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Insights from biological protein ion channels and the vital role
phenylalanine plays in sodium ion transport through the ion
conduction pathway inspire new advanced polyelectrolyte
ion selective membranes incorporating phenylalanine.
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The addition of a common amino acid, phenylalanine, to a Layer-by-Layer (LblL) deposited
polyelectrolyte (PE) film on a nanoporous membrane can increase its ionic selectivity over a PE film
without the added amino acid. The addition of phenylalanine is inspired by detailed knowledge of the
structure of the channelrhodopsins family of protein ion channels, where phenylalanine plays an
instrumental role in facilitating sodium ion transport. The normally deposited and crosslinked PE films
increase the cationic selectivity of a support membrane in a controllable manner where higher
selectivity is achieved with thicker PE coatings, which in turn also increases the ionic resistance of the
membrane. The increased ionic selectivity is desired while the increased resistance is not. We show that
through incorporation of phenylalanine during the LbL deposition process, in solutions of NaCl with
concentrations ranging from 0.1 to 100 mM, the ionic selectivity can be increased independently of the
membrane resistance. Specifically, the addition is shown to increase the cationic transference of the PE
films from 81.4% to 86.4%, an increase on par with PE films that are nearly triple the thickness while
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exhibiting much lower resistance compared to the thicker coatings, where the phenylalanine
incorporated PE films display an area specific resistance of 1.81 @ cm? in 100 mM NaCl while much
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Introduction

Controlling ionic transport across separator membranes is highly
desirable for applications ranging from chemical separations to
energy storage. Nanoporous membranes offer a convenient platform
with which to control ion transport." The ion transport through the
nanopores can be tuned by controlling the surface charge on the
pore wall.> A variety of unique and responsive chemistries have
been demonstrated to alter the surface charge, and resulting ion
transport, through a nanoporous membrane. "> Altering surface
charge can be achieved by simply grafting a charged polymer, or
polyelectrolyte (PE), to the surface of the pore.*'*™* Many methods
are used to modify pore surfaces, including both chemical and
physical deposition techniques.
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thicker PE membranes show a higher resistance of 2.75 Q cm? in the same 100 mM NaCl solution.

Layer-by-Layer (LbL) deposition of PE offers a scalable, inexpen-
sive and facile method by which to impart many desirable proper-
ties to a range of substrate materials. Deposition through the LbL
process is a simple yet powerful technique where alternating layers
of different materials are deposited in a controlled manner."”>°
The bottom-up approach of LbL assembly has been leveraged using
different materials to create many active and passive functional
materials, including polymer/clay anti-corrosion coatings, ™ fire-
retardant coatings,”®*® nanoparticle electrocatalysts***' and ion
selective membranes.***° LbL deposition of PEs offers an attractive
method for modification of nanoporous membranes, which can be
used to tune the ion transport properties of nanoporous mem-
branes for various applications, ranging from water purification to
energy storage and chemical separations/synthesis.

During the LbL deposition process of a PE coating, an anionic
polymer and a cationic polymer are sequentially deposited on a
substrate, forming one “bilayer” (BL).>” These polymers are depos-
ited from dilute aqueous solutions of the respective polymers and
the substrate (or membrane) is simply dip-coated from one solution
to the other to form the PE films.**"° However, additional post
coating functionalization or crosslinking can further be applied to
tailor the coating properties.***>*°*3 This post deposition proces-
sing has been shown to be a crucial step for many systems geared
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towards a specific application where crosslinking can make a film
more ion selective®* but can also be controlled to make a film
more impermeable* ™ if desired for a given application. Surface
functionalization can make a membrane capture selective proteins™
or anitbodies™ for isolation and purification.

Besides post-coating crosslinking, the films’ properties can
also be tailored by incorporation of different constituents. Such
alteration can come in the form of nanoparticles,*®*” functional
molecule filled nanocontainers®®*® or small functional
molecules.'®**>* Here, we seek inspiration from biological sys-
tems, such as ion channels, aiming to incorporate a functional
amino acid to help improve ion-selectivity of our PE coatings.
Addition of amino acids to different polymer systems has been
demonstrated to change the properties or chemical interactions of
the polymers selectively. These amino acid functionalities have
been reported to affect silver complexation in olefin transport
membranes,” pH-dependent ion transport,>* improved desalina-
tion membrane permeability,> and anti-fouling properties®®” of
membranes. However, most of these processes simply grafts the
amino acid to the surfaces of the polymer or support membrane.
Few integrate the functional amino acid into the bulk of the film
where it may have a more substantial effect, similar to biological
protein ion channels. The presence of the molecules in the bulk
could affect the local energy environments akin to how the local
chemistry present in an ion permeation pathway of a biological
pore controls selective ion permeation in ion channels.

Biological ion channel proteins form pores, often sub-nm in
diameter, that span cellular membranes and control ion trans-
port across those membranes.”® Membrane transport proteins
have inspired,®®®* or been incorporated into,**®* synthetic
membranes to gain high selectivity and low resistance for the
transport of ions or small molecules. Specific amino acids from
each protein interact with ions, directly or indirectly,”* and
account for the channel transport properties. As an example,
the side chain phenyl group of phenylalanine (Phe) and tyr-
osine, along with amino acids containing carboxylates and
polar functional groups, line the ion permeation pathway of
channelrhodopsin (ChR) proteins, shown in Fig. 1 in the
computed open-state conformation (allowing ion transport
through the protein). That chemical composition facilitates
the transport of sodium and other cations across cellular
membranes, while rejecting anions.®® Since the ChR family of
proteins are also light sensitive, they are well known in the field
of optogenetics, where light is applied to control cells (e.g,
neurons) that have been modified genetically to express ChR
channels, and as such, have been extensively studied and
characterized.®®®® Here, we utilize ChR as inspiration for
increasing the cationic selectivity of layer-by-layer deposited
polyelectrolyte films. Specifically, the prevalence of Phe in the
ion channel, which lines the permeation pathway, encouraged
its incorporation into ion selective membranes. While not
forming the exact structured protein ion channel that inspired
the use of Phe, we hypothesized that we could achieve a higher
cation selectivity from a type of ion selective membranes by
simply including the amino acids in the LbL polyelectrolyte
film deposition.
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Fig. 1 Snapshot from molecular simulations of channelrhodopsin cation
channel protein, C1C2, in the computed open state. Amino acids associated
with the ion permeation pathway are color-coded (pink — phenylalanine (PHE),
green — glutamic acid (GLU), blue — asparagine (ASN), red — aspartic acid (ASP),
orange — tyrosine (TYR)). lon permeation occurs between helices |, II, and VII,
represented by sodium ion (purple sphere) at positions along the permeation
pathway. Light sensitivity is given by the retinal molecule (black), shown here for
reference.

In this work, LbL deposited PE coatings of polyethyleneimine
(PEI) and polyacrylic acid (PAA) are modified by the simple
addition of amino acids to the dip solutions. Phe was the amino
acid used as an additive in the coating process because Phe
contains a hydrophobic phenyl ring, which has been shown in
previous studies to be an essential amino acid in ion channel
proteins, such as channelrhodopsin.”® Recent computational
studies of the free energy along the channelrhodopsin C1C2 ion
permeation pathway indicate that binding sites that include Phe
stabilize the sodium ion by an amount similar to sodium hydra-
tion free energy.”! We show that the Phe is effectively incorporated
into the self-assembled PE films. It is important to note that while
this work is inspired by observations of Phe in biological ion
channels, we do not believe the simple incorporation of the
phenylalanine into the self-assembled PE film means that it will
behave as if it is in the protein ion channel which has a very
specific structure that leads to highly efficient sodium ion trans-
port. Specifically, incorporation of Phe into the film increases the
ionic selectivity while maintaining a relatively low membrane
resistance. In contrast, the same increase in ionic selectivity can
be achieved by coating more PE layers onto the membranes
leading to thicker coatings, which in turn increase the resistance
of the membranes. These results are a key demonstration of how
understanding of protein ion channel structures can be used for
informed engineering of inexpensive ion selective membranes.

Experimental
Membrane synthesis

All chemicals were purchased and used without further puri-
fication. Sodium chloride (NaCl, ACS reagent grade >99.0%,
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Sigma-Aldrich) poly(acrylic acid) (PAA, 35 wt% in H,O, average
M,, = ~100 000, Sigma-Aldrich), polyethylenimine (PEI, branched,
average M,, = ~25000, Sigma Aldrich), glutaraldehyde (GA, 25%
solution in H,O, Sigma-Aldrich), p-phenylalanine (>98.0%,
Sigma-Aldrich), and sodium hydroxide (NaOH, >98%, Fisher
Scientific). Aqueous solutions were made in 18.2 MQ cm DI water.

Track-etched nanoporous polycarbonate (PC) support mem-
branes (0.05 pm pore, 6 X 10° pores per cm?, 25 mm or 90 mm
diameter, Sterlitech Corporation) were first sonicated in water
to ensure the pores were fully filled with water and then treated
to remove a thin unwanted polyvinyl pyrrolidone (PVP) layer.
The membranes were etched in a 4.5 M NaOH solution for
5 minutes, followed by rinsing in DI water. Then they were
treated with UV-ozone (UVO-Cleaner model 144A, Jelight Com-
pany Inc.) for 10 minutes on each side, while slightly moist to
prevent the membranes from curling up during the process.
Immediately thereafter, the membranes were immersed in the
0.1 wt% PEI solution (pH = 10.4) for 5 minutes, rinsed in DI
water, then immersed in the 0.07 wt% PAA solution (pH = 3.2)
for 5 minutes. In these solutions the phenylalanine had a
slightly different charge state based on the pH and the respec-
tive pK, of the amino acid functional groups. In the PAA
solution (pH = 3.2) the phenylalanine had a protonated primary
amine and deprotonated carboxylic acid. In the PEI solution
(pH = 10.4) the phenylalanine was negatively charged with the
carboxylic acid deprotonated. This constituted the 1st BL of the
LbL assembly process. Each rinsing step consisted of two large
volumes of DI water where the membrane was placed first in
one DI water container for 1 minute and then the second DI
water container for an additional minute, before going to the
next polymer solution. The positively charged PEI was coated
onto the membrane first because the PC membrane is
negatively charged in solution and thus motivates laying down
the oppositely charged polymer first. Subsequent BLs were
assembled by dipping in the polymer solutions for only
1 minute each. For the dip solutions containing amino acid
additives, the concentration of the phenylalanine was 1 mM in
the unchanged concentrations of PEI and PAA solutions (amino
acid was added to both polymer solutions for dipping). The
phenylalanine is not expected to leach out of the self-
assembling film during the coating process due to the strong
electrostatic interactions between the charged molecules, typically
known as electrostatic crosslinking.”” The self-assembled PE and
PE with incorporated phenylalanine (referred to as PE + Phe from
this point on) BLs were then crosslinked with glutaraldehyde. The
membranes were immersed in a 25% glutaraldehyde solution for
24 hours and then washed with copious amounts of DI water. The
25 mm diameter membranes were tested as made after cross-
linking. From the 90 mm diameter membranes, daughter mem-
branes 25 mm in diameter were punched out for all subsequent
testing. All membranes tested were immersed in 0.1 mM NaCl
solution for 72 hours before testing.

SEM characterization

Scanning electron microscopy (SEM) was performed using a
Zeiss GeminiSEM 500 at 2-5 kV accelerating voltage and
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3-5 mm working distance. A 1-3 nm layer of Au-Pd was
sputtered onto the samples to minimize the effects of sample
charging. Cross-sections of PC membranes were obtained by a
freeze-fracture method where the membranes were frozen at
cryogenic temperatures in water, forming an ice block which
could then be snapped in two. The fractured membrane was
warmed to room temperature to release it from the ice and
dried under nitrogen before interrogation in SEM. Film thick-
nesses were measured across multiple points along the
membrane cross-section (both top on bottom) and averaged
together to obtain the thickness of the LbL deposited film.

Electrochemical measurements

Ionic selectivity measurements were performed following a
potentiometric method described in depth elsewhere.”?®
Briefly, each membrane was sealed in a U-shaped cell equipped
with Luggin probes positioned 1 cm from the membrane, and a
Ag/AgCl wire placed in each Luggin probe. Both sides were
filled with 0.1 mM aqueous NaCl and the potential, measured
by HP 34401A multimeter, was allowed to equilibrate to
0 £ 2 mV. The concentration of aqueous NaCl on the left side
of the membrane was then fixed at 0.1 mM, while the concen-
tration on the right side was varied from 0.1 mM to 1 M (all
NacCl concentrations were sequentially diluted from a 1 M stock
solution). At each concentration, the voltage was allowed to
stabilize (equilibrated for 45 minutes). Then the cell was rinsed
and equilibrated to 0.1 mM NaCl, after which the sides were
switched, with a constant 0.1 mM aqueous NaCl on the right
side of the cell. Before use, all solutions were allowed
to equilibrate with laboratory atmosphere, stabilizing at
pH = 6.0. Ionic selectivity measurements were performed in
triplicate on different membranes.

Membrane area specific resistance

The area specific resistance (ASR) of the bare PC membranes
and the coated PE membranes was measured using a Solar-
tron Analytical Modulab following a previously developed
procedure.”® The membranes were first soaked in aqueous
NacCl solutions of 100 mM, 1 M, and 3 M concentrations for at
least 3 days to allow the solution within the coating to
equilibrate with the bulk solution. For each concentration,
the membranes were then placed between two 316 stainless
steel electrodes within a Teflon® Swagelok® cell. To measure
the ASR of the membranes, impedance spectroscopy was
performed at 10 mV RMS AC and 0 V DC with respect to
the open circuit potential and over 1 MHz to 1 Hz. The cell
resistance was defined as the point at which the complex
impedance curve crossed the real impedance axis (when the
imaginary component was zero). This measurement was
repeated with 2, 3, and 4 stacked membranes. The individual
membrane resistance was then deduced from the slope of the
line of cell resistance vs. number of membranes. The ASR of
the membrane was then calculated using the membrane
cross-sectional area.

Soft Matter, 2021,17, 6315-6325 | 6317
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Time of flight - secondary ion mass spectroscopy (ToF-SIMS)

Time-of-flight secondary ion mass spectrometry (ToF-SIMS),
(Ion-TOF ToF.SIMS 5, Ion-TOF Gmbh, www.iontof.com), was
employed to interrogate the surface of each film. A 25 kV Biz"™"
primary ion probe in high-current, bunched mode was rastered
over 3 random 100 x 100 um? area locations on each film.
Spectra were created by integrating 40 scans consisting of a
random-rastered 128 x 128 pixel “image” with 1 shot per pixel
over each area. Charge compensation was not needed. Separate
positive and negative secondary ion spectra were acquired at
each location. The resulting spectra were calibrated using
standard aliphatic hydrocarbon peaks.

Molecular simulations

Interactions between Na' ions and components of the polyelec-
trolyte membrane were studied by electronic structure calcula-
tions utilizing the Gaussian 09 software package.”* Lowest
energy molecular structures were obtained at the B3LYP level
of density functional theory (DFT) with the aug-cc-pVDZ basis
set. Analytical normal mode frequency analysis was added to
predict reaction free energies.”” An implicit polarizable con-
tinuum model (PCM), with dielectric value of 78 and default
boundaries, was used to model aqueous solution.”® To validate
the methods, aqueous phase hydration free energy of Na" was
computed using quasi-chemical theory’” and a cluster of Na*
with four waters, [Na(H,0),]", following procedures described
earlier.”®”® We limit our analysis to Na*, reserving studies of
selectivity among other cations like K for future work. Note
that prior work by Stevens & Rempe suggest that the smaller
Na* would bind more strongly than K' to carboxylates that are
freely accessible for binding. A four-coordinate cluster was
chosen for analysis because it represents the most probable
cluster size observed in ab initio molecular dynamics simula-
tions of Na® in liquid water.”” The molecular electronic
potential (MEP), and atomic charges fitted to reproduce the

View Article Online
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MEP, were computed at the same level of theory and with the
same basis sets. An isolated charged iso-butyrate (IB™) was
utilized to model a simple monomer of PAA, and a single
charged phenylalanine (Phe™) was used to model Phe
embedded in the polyelectrolyte membrane. Phe was modeled
in an unprotonated state to represent Phe  crosslinked with
glutaraldehyde, which reduces the proton charge density of the
Phe amine group. Although 4-5 waters also ligate carboxylate
groups in ab initio molecular dynamics simulations of formate
ion in aqueous solution,®® hydration of these groups in IB~ and
Phe™ were treated implicitly with the PCM model. The reason
for that choice is to focus the current studies on the exchange of
sodium ion’s ligating waters for direct interactions with com-
ponents of the LbL coatings (X~ = IB~ or Phe™), as seen in
eqn (1).

[Na(H,0),]" + X~ = [Na(X)(H,0),_,] + nH,O0 (1)

Results and discussion
Membrane LbL coating

The LbL deposition of the PE thin films was accomplished by
sequentially dipping the nanoporous PC into solutions contain-
ing the desired cationic and anionic polymers, as shown in
Scheme 1. During this dipping process, the first polymer, in
this case the cationic PEI, will coat the membrane. Dipping is
followed by rinsing to remove weakly adhered excess polymers
from the membrane. The membrane is then dipped into the
2nd polymer solution, where the anionic polymer, PAA in this
case, will self-assemble onto the first layer of PEI, again
followed by rinsing. A complete BL is formed after dipping
into each solution. In the case of using the amino acid additive,
1 mM Phe was dissolved into each solution (both PEI and PAA)
to ensure it was incorporated throughout the PE coating. This
process could be repeated over and over to build up many BLs,

Solution 1 ﬂﬂ“ﬂ[ﬂ]ﬂﬂ“ﬂﬂﬂﬂm Solution 2
------------------- 1 r__-------_-__---|
i PEI i | PAA !

1
1 NH, HAN A ANH | . 1 ]
i ) P i Rinse Step ! O _OH !
] 1 1
: %u/\/N\/\,‘l/\/N\/\,}j 1 1 j H
! ¢ i T E e N
NH 1 1 ]
i [ : ! no |
1 HNT
. + : : |
H Phenylalanine ! i Phenylalanine
: : -~ i i
: H;N——CH—C—OH : : H;n—clu—c—on :
i L, i Solution 1 Solution2 | o .
i i i H
] 1 1
! 1 1 1
! 1 1 1
1 1 1 1
: H i 1
1 1 1

(T

1 Complete Bi-Layer

Scheme 1 Schematic of the Layer-by-Layer (LbL) deposition process where polymer layers are deposited onto the nanoporous membrane from
sequential dipping in solutions containing the cationic and anionic polymers each with added amino acid additives, in this case phenylalanine. Film
deposits on both sides of membrane despite being shown growing on one side only for clarity.
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10 being the most studied here. Phenylalanine was added to
both solutions to promote homogeneous incorporation of Phe
into the film. The coated membranes were all further chemi-
cally crosslinked using glutaraldehyde which reacts with the
primary amines of the PEI and Phe. This covalent crosslinking
not only increases the ionic selectivity (by reducing the cationic
charge density of the film by reacting with the amines®’), but
also ensures the PE films were chemically stable against high
salt concentrations when testing.

Membrane characterization

Time of Flight Secondary Ion Mass Spectroscopy (ToF-SIMS)
was used to confirm the presence of Phe in the PE film and to
quantify the amount of Phe deposited. A calibration curve was
made using ToF-SIMS where a known amount of Phe was mixed
with PEI and PAA solutions and both polymer solutions drop
cast onto a silicon wafer and allowed to dry (no crosslinking
step was performed on these samples). This ensured a known
amount of Phe was incorporated into the dried polymer film
eliminating the possibility that the amount of Phe was lower
than expected due to preferential adsorption of polymers to the
substrate surface. Concentrations of Phe used in the calibration
curve samples were from 0 mM to 2 mM in increments of
0.5 mM. Test samples, similar to the PC membranes, were
made by dip coating silicon wafers with 5 BLs of PE using the
same conditions that were used for the membranes, these
samples were quickly analyzed using ToF-SIMS after
making them.

Fig. 2 shows the results of interest from the ToF-SIMS
analysis. We have identified a peak at m/z = 166.08 which is
attributed to Phe with an additional hydrogen (Phe + H)
associated with it (making it a positively charged ion). The
peak located at 166.13 m/z, next to the Phe peak, is attributed to
background hydrocarbon contamination (probably of the form
C,1H3150") and is present on all samples (even the control
sample with no added Phe). The Phe peak, located at
166.08 m/z increases with increasing amounts of Phe added
to the drop cast samples. The dip coated sample also shows this

g: ——5BL PE + Phe Dip Coat

~ | —PE + 1 mM Phe Control

[

€

3

5]

o

o

(7]

N

©

z

S

4

165.5 165.7 165.9 166.1 166.3 166.5
mi/z

Fig. 2 ToF-SIMS data showing the peak at m/z = 166.08 for a 5 BL PE +
Phe dip coated sample and a control containing the PE and 1 mM
phenylalanine drop cast onto a silicon wafer. This peak is attributed to
the phenylalanine plus a proton (Phe + H*), making it positively charged.
The peaks have been normalized to their respective m/z = 117 peak in each
ToF-SIMS spectrum, which is attributed to the PAA fragment.
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peak, clearly indicating that Phe is present in the sample,
though the intensity of the peak appears smaller as compared
to the drop cast sample with 1 mM Phe added to the solution
(same concentration as in the dip coating solutions). The
smaller size of the 166.08 peak from the dip coated sample
compared to the drop cast sample indicates that not all of the
dissolved Phe was incorporated into the film during the self-
assembly of the BLs. The drop cast control samples were used
to create a calibration curve of the normalized m/z 166.08 peak
counts as a function of Phe concentration in the solution. To
compare the different sample spectra, the data was normalized
to a specific peak associated with PAA in each of the ToF-SIMS
spectra (i.e. each spectrum was normalized to its own PAA peak
before comparison). This reference peak was located at
m/z = 117 and is attributed to a sodium adduct of the PAA
monomer unit (C3H;0,Na,"). From this semi-quantitative cali-
bration curve (semi-quantitative because the control samples
and experimental samples were not coated on the silicon wafers
in an equivalent manner, drop cast vs. dip coat) we can
calculate the dip coated 5 BL PE + Phe sample had the same
amount of Phe as a control sample would have if ~0.24 mM
Phe was added to the solution before drop casting.

To gain further understanding of the self-assembled PE
coating structure and thickness, cross-sectional analysis was
performed. Fig. 3A shows the cross section of a 10 BL PE
sample. The cross section shows the PC membrane at the
bottom of the SEM image, as evidenced by the porous cross-
section, with the PE coating on top (indicated by the brackets).
There is a clear interface between the porous PC membrane and
the self-assembled PE coating, but a demarcation (red dashed
line) is included for easy identification. Measuring the thick-
ness of the PE at different points in the SEM cross sections, the
5 BL PE membrane was found to be 1.23 4+ 0.19 um thick and
the 5 BL PE + Phe had a similar thickness of 1.27 + 0.37 um.
The 10 BL PE film, however, was much thicker, at 2.71 + 0.44 pm.
Similar thickness results for PE bilayers were seen in previous
reports,”>®! where thick polymer films were also deposited from
PEI and PAA solutions. From the SEM cross-sectional analysis we
cannot identify any obvious structural changes between the
polyelectrolyte coatings with and without added phenylalanine.
These measured films were largely uniform on the top and the
bottom of the support membrane as the LbL coating deposits on
both sides of the membrane at the same rate. Additionally, the
pores were filled with the deposited polyelectrolyte, which is
consistent with previous studies of these LbL PE films.**

Electrochemical measurements

The thickness of the PE coating is predicted to affect the
membrane ASR. To investigate what effect the coating thick-
ness has on the resulting resistances of the membranes, the
resistance of stacks of membranes cut from the same mother
membrane were measured via impedance spectroscopy as
detailed in the experimental section. The membranes were
stacked and measured to obtain an average resistance per
membrane, thereby eliminating contributions to resistance
from the cables and fixturing. Example plots of the total
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Fig. 3 (A) SEM image of the cross section from a 10 BL PE film on the PC
membrane support. The red dashed line denotes the interface between
the PE coating and the PC support. (B) Plot showing the linearly increasing
PE thickness with number of coated BLs.

resistance vs. the number of membranes stacked together for
bare PC and coated PE membranes (5 BL PE and 10 BL PE) in
1 M NaCl solution are plotted in Fig. 4A. The slope of the
resulting best fit line is a measure of the resistance increase per
membrane which can then be used to calculate the ASR using
the known area of the membranes (all membranes were
0.712 cm?). All the resistance vs. number of stacked membranes
plots show an offset that arises from the test cables and test
assembly and is not involved in the calculation of the average
specific resistance of a membrane.

The resistances for the different membranes, including the
5 BL PE + Phe, are plotted at different salt concentrations in
Fig. 4B. As expected, the bare PC membranes have the lowest
ASR. Obviously, this is due to the pores being open and
allowing facile, less selective movement of ions through the
membrane. However, the addition of ion selective PE film
increases the resistance for the 5 BL PE and again, further
increases for the 10 BL PE. The increase in the overall resis-
tance of the membrane is attributed to the presence of, and the
increase in thickness of the PE (going from 5 to 10 BLs). Both
5 BL PE and 5 BL PE + Phe have similar ASRs, which are higher
than the bare PC membranes, at all salt concentrations. These
coated membranes approach the ASR of the bare membranes at
higher NaCl concentrations. Finally, the 10 BL PE coated
membranes have the highest ASR of the tested membranes,
with an ASR approximately double the 5 BL coated membranes
at every concentration. This increased ASR corresponds with
the increased PE thickness and number of coated PE BLs which
are coating the PC membrane. The presence of the PE in the
pores and on the face of the membrane was expected to
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Fig. 4 (A) Total resistance of stacks of membranes in 1 M NaCl. The slope
of the line was used to calculate the Area Specific Resistance (ASR). (B)
Resulting ASR of the bare PC, 5 and 10 BL PE only, and 5 BL PE + Phe in 0.1,
1and 3 M NaCl.

increase the ASR, compared to bare PC, as it physically
decreases the concentration of mobile charge carriers in the
nanopores. As the NaCl concentration decreases, however,
the PE serves as an ionic buffer in the nanpores and on the
membrane faces. The ASR of the different membranes are
summarized in Table S1 in the ESIL.{ The change in ASR with
decreasing NaCl concentration from 3 M to 0.1 M (Table S1,
ESIY) is observed to be dependent on the coating. The 5 BL PE
membrane ASR changes by 4.15x (1.87/0.45), and the bare PC
membrane changes by 4.64x (1.21/0.26). The addition of Phe
further reduces the concentration dependence, with the ASR of
5 BL PE + Phe changing only 2.97 x (1.81/0.61). Despite having
the highest ASR, the 10 BL PE coated membranes showed the
lowest concentration dependence with a 2.08x (2.75/1.32)
change from 3 M to 0.1 M NaCl concentration, in line with
previous discussion.

Ultimately, the membranes’ selectivity for charged ionic
species dissolved in solution is the focus of this study. To
determine the ionic selectivity of the membranes, each type of
membrane was exposed to solutions with different NaCl con-
centrations placed on opposite sides of the membrane. When
exposed to these conditions, a permselective membrane will
begin to preferentially allow some ions to diffuse from a region
of high concentration to low concentration. Depending on the
membrane’s polyelectrolyte charge density, the membrane will
equilibrate with the ions partitioned at the membrane/solution
interfaces at different levels.®>"®* This ion partitioning will lead
to a buildup of charge at the interface and the ion transport in
the membrane will stop (in the absence of an applied electric
field).®>"®* The buildup of charge at the membrane interface,

This journal is © The Royal Society of Chemistry 2021
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which is a reflection of the membrane’s selectivity, will set up
an electrical potential difference on the membrane, which can
be measured.®® The influence of the PE layers on the ionic
selectivity was determined from the resulting transmembrane
voltage. The membrane voltage, V;,, for a 1:1 monovalent salt
can be described by a modified version of the Nernst equation
shown in eqn (2)."%3>%

Vi = 0.059(1, — 1_)log™® 2)
aW

where a, and a,, are the activities of the NaCl salt solutions with
the ground and working electrodes, respectively, placed in the
side of the U-cell used to measure the trans-membrane voltage.
The NaCl concentrations were converted to activities using the
well-documented activity coefficients.*® The cation and anion
transference numbers, ¢, and ¢_, can have values between 0 and
1. These values relate the membrane’s ability to selectively
transport either cations or anions. A perfectly cation selective
membrane would have a £, =1 and ¢_ = 0, and would yield a
slope of 0.059 V, while for a perfectly anion selective membrane
t,=0and¢_ =1.Avalueoft,=t_ =0.5 (¢, +¢_=1, by definition)
would yield a slope of 0, meaning the membrane has no ionic
selectivity at all, since both cations and anions could diffuse
through the membrane with equal rates. Negative slope would
indicate anion selectivity. Fig. 5A shows example plots of the
membrane voltage as a log function of the ratio of solution
activities. The plots are linear with a positive slope indicating a
cationic selectivity which can be used to calculate the ion
transference capability, or transference numbers. The plot
corresponding to the 5 BL PE + Phe sample has a higher slope
compared to the Bare PC sample, indicating it has a higher
cationic selectivity than the Bare PC.

The bar graph in Fig. 5B shows the resulting cation selectivity
for each of the samples tested. The selectivity values are also
presented in Table 1 for comparison. All the coated samples have
a higher selectivity than the bare PC, as expected. Additionally, the
selectivity of the PE only coatings increases as more is deposited,
where 10 BL PE has a cation transference (¢,) of 86.8% which is
higher than that of 5 BL PE, 81.4%. However, the 5 BL PE + Phe
shows a significant increase in transference as compared to the
5 BL PE despite having the same thickness of PE material. In fact,
the incorporation of Phe increases the cation transference to
86.4% which is on par with the 10 BL PE. This effect is akin to
doubling the number of pure PE BLs applied to the membrane as
seen by comparing the 10 BL PE to the 5 BL PE but does not
increase the actual thickness of the membrane coating (Fig. 3)
and does not increase the resistance of the membrane (Fig. 4).
This is an important finding for these membranes as it has been
reported that ionic selectivity and conductivity are typically bound
by a tradeoff relationship, i.e. increasing ion selectivity will lead to
a decrease in conductivity of a membrane and vice versa.®®

Computational analysis

When comparing the effect of the added amino acid, Phe
incorporation induced a significant effect on the
selectivity of the coatings. These results indicate that the Phe

ion-

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper
(A) 200
E 150 7 A 5BLPE+Phe
A
< 100 7 o arePc p
@ 50 7 e
‘_g 0 ] P
S 50 ] - - y = 30.94x- 0.45
£.100 { ©.&
.‘-é' 450 1 *  y=43.10x-4.35
Q -200 T T T T T T T T T T T T T T T
=
4 3 -2 - (o/)1 3 4
Log(a,/a,,
(B)
2 907
~
= 1 i
£ g5 4
g
o I
& 80 -
2
g -
= 75 4
8
®
© 70 . . ; .
Bare PC SBL PE 10BL PE SBL

PE+Phe

Fig. 5 (A) Plots showing the averaged resulting membrane voltage curves
as a function of salt concentration on either side of the membrane where
the coefficient of determination (R? value) was 0.998 for the 5 BL PE + Phe
and 0.995 for the Bare PC membrane (number of membrane responses
averaged together is n = 4 for bare PC and n = 6 for 5BL PE + Phe). (B)
Cation transference numbers for bare PC, 5 BL PE, 10 BL PE and 5 BL
PE + Phe membranes.

Table1l Values of the slope of the best fit line from the membrane voltage
curves and the resulting calculated transference numbers for the various
PE coatings and PE with added phenylalanine

Slope of line/mV (t — )% t./%
Bare PC 309 £ 0.1 52.2 £ 0.2 76.1 £ 0.1
5 BL PE 37.2 £ 0.9 62.9 + 1.5 81.4 + 0.7
10 BL PE 43.6 £ 0.6 73.7 £ 0.9 86.8 + 0.5
5 BL PE + Phe 43.1 £0.8 72.8 £ 1.4 86.4 + 0.7

presence in the film is an important aspect in the interaction
with solvated cations in the membrane, offering parallels to the
influence of Phe seen in the protein ion channel, channelrho-
dopsin, discussed previously. However, the orientation and
nature of structural integration of the Phe molecules into the
PE film is not known and likely plays a substantial role in the
increase in selectivity. To investigate how the Phe in the film
may be influencing the selectivity of the membrane, computa-
tional analysis was used to determine relative interaction
energies of the ions and Phe in the film.

Earlier analysis of Na® binding free energy along the ion
permeation pathway of channelrhodopsin C1C2 shows that the
protein stabilizes Na* by an amount roughly equal throughout
the full permeation pathway, with many small wells and
barriers. This stabilization through the whole of the permea-
tion pathway (in the protein ion channel) is due to the complex
interaction of all the amino acid constituents working together.
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Solvation free energy within the channel is expected to match
Na hydration free energy.”® Direct interactions between Na* and
functional groups from Phe and other amino acids account for
the stabilization in the protein, and such a profile promotes
rapid Na transport.”

A snapshot of the open state channelrhodopsin protein,
C1C2, is shown in Fig. 1 and was previously discussed. A
sodium ion (Na") trajectory through the polypeptide maps the
ion’s trajectory through the protein.”* In native environments,
Na' enters from the extracellular side of the membrane and
traverses to the intracellular side. As Na' transits through C1C2,
it interacts with several amino acids. The permeation path
mainly contains glutamate (Glu), asparagine (Asn), and multi-
ple Phe. The carboxylate-bearing amino acid side chains of
glutamic and aspartic acids are considered most important to
selectivity of cations over anions,*>®” but Phe also may play a
substantial role.

A notable difference between the channelrhodopsin protein
and the system under study here is that Phe backbone atoms,
including those from the carboxylate group, may interact with
the ions during permeation through the synthetic membrane.
Negatively charged carboxylate groups will naturally attract Na*.
To investigate the roles of carboxylates from PAA compared
with Phe on stabilizing cations, we used electronic structure
calculations to compute enthalpy changes for Na* binding to
IB” (analog to the PAA repeat unit) and Phe™. A computed
molecular electrostatic potential (MEP) map emphasizes the
contrasting electronic states of molecules used to model the
PAA film, with and without incorporation of Phe (Phe and IB~
molecules) as seen in Fig. 6. These molecular electrostatic
potentials visually illustrate the most negatively charged
regions are localized around the carboxylate groups, as
expected. Compared to oxygen atoms of water, the carboxylate
oxygens are more negatively charged, with those from Phe™
more negative than IB™ (Fig. 6).

We found the lowest energy structures for Na* ions binding
to a single charged Phe™ and a charged IB™ (chosen as a model
for a simple monomer of PAA). Studies on Na' binding to the
carboxylate groups of both molecules (Phe™ & IB™) resulted in
the most favorable binding energies relative to other potential
binding sites, as anticipated from the electrostatic profiles
(Fig. 6). To better represent the experimental system, we treated
Na' in complex with its preferred number of contacting water
molecules, seen in Fig. 7A, determined earlier by ab initio
molecular dynamics simulations of Na* in liquid water.”® Those
contacting waters occupy a volume within 3 A from the ion. In
the reactions studied, the [Na(H,0),]" complex exchanges from
one to four waters with one of the substrates to achieve the
most stable new coordinating complex (with either IB™ or
Phe ™). Our modeled complexes change Na" coordination num-
ber, depending on the number of waters exchanged. As illu-
strated in Fig. 7, Na" expands its coordination to 5 when one
water is exchanged. In this particular case, Na(Phe ) and
Na(IB™) are complexed in a bidentate binding mode, along
with three coordinating water molecules to complete the five-
fold coordination structure (Fig. 7B and C). In the other cases
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and positive sites (blue). Spheres are color coded with carbon shown as
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studied, Na" also interacts with carboxylates of Phe™ and IB™ in
bidentate mode (see Fig. S2 of ESI{). With exchange of
2 ligating waters of Na* for an LbL component, a four-fold
coordination structure is maintained. With exchange of 3
ligating waters, a three-fold coordination structure forms. With
exchange of all four ligating waters, a two-fold coordination
complex forms with Na" interacting with the carboxylate group
in bidentate binding mode (Fig. 7D and E).

The models provided in Fig. 7 and ESL, Fig. S2 allow for the
calculation of reaction free energy. We first cross-checked our
computational methods by comparing our calculated hydration
free energy of sodium ion with experimentally estimated values.
Our calculated hydration value of —101.7 kcal mol~* compares
well with earlier calculations’® and an experimental estimate of
—90.8 keal mol *.%¥ The calculated free energy differences for
exchange of one ligating water ([Na(H,0),]") with IB~ and Phe™
(AGgs) illustrate that Phe™ has a slightly higher propensity for
exchange interaction with [Na(H,0),]" in the gas phase
(Table 2). This same small favoring of Phe™ over IB™ occurs
for exchange of two, three, and four waters, but the most
favorable reaction free energy occurs for exchange of one water
(see Tables S2 and S3 in the ESIf). However, this difference
does not account for the large difference in selectivity unveiled
by the experiments. Therefore, we investigated the exchange of
these reaction in the dielectric of water by applying the implicit
polarizable continuum model (PCM). In the dielectric conti-
nuum, the differences in reaction free energy AG,, are more
pronounced (see Tables S2 and S3 in the ESIf{). For the
most favorable reaction, Phe™ shows a more stable energy of
—77.94 keal mol™" compared to —47.46 kcal mol " for 1B~
when all four waters of Na* ion are exchanged (Table 2). The
difference in free energy strongly favors exchange of sodium’s
ligating waters for Phe™ over IB~ by approximately 29 kcal mol .
This indicates that the Na" ion preferentially associates with Phe™
over the PAA carboxylic acids, which may aid in the initial Na* ion
insertion into the film, i.e. going from fully solvated in the aqueous
solution to transitioning into the polyelectrolyte film, thus aiding
transport and increasing selectivity. Transport likely involves the
binding of many Na* to multiple binding sites, and their collective
movement, but that topic will be the subject of future work.

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Cluster models for (A) hydrated Na* ion with 4 water ligands, (B) Na* with IB~ exchanged for 2 water ligands, (C) Na* with Phe™ exchanged for 2 water
ligands, (D) Na* with IB~ exchanged for 4 water ligands, and (E) Na* with Phe™ exchanged for 4 water ligands. Red dashed lines represent distances between Na*
and directly coordinating ligands. These distances are 2.33 A on average for water (A), 2.32 A for IB~ and water (B), 2.33 A for Phe™ and water (C), 2.19 A for IB~ only
(D), and 2.19 A for Phe™ only (E). Spheres are color coded with carbon shown as gray, hydrogen as white, oxygen as red, nitrogen as blue and sodium as purple.

Table 2 Gas and aqueous phase reaction free energies (AG) for the exchange of 1 (favored in gas phase) or 4 (favored in agueous phase) water ligands of

sodium ion with IB™ or Phe™ ligands (see Fig. 7)

Reactions

AGgas/keal mol ™ AG,q/keal mol ™

[Na(H,0),]" + 1B~ = [Na(IB)(H,0);] + 1H,0

[Na(H,O )j +Phe” = [Na(Phe)(H,0);] + 1H,0
[Na(H,0),]" + IB~ = [Na(IB)] + 4H,0
[Na(H,0),]" + Phe™ = [Na(Phe)] + 4H,0

This study demonstrates how biological ion conducting
proteins can inform the engineering of new, more efficient
ion exchange membranes, where the selectivity of LbL depos-
ited PE films can be increased by the addition of Phe to the
dip coating solutions. The increase in selectivity was shown
to be enhanced due to interactions of Na" with Phe, a result
consistent with predictions from the DFT calculations of
channelrhodopsin. The increase in selectivity could be a
result of possible structural changes, such as phenyl ring
stacking between phenylalanine molecules, forming more
complex structures in the polyelectrolyte, or preferential
adsorption of the phenyl ring on the surface of the polycar-
bonate within the pores, or even membrane swelling. While
the co-deposition and self-assembly of the Phe with the PE
polymers may preferentially form structures in the coating
that are beneficial for cation transport, we have no evidence
of this at this time and more work needs to be done to
confirm possible structural changes.

Conclusion

Inspired by biological protein ion channels, the amino acid Phe
was incorporated into PE coatings on nanoporous separator
membranes to tailor transmembrane ion transport. The inclu-
sion of this small molecule amino acid was shown to increase
the ionic selectivity of a LbL deposited PE coating. The PE
films incorporated with Phe had consistently higher cationic

This journal is © The Royal Society of Chemistry 2021

—87.16 —31.55
—90.64 —61.25
—77.42 —47.46
—80.94 —77.94

selectivity than similar thickness films made without Phe,
suggesting that a unique chemical interaction attributed to
Phe is responsible. The added amino acid, in fact, increased the
selectivity of the PE film to rival that of a film that was more
than twice as thick but without the penalty of an increased
membrane resistance. The increased selectivity was attributed
to the stabilization of the Na' ion in the film as determined
from the computational analysis of ion binding free energies.
This study provides insights into how bio-inspired structure-
function relationships can inform tailored performance of new
ionic materials.
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