH]gss[PAH/d-
PAA], sample than the [PSS/PAH];s[PAH/d-PAA]; sample,
which indicates that the intermixing region between the two
polymer layers is greater than the thickness of the two [PAH/
d-PAA] layers. Second, the high SLD of the undeuterated
[PAH/Na on] layer (3.64 + 0.04 x 10 ¢ A ?) suggests that
the layer contains little PAH; the SLD of pure Na on is
estimated to be 41 x 10 ® A 2 (based on molar volume
calculations using approaches described by van Krevelen and
Nijenhuis®®), which is in line with the reported SLD of thin

Ims of Na on (4.4 x 10 5 A 2%

Determining PEM Hydration. The layer SLD values
presented in Table 1 and the SLD pro les in Figure 3 allow for
layer thicknesses as well a5 gyenn  voidr @D o1t (603 1, 3, and
5, respectively) to be calculated for all four PEMs. These data
are presented in Table 2, alongside values from ellipsometry
measurements. Void fraction values have been omitted for
clarity but may be easily calculated as the di erence of g,
and  w (eq 2). As expected from the ellipsometry data
(Figure 2 and Table 2), the [PSS/PAH];s[PAH/d-PAA],
multilayer is slightly thicker than the [PSS/PAH]ss[PAH/d-
PAA], multilayer with the NR data revealing a signi cant
di erence between the solvated thickness of the top [PAH/d-
PAA] layers for these systems, 70 A vs 44 A, respectively. A
description of how the separation layer thicknesses are
calculated can be found in the Supporting Information, Section
S7. For comparable asymmetric multilayers, te Brinke et al.
roughly estimated the thicknesses of the top [PAH/PAA]
layers to be 160 A for the three-layer system and 40 A for
the two-layer system.”’ The discrepancy between the
ellipsometry measurements of te Brinke et al. and the
thicknesses measured here by NR could be due to penetration
of [PAH/PAA] into the support multilayer of [PSS/PAH].
While these estimates based on ellipsometry measurements are
reasonable, NR reveals that the [PAH/d-PAA]; separation
layer is thinner than rst reported. The PEMSs studied here are
very thin (20 40 nm), and this is around the limit of what can
be reasonably expected for absolute thickness measurements
from ellipsometry.*® Conversely, this thickness range is ideal
for neutron re ectometry studies. The re ectometry data
possess Kiessig fringes whose spacing is inversely proportional
to layer thickness, allowing thickness changes to be probed at
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Figure 3. SLD pro les (left panels) of best t with corresponding re ectometry pro les (right panels) collected from the four di erent PEMs. Each
PEM was studied in four contrasts, D,0, a 70:30 H,0:D,0 (v/v) contrast match (CM) mix, H,O, and air. SiO, was the backing medium for the
air measurements. For the asymmetric PEMs, the top (separation) multilayer was distinct from the bottom (support) multilayer. Thickness,
swelling, and hydration of the layers are quanti ed in Table 2. The re ectometry pro les are vertically o set for clarity. The high SLD value ( 6 x

10 © A ?) of the PEI layer in the D,O contrast was required to t the high-Q features of the re ectometry pro les (fringe at Q

0.2) and is

consistent across all the PEMs studied in this work; similar SLD values for PEI in D,O have been reported in the literature.*>*°

Table 1. Empirically Derived Layer SLD Values from eq 4

empirical SLD values of the PE layers

(><1O 6 A Z)a
[PSS/PAH]yg5 2,05 + 0.06
[PSS/PAH],s[PAH/d-PAA],
Bottom PEM (PSS/PAH) 2.11 + 0.07
Top PEM (PAH/d-PAA) 3.94 + 013
[PSS/PAH]; s[PAH/d-PAA],
Bottom PEM (PSS/PAH) 2.16 + 0.26
Top PEM (PAH/d-PAA) 466 + 0.15
[PSS/PAH]gs[PAH/Na onl,
Bottom PEM (PSS/PAH) 2.07 £ 0.10
Top PEM (PAH/Na on) 3.64 £ 0.04

#Average of the values calculated for the D,O H,0, D,O CM, and
CM H,O contrast pairs with uncertainties being the standard
deviation of the values. The reported SLD value is sampled from
each pro le at the location of the SLD-maximum in the H,O contrast.

the Angstrom level. Our analysis predominantly relies on
neutron re ectometry for absolute thickness and internal
structure measurements. However, in situ preparation of
samples for NR experiments would not have been feasible
due to the scarcity of allocated NR beamtime. In contrast,
ellipsometry is able to determine the relative thicknesses of
Ims and changes in the PEM thickness during an in situ layer-
by-layer deposition.

Both NR and ellipsometry reveal that . (solvent uptake
due to change in thickness) is greater for the [PAH/d-PAA]
separation layers compared to the [PSS/PAH] support layers,
while it is much lower for the [PAH/Na on] layer. The PEI
thicknesses are not included in the thickness of either the air-
dry or solvated [PSS/PAH] base layer; however, PEI layer
thickness did vary during tting (see Table S3). Our analysis
was unable to distinguish between the air-dry PEI layer and the
[PSS/PAH] layer as the PEI layer is very thin and appeared to
have an SLD value similar to that of the [PSS/PAH] layer; this
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Table 2. Thickness, Swelling, and Hydration of the PEMs Studied in This Work

ellipsometry neutron re ectometry
thickness (A) ? hydration (%) thickness (A) ° hydration (%)
air-dry solvated i air-dry solvated e total

[PSS/PAH] 05 232+5 301 + 4 23+ 2 187 0 214 + 0 12.7 + 0.0 46.9 + 3.0
[PSS/PAH],s[PAH/d-PAA], 243 3 310+ 4 2+2 179 x1°F 212 +0°F 15.8 + 0.4 472 +18°

Bottom PEM (PSS/PAH) 143 +1f 168 +0f 150+ 04 463 £ 19

Top PEM (PAH/PAA) 36x0f 4 x0f 189 + 1.0 548 + 38
[PSS/PAH]; s[PAH/d-PAA], 251+ 4 340 + 4 2641 174 £ 2 220 £ 1 214 £ 02 526 +6.9°

Bottom PEM (PSS/PAH) 123 £ 2 150+ 0 186 =04 472 * 10

Top PEM (PAH/PAA) 51+1 70+1 281+ 05 64.1 + 4.0
[PSS/PAH]ss[PAH/Na on], 263 + 6 279+ 5 6+3 199 + 0 235+ 0 154 + 0.0 355 +37¢

Bottom PEM (PSS/PAH) 149 =0 1770 16.0 = 0.0 424 + 49

Top PEM (PAH/Na on) 50+0 58+ 0 138+ 0.1 144 + 14

@Data for corresponding PEMs prepared on smaller silicon wafers suitable for ellipsometry. All reported thicknesses do not include the PEI layer.
Uncertainties are the standard deviation from at least three distinct measurements taken at di erent locations on the sample. PUncertainties are
taken from the posterior probability distribution for the parameter. *Calculated using eq 1. 9Calculated from eq 5 and SLDs in Table 1. ®Thickness
weighted average of bottom and top layer values. ‘Due to large interlayer mixing to thickness ratios, layer thickness was calculated via the method

described in Section S8.

contributes to the minor discrepancies in ¢, between the
[PAH/PSS] base layers across the four PEMs seen in the NR
results. Discrepancies may also arise from di erences in the
experimental setup, sample, and measurement technique.
Ellipsometry was used to study the build-up of the PEMs in
situ, while NR was applied to the complete PEMSs. In addition,
hysteric e ects associated with air-drying and re-solvating of
the Ims may result in small changes in the measured thickness
values.

The total hydration, 4, for the [PSS/PAH] layer is similar
across all NR datasets. Consistent with ellipsometry, the overall
hydration of the [PSS/PAH],s[PAH/d-PAA]; multilayer is
greater than the [PSS/PAH]gs[PAH/d-PAA], multilayer; NR
reveals that this is a consequence of o, being larger for the
separation layer in [PSS/PAH],s[PAH/d-PAA]; compared to
[PSS/PAH]ss[PAH/d-PAA],. Furthermore, [PAH/d-PAA] is
more hydrated than [PSS/PAH]. In comparison to the bottom
layer of [PSS/PAH], the [PAH/d-PAA] layers are more
hydrated, while the [PAH/Na on] layer is much less hydrated.
The low hydration of the [PAH/Na on] layer is in line with
the water content reported for thin Ims of Na on studied by
NR.5“2 In Table 2, o is determined from the (calculated)
SLD of the polyelectrolyte pair and the (measured) SLD of the
layer. The calculation of .y, requires very few assumptions
(see Section S1 of the Supporting Information) and is in line
with reported solvent fractions for PEMs.">*%4> . (solvent
uptake due to change in thickness) is calculated from the
change in thickness between the air-dry state (50% ambient
humidity) and the solvated state. Our choice of dry state
(ambient, air-dry) may di er slightly from other works, which
measure the Ims under a vacuum or a dry nitrogen stream.
From the work that examines the swelling of polyelectrolytes as
a function of relative humidity*® and Flory Huggins theory,®®
we predict that our air-dry Ims (50% relative humidity) will
be no more than 10% thicker than chemically comparable true-
dry Ims. In this current study, we are primarily concerned
with the hydrated structure of asymmetric PEMs and the
relative hydration of these layers. As such, we present
values for comparison between datasets.

The values in Table 1 and SLD pro les in Figure 3 can be
used to produce approximate volume fraction pro les of the
PEMs, as shown in Figure 4. These pro les possess the same

swell

10650

Figure 4. Solvated and air-dry polymer volume fraction pro les
extracted from SLD pro les for all studied multilayers. The volume
fraction pro les emphasize the structural di erence between the
[PAH/d-PAA] (b, ¢) and [PAH/Na on] (d) top separation layers.
Na on (d) is distinct from the base layer, while d-PAA exhibits
signi cant intermixing with the base layer. For the PAA-containing
samples, the intermixing region is greater than two deposited [PAH/
d-PAA] bilayers (b) but smaller than three (c). The uncertainties in
the polymer volume fractions are the same as the total solvent fraction
uncertainties of Table 2.
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Table 3. Performance of Similar Symmetric and Asymmetric PEM Membranes

water permeance 2 water permeance decrease due to MWCO ° average micropollutant
(L'm 2h Ybar %) asymmetric layers (g'mol ) retention (%)
Data from te Brinke et al.
[PSS/PAH] 5 152 = 0.6 321 +3 932 +£03
[PSS/PAH]gs[PAH/PAA], 128 £ 0.6 16% 265 + 2 97.7 £ 01
[PSS/PAH]; s[PAH/PAA]; 89+07 41% 246 £5 982 +£ 05
Data from Reurink et al.
[PSS/PAH]gs 62+ 04 3015 900 = 0.3
[PSS/PAH];s[PAH/Na on]; 48 £ 0.7 23% 287+ 8 927 £ 10

3The exact water permeance values should not be directly compared as the coating conditions and support membranes onto which the PEMs are
added are di erent. Instead, it is better to compare the percentage decrease in water permeance due to the asymmetric coating given in the adjacent
column. PValues obtained from the retention of short-chain polyethylene glycol molecules. A lower MWCO value signi es a lower e ective

membrane pore size.

structural form as the NR models in Figure 3, that is, a series of
slabs of a given thickness and SLD joined by a Gaussian
roughness of a given breadth (representing interlayer mixing).
The volume fraction of each of these layers was calculated from
the SLD values of the multilayers (Table 1), the SLD of the
layer in H,O (Figure 3), and the SLD of H,O (taken as 0.56
x 10 ® A 2). It should be noted that the volume fraction
pro les of Figure 4 are approximations, with the uncertainty
the same as the uncertainty for the total solvent fractions given
in Table 2. Furthermore, the PEM structure is inferred from
the SLD pro les, where Gaussian interlayer transitions are
assumed, and the polycation and polyanion of a speci ¢
multilayer are grouped together. The exact structure of the
[PSS/PAH]ss[PAH/d-PAA], layer was more challenging to
resolve than the other PEMs as here the interlayer mixing
region between the support and separation layers is
comparable to the thickness of the separation layer. This
large transition region is consistent between both [PAH/d-
PAA] asymmetric multilayers.

Figure 4 demonstrates that the asymmetry of PEMs is
retained upon solvation and that the structures of the Na on-
containing and PAA-containing separation layers are very
di erent. [PAH/Na on] forms a layer that is quite distinct
from the base multilayer, while [PAH/PAA] forms a layer that
is more solvated than the base PEM. These di erences can be
used to explain the performance of these multilayer systems in
membrane separation, as discussed below.

Connecting the NR Results with Similar PEM
Membranes. In recent studies,*** asymmetric PAA- and
Na on-containing PEM membranes have been shown to
outperform symmetric PEM membranes and even commercial
membranes in nano ltration applications. Table 3 summarizes
the key performance parameters for these asymmetric PEM
membranes together with the analogous symmetric systems.
Both these asymmetric systems have improved separation
performances (higher micropollutant retentions and lower
molecular weight cut-o (MWCO) values), but they di er in
terms of the loss in water permeance associated with the
improved selectivity. Speci cally, a single layer of [PAH/
Na on] results in a much greater decrease in water permeance
than two layers of [PAH/PAA] (compare 23% with  16%),
suggesting that these membranes function di erently. In this
section, the NR results are used to clarify the mechanism
through which these PEM membranes function.

The rst key discovery from NR is that the [PAH/d-PAA]
and [PAH/Na on] top separation layers are distinct from the
[PSS/PAH] base layers (see Figures 3 and 4). That is, the

10651

asymmetry imparted during fabrication is retained in the nal
hydrated Im, although there is some intermixing between the
support and separation multilayers. Moreover, NR con rms
that the top separation multilayer is very thin, showing that it is
indeed possible to create extremely thin membrane separation
layers using asymmetric PEMs. The third signi cant nding is
that the hydration ( ) Of the [PAH/d-PAA] and [PAH/
Na on] layers are markedly di erent to each other, their
respective base layers, and the symmetric [PSS/PAH]
multilayer (see Table 2).

Considering the asymmetric Na on system rst, we ask the
question: how does this asymmetric multilayer membrane
separate molecules? Table 3 shows that the Na on-terminated
PEM membrane has a lower MWCO (i.e., lower e ective pore
size), a higher average micropollutant retention, and a lower
water permeance compared to the symmetric PEM membrane.
These three data imply that a denser (lower e ective pore size)
multilayer was created. Based on the hydrophobicity of the
highly uorinated Na on PE, Reurink et al. hypothesized that
this behavior was due to a reduction in the swelling of the
entire PEM when Na on was introduced;”? the hypothesis is
supported by ellipsometry thickness measurements that
showed swelling was 10 15% lower for Na on-terminated
multilayers. Our NR results on a comparable Na on-
containing PEM show that the [PAH/Na on] layer has very
low hydration ( 14% water, see Table 2). Similarly, low
hydrations have been reported in NR studies of thin Ims of
Na on.”“? NR also reveals that, for the Na on case, the
hydration of [PSS/PAH] base layer is similar to that of the
symmetric [PSS/PAH] multilayer and the base [PSS/PAH]
layers of the PAA-containing multilayers. Thus, in contrast to
Reurink et al.’s hypothesis, it is not the hydration of the entire
PEM that decreases but rather only the top layers of [PAH/
Na on]. Coupling this decrease in top (separation) layer
hydration with the signi cant drop in water permeance of the
Na on-terminated PEM membrane reveals that, here, the most
likely separation mechanism is the densi cation of the
multilayer through a reduction in hydration of the [PAH/
Na on] top multilayer.

Next, we consider the asymmetric PAA-containing systems
and ask the same question: how do these asymmetric
multilayer membranes separate molecules? Table 3 shows
that the PAA-containing PEM membranes have the same
performance traits as the Na on-containing PEM membranes,
i.e, lower MWCO values, average higher micropollutant
retentions, and lower water permeances compared to the
symmetric PEM membrane. However, there is one key
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di erence. The reduction in water permeance due to the
asymmetric PAA layers is less than for the Na on layer.
Overall, as with the Na on case, the data of Table 3 implies
that a denser separation layer was obtained when the PEM was
capped with layers of [PAH/PAA]. This data alone could
naturally lead one to the conclusion that, once again, a denser
layer is achieved through a reduction in multilayer hydration.
However, the NR results reveal that this is not the case;
indeed, the [PAH/PAA] layers are more hydrated than the
[PSS/PAH] layers. Therefore, the question remains: how does
this membrane improve separation now that densi cation via a
reduction in multilayer hydration cannot be the mechanism.

To answer this question, the chemical structures of PEs used
and the charge density of the resultant multilayers, de ned as
the number of ionic groups per number of carbon atoms in the
repeat unit of the PE complex/multilayer, should be
considered. A PEM can be imagined as a network of ionically
cross-linked chains with Angstrom-sized pores®*” in which
cross-link density and hence mesh size of the network is
governed by the charge density of the PE complex. From the
de nition above, and neglecting interdigitation of chains from
adjacent layers and variations in weak PE ionization, the charge
density of a [PSS/PAH] multilayer is 0.09, while for a [PAH/
PAA] multilayer, it is 0.17. According to the structural model
of PEMs, one would expect that membranes prepared from
[PAH/PAA] will consist of small yet hydrophilic pores,
whereas [PSS/PAH] would lead to membranes with larger,
more hydrophobic pores. Indeed, this behavior is perfectly
re ected in the results of te Brinke et al.?* shown in Table 3,
where the asymmetric [PSS/PAH]gs[PAH/PAA], and [PSS/
PAH], s[PAH/PAA]; membranes have higher micropollutant
retentions (and lower MWCO values) and thus lower e ective
pore sizes than the symmetric [PSS/PAH],o5 membranes. In
addition, the NR results reveal that [PAH/PAA] layers are
more hydrated than the [PSS/PAH] layers (compare 55 63%
water content with  47%) supporting the hypothesis that the
higher charge density [PAH/PAA] layers are more hydroghilic
than the [PSS/PAH] layers. Work by Krasemann et al.*>" on
water ethanol pervaporation using a broad family of PEM
membranes of varying charge density (0.06 up to 0.25 from the
de nition above) was the rst to show that this structural
model for PEM membranes holds. Di erences in the amount
of intermixing between the top and bottom layers as
highlighted in Figures 3 and 4 explains the slightly higher
selectivity of the three-layer [PAH/PAA] system over the two-
layer [PAH/PAA] system, with the thinner two-layer system
more a ected by interpenetration with the base [PSS/PAH]
layer than the thicker three-layer system.

CONCLUSIONS

We have determined the mechanism by which asymmetric
[PSS/PAH][PAH/PAA] and [PSS/PAH][PAH/Na on] poly-
electrolyte multilayer membranes achieve promising micro-
pollutant retentions by resolving their structure using NR.
These measurements of the in situ structure are supported with
ellipsometry measurements of the layer-by-layer build-up of
the Ims. NR reveals that the top multilayer is structurally
distinct from the bottom multilayer in both air-dry and
solvated conditions, con rming that these asymmetric layers
act as distinct separation regions rather than merely modifying
the bulk properties of the base layer. These top separation
layers are exceptionally thin; two bilayers of [PAH/PAA] were
measured to be 4.5 nm-thick, while the equivalent [PAH/

Na on] multilayer was 7 nm-thick. NR reveals that [PAH/
PAA] is more hydrated (63% water by volume) than the
underlying [PSS/PAH] layer (47%), while [PAH/Na on] is
signi cantly less hydrated (14%). When taken together with
water permeance and MWCO values from the literature, this
di erence in hydration points to distinct separation mecha-
nisms between the two top separation layers. We hypothesize
that asymmetric multilayers of [PSS/PAH] capped with
[PAH/PAA] provide better micropollutant retention than
symmetric [PSS/PAH] multilayers due to their smaller
network mesh size, while the asymmetric [PAH/Na on]
topped multilayers improve retention by being physically
denser.
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