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ARTICLE INFO ABSTRACT

Keywords: In this study, the build-up of polyelectrolyte multilayers (PEMs) containing 15-crown-5 (CE) groups and their
Polyelectrolyte multilayers interactions with various cations were studied by using quartz crystal microbalance with dissipation monitoring
Crown ether (QCM-D). First, poly(allylamine hydrochloride) (PAH) was modified with 4’-carboxybenzo-CE via carbodiimide
E:Z':i)sse{i polymer chemistry. GE was chosen as its complexes with Na™ and K* are reported to be more stable compared to those

with other cations. The resulting functionalized polyelectrolyte (PAHCE) and poly(4-styrene sulfonic acid) (PSS)
were used in the layer-by-layer build-up of a multilayer onto gold-coated quartz resonators, enabling their
characterization with QCM-D. Compared to (PAH/PSS)4, (PAHCE/PSS), resulted in slightly thicker layers based
on Voigt (65 £ 5 vs. 57 + 3 nm) and Sauerbrey (45 + 2 vs. 38 + 3 nm) modelling of the QCM-D data. The same
trend was found for the optical, dry thickness, as obtained with ellipsometry (15 + 0.3 vs. 13 £ 1 nm). Next, the
QCM-D characteristics of these PEMs were monitored in situ when exposed to various aqueous salt solutions (LiCl,
NaCl, KCl, CsCl, RbCl, and MgCly). Starting from Cs™, the frequency change of the (PAHCE/PSS), system upon
changing to K" and Na™ solutions was found to be ~ 3 times larger than for (PAH/PSS),. With a polycation
(PAHCE) as the outermost PEM layer, the salt-exchange behavior was less visible due to increased charge
rejection of cations. Therefore, we also modified a bio-based polyanion, pectin with 4’-aminobenzo-CE and built
(PAH/pectinCE)4. Also in this case, the addition of CE increased the PEM layer thickness compared to (PAH/
pectin)4, both in a wet state (Sauerbrey modelling, 447 + 19 vs. 314 + 17 nm) and when dry (115 + 4 vs. 66 + 3
nm). Again, we observed the largest QCM-D responses for K" and Na™ solutions (~ 6 and 12 times larger,
respectively) compared to (PAH/pectin)4. The effect of CE is more prominent in pectin-based PEMs due their
relatively higher thickness. Given the large toolbox of available polyelectrolytes and ionophores, we anticipate
that functionalized PEMs can facilitate the further development of ion separation applications.

Ion selectivity

1. Introduction

Selectivity is crucial for applications that involve the detection and
separation of ions, including in clinical chemistry [1], environmental
monitoring [2], and water treatment [3-6]. For instance, K" and Na™*
selectivity is important for a rapid and reliable detection of these ions,
which both play a regulating role in the cellular electrolyte metabolism
[7], while K" over Na% selectivity is important for greenhouse appli-
cations, as it assists the recycling of irrigation water [4]. Other examples
from the field of water treatment include the reduction of water hard-
ness (divalent over monovalent selectivity) [3,5], and the recovery of
nutrients, such as phosphate [5,6,8,9], and valuable metals such as
lithium [10,11]. Similarly, levels of arsenic, lead, and mercury are
monitored to check heavy metal contamination in the environment and
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blood samples[12].

One interesting and attractive way to tune ion selectivity is to
introduce polyelectrolyte multilayers (PEMs) [5,6,8,10,11,13-16].
PEMs are composed of alternating layers of oppositely charged polymers
and can control the physicochemical properties of various surfaces,
including those of membranes and electrodes [17-21]. As such, PEMs
provide a versatile and facile way to tune separation processes of various
species like gases, solvents and ions [22,23]. Moreover, the selectivity of
PEMs strongly depends on structural features like the molecular weight
and/or charge density of the constituting polyelectrolytes [19,24-26],
the number of layers in the PEM, as well as experimental conditions,
including the ionic strength [27-29], the type of supporting electrolyte
[30-33] and the pH [34-37] of the solution in which the PEM is pre-
pared or in contact with.
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The ion-separation properties of PEMs mostly rely on their charge-
and size-dependent rejection mechanisms towards a certain (type of) ion
[3,22,23,38]. Interestingly, the ion-selective behavior of PEMs can be
further tuned via the incorporation of ionophores. Typically one of the
polyelectrolytes is replaced by an ionophore during layer build-up, or
the ionophore is trapped within the PEM [39-41]. For example, Tou-
tianoush et al. combined various negatively charged calixarene de-
rivatives with poly(vinyl amine) to build calixarene-functionalized
PEMs, which demonstrated ion-selective properties towards mono-
valent, divalent, or trivalent cations based on the ring size of the calix-
arene ring [39]. However, the lack of covalent bonds between the
macromolecular polyelectrolytes and low-molecular-weight ionophores
makes such systems limited in stability due to the problem of leaching of
the ionophore to the environment. Alternatively, ionophores are cova-
lently attached to the polyelectrolyte backbone [9,10]. For instance, Cao
et al. chemically attached guanidinium moieties to a polycation, to yield
a functional macromolecule that was found to be useful in building
PEMs that showed increased interactions with phosphate ions [8,9,42].

Given the importance of PEMs in alkali metal ion recognition pro-
cesses, including those relevant for ion sensors [1,4,40,41,43-47] and
pressure-driven ion separations [39,48,49], we now covalently attached
a crown ether to polyelectrolytes and incorporated these in PEMs for ion
selectivity.

In order to study the structure of (functionalized) PEMs and their
interaction with different ions, quartz crystal microbalance with dissi-
pation monitoring (QCM-D) is a widely used technique [9,50-53]. In
short, QCM-D makes use of a resonating gold-coated, piezo-active sensor
onto which PEM layers can be built [54,55]. The resonance frequency is
monitored online and frequency changes are proportional to the changes
in mass, as shown by Eq. (1): [56]
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where Am (ng e cm2) is the areal mass density of the adsorbed film, C
(1.77 ng e cm 2 e Hz’l) is the mass-sensitivity constant, Af, (Hz) is the
frequency shift and n is the harmonic number (3, 5, 7, 9, 11). The
thickness of the films is determined either using the Sauerbrey model,
which is suitable for rigid layers, or using a viscoelastic model that is
mainly used for soft PEM coatings [50,51,57]. Furthermore, the dissi-
pation mode of QCM-D enables one to obtain information on the
viscoelastic properties of the layers.

In this study, we aim to extend the scope of ion-selective PEM
coatings by attaching crown ether units as ionophore to two poly-
electrolytes, and to better understand the interactions between the
functionalized PEMs — as well as their non-functionalized equivalents —
and various cations. Although the effects of different anions on the PEM
structure have been studied previously via QCM-D [28,33,58-61], a
comparable, comprehensive study with alkali (earth) metal cations has
not been reported yet. Also, the cation preference of an
ionophore-containing PEM has not been studied yet with QCM-D. In
addition, apart from an interesting series of adsorption selectivity
studies on crown ether-functionalized chitosan[62-68], the number of
studies on crown ether-functionalized, bio-based polyelectrolytes for ion
studies is limited [62]. Moreover, in those studies atomic adsorption
spectrophotometry was exclusively used to analyze the metal concen-
trations in supernatant solutions of centrifuged polyelectrolyte-salt so-
lutions. While this was useful in terms of adsorption selectivity at the
single polyelectrolyte level, the use of PEMs also enables the use of
surface-related analytical techniques. In this study, we covalently
attached 15-crown-5 (CE) to both poly(allylamine hydrochloride) (PAH)
and pectin, to obtain different PEMs that are decorated with ionophore
groups. Pectin was the natural polyelectrolyte of choice since it can be
obtained from citrus peel, making it an affordable and biodegradable
polyanion, while PAH is widely used polycation to build PEMs. CE was
chosen as its complexes with Na* and K™ are reported to be more stable
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compared to those with other cations [69-72]. The interactions between
various cations and CE-containing PEMs and their non-functionalized
equivalents as well as the effect of CE modification on PEM properties
were studied by a real-time gravimetric method, QCM-D.

2. Materials and methods
2.1. Materials

Poly(allylamine hydrochloride) (PAH, M,y ~ 450,000 Da), poly(so-
dium 4-styrenesulfonic acid) solution (PSS, M,, =~ 75,000, 18 wt. % in
H30), pectin (from citrus peel, galacturonic acid >74.0% (dried basis)),
4’-carboxybenzo-15-crown-5 (>98%), 4’-aminobenzo-15-crown-5
(97%), N-hydroxysuccinimide (NHS, 98%), N-(3-dimethylamino-
propyl)-N’-ethylcarbodiimide hydrochloride (EDC, >98%), lithium
chloride (BioXtra, >99.0%), sodium chloride (NaCl, > 99%), potassium
chloride (BioXtra, >99.0%), rubidium chloride (ReagentPlus®, >99.0%
(metals basis)), cesium chloride (ReagentPlus®, 99.9%), anhydrous
magnesium chloride (MgCly, > 98%), sodium dodecyl sulfate (ACS re-
agent, >99.0%), 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt
(TSP-D4), and Hellmanex™ III (cleaning concentrate) were purchased
from Sigma Aldrich. Hydrochloric acid (36.5 — 28.0% NF grade) was
purchased from VWR International. All chemicals were used as received
without further purification. The inorganic salts were kept in a vacuum
oven overnight prior to use. Dialysis membrane cellulose tubing (with a
cut-off ~ 14 kDa) was bought from Sigma Aldrich. Milli-Q water (18.2
MQecm, Milli-Q Integral 3 system, Millipore) was used to prepare salt
and polyelectrolyte solutions. Gold-coated quartz resonators (AT-cut,
QSense 301, < 1 nm RMS, 100 nm Au) with a fundamental frequency
(fo) of 5 MHz were purchased from Biolin Scientific, Sweden.

2.2. Methods

2.2.1. Synthesis and purification of the crown-ether functionalized
polyelectrolytes

EDC-NHS carbodiimide-assisted coupling reactions were used to
synthesize crown-ether containing polyelectrolytes. The protocol was
adapted from the work of Cao et al.[9].

A series of PAH derivatives with different degrees of substitution
were synthesized by changing the molar feed ratio of the monomeric
allylamine hydrochloride and 4’-carboxybenzo-15-crown-5 (carboxy-
CE). The synthesized products were abbreviated as PAHCE #1, PAHCE
#2, and PAHCE #3 for the feed ratios of 10:1, 10:2, and 10:3, respec-
tively. Amino groups of the PAH reacted with the carboxylic acid groups
of the carboxy-CE to yield a conjugate of the two molecules joined by a
stable amide bond (Scheme 1A). Briefly, for the 10:2 ratio case, PAH (0.2
g, 2.140 mmol, 1 equiv.) and carboxy-CE (0.134 g, 0.428 mmol, 0.2
equiv.) were dissolved 30 mL of Milli-Q water. Followed by the addition
of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (0.984 g, 5.136
mmol, 2.4 equiv.) and N-hydroxysuccinimide (0.492 g, 4.28 mmol, 2
equiv.). The reaction mixture was stirred for 72 h at room temperature.
The mixture was afterwards transferred to a dialysis tube (cut-off 14
kDa), which was then kept in ample Milli-Q water for 48 h. The water
was refreshed every 12 h, and at the end of the dialysis the retained
mixture was freeze dried. In the rest of the study, PAHCE #2 derivative
was used unless otherwise stated.

Similarly, pectin was functionalized with 15-crown-5 (Scheme 1B).
The carboxylic acid groups (of which the pKjy is generally believed to be
in the range between pH 3.5 and pH 4.5) of pectin do not only make it a
polyanion, but can also be used to covalently attach an amino-CE. In
more detail, pectin was functionalized with 4’-aminobenzo-15-crown-5
(amino-CE) by using a 10:2 feed ratio. Pectin (0.1 g, 0.497 mmol, 1
equiv.) and amino-CE (0.028 g, 0.099 mmol, 0.2 equiv.) were dissolved
in 20 mL of Milli-Q water, to which was subsequently added 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (0.229 g, 1.193 mmol, 2.4
equiv.) and N-hydroxysuccinimide (0.114 g, 0.994 mmol, 2 equiv.). The
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Scheme 1. Reaction schemes for the synthesis of (A) PAHCE and (B) pectinCE and schematic representations of the PEM-coated QCM sensors.

reaction mixture was stirred for 72 h at room temperature. The mixture
was afterwards transferred to a dialysis tube (cut-off 14 kDa) and kept in
ample Milli-Q water for 48 h. The water was refreshed every 12 h, and at
the end of the dialysis the mixture was freeze dried.

Since the molecular weight of the functionalized polyelectrolytes
was not exactly known, yields were calculated by dividing the mass of
the product obtained after the purification by the sum of the masses of
the reactants (either PAH and carboxy-CE or pectin and amino-CE), as
described in the literature [9].

2.2.2. Characterization of PAHCE and pectinCE

The structures of the products were characterized by nuclear mag-
netic resonance (NMR) spectroscopy (Bruker AVANCE, 400 MHz for H
and 101 MHz for '3C with deuterated water (D50) as solvent). In addi-
tion to one-dimensional NMR experiments, two-dimensional NMR ex-
periments, correlation spectroscopy (COSY), heteronuclear single
quantum coherence (HSQC), and heteronuclear multiple bond correla-
tion (HMBC), were conducted for PAHCE. Additionally, diffusion-
ordered spectroscopy (DOSY) was used to confirm the covalent
bounds between the CE moieties and PAH backbone. TSP-d4 was used as
an internal standard when acquiring the 'H-NMR spectrum of pectinCE
by dissolving 14.1 mg of pectinCE and 0.65 mg of TSP-d4 in 1 mL of D20.
The spectra were processed with MasterNova 14.1.0.

Fourier-transform infrared (FT-IR) spectra were recorded with a
Bruker Tensor 27 spectrometer equipped with a platinum attenuated
total reflection (ATR) accessory. The samples were placed on the crystal
of the ATR accessory as powder. Each spectrum was acquired with 64
scans with a resolution of 4 cm™L.

2.2.3. Preparation of polyelectrolyte and salt solutions

Salt solutions (0.15 M) were prepared by dissolving the appropriate
amount of salt in Milli-Q water. The pH of these solutions was adjusted
to 5.0 (using a pH meter, Innolab, WTW series) by adding drops of a
diluted HCI solution. Polyelectrolyte solutions were prepared by dis-
solving 25 mg of the polyelectrolyte in 50 mL of CsCl solution (0.15 M, at
pH 5.0).

2.2.4. Multilayer build-up

The experiments were performed by using gold-coated quartz sen-
sors in a QCM-D set-up (Q-Sense E4, Biolin Scientific, Sweden) at 18 °C.
Prior to the experiments, the sensors were dipped in a 2% sodium
dodecyl sulfate solution for 30 min, and rinsed excessively with Milli-Q
water. After rinsing, they were dried with a flow of nitrogen and treated
with UV-ozone cleaner (Procleaner UV.PC.220, Bioforce Nanosciences)
for 20 min.

All polyelectrolyte and salt solutions were bubbled with nitrogen for
15 min in order to reduce the concentration of dissolved oxygen that
may cause an unstable baseline. The flow rate of solutions was 50 uL/
min in all experiments.

Before each experiment, a CsCl solution (0.15 M, at pH 5.0) was
pumped through the QCM-D cells via a peristaltic pump (Ismatec, high
precision multichannel dispenser) for 30 min to have a stabile baseline.
Afterwards, the resonance frequency and dissipation values obtained
with CsCl were recorded as baseline and the deposition of poly-
electrolytes started by switching to the appropriate solution. The real-
time build-up of PEMs started with a polycation for each experiment.
The PEMs abbreviated as (PAH/PSS),, (PAHCE/PSS),, (PAH/pectin),,
and (PAH/pectinCE),, where n indicates the number of bilayers. Alter-
nating layers of polycation and polyanion were deposited on the gold
sensors by alternate pumping of each solution for a minimum of 10 min
to build the PEMs. After the build-up, a CsCl solution was pumped to the
PEM to remove any weakly attached polyelectrolytes. Then, salt-
exchange experiments were performed by using the PEM-coated sen-
sors. Note that the term salt- or ion-exchange [9,58], or alternatively
specific ion effect [61], is regularly used in studies where coatings are
exposed to different salt conditions.

Frequency (Af) and dissipation shifts (AD) were acquired at the 3rd
(15 MHz), 5% (25 MHz), 7" (35 MHz), 9" (45 MHz), and 11" (55 MHz)
harmonic overtones. The 3™ overtone was chosen for the comparison of
various experiments as it is one of the most suitable harmonics to reflect
the surface character of the film [9,34,35]. The data was recorded with
QSoft (version 2.8.0.913, Analyzer) and analyzed with DFind (version
1.2.7) software. The mass of the assembled PEMs was calculated by
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using the Sauerbrey equation (Eq. (1)), and the (wet) PEM thicknesses
were calculated based on Sauerbrey modelling in DFind. Eq. (1) shows
that decrease of frequency is associated with increase in mass, therefore
a higher thickness value. As Sauerbrey modelling is for rigid films, the
wet thicknesses of the films were also estimated via Voigt modelling in
DFind. In Voigt modelling, the density of the default bulk liquid water
(20 °C) was chosen as 998 g/L and the densities for the default layer
materials were chosen as 1020 g/L (PAH), 1050 g/L (PSS), and 1300 g/L
(pectin).

(A)
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2.2.5. Spectroscopic ellipsometry analyses

The optical (dry) thickness of the PEM coatings was measured after
freshly-coated sensors were rinsed with Milli-Q water and dried with a
gentle flow of nitrogen. The data were obtained by using an Accurion
Nanofilm_ep4 imaging ellipsometer in air at room temperature. The
wavelength range of the light was 1 = 400.6—761.3 nm at an angle of
incidence of 50°. The data were fitted with EP4 software using a
multilayer model and a refractive index of 1.397 for gold.
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Fig. 1. 1H-NMR spectra of (A) PAHCE #2 (400 MHz, D,0) & 7.69 - 6.69 (m, 3H), 4.50 — 3.56 (m, 17H), 3.53 — 0.25 (m, 52H), and (B) pectinCE with TSP-d4 as an

internal standard.
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2.2.6. Salt-exchange experiments with QCM-D

After the aforementioned PEMs were built, a CsCl solution (0.15 M,
pH 5.0) was flushed through the QCM-D cell for at least 30 min to get a
stable baseline. Once achieved, various salt solutions (e.g LiCl, NaCl,
KCl, RbCl, MgCl,, etc.) were pumped to the QCM-D cells one by one.
Each salt solution was pumped through the QCM-D cell for at least 30
min. Finally, the salt solutions were replaced by a CsCl (0.15 M, pH 5.0)
solution to reach the baseline.

After the experiments, 50 mL of 1% (v/v) Hellmanex III solution was
run through the QCM-D cell at 40 °C. Then, the system was rinsed with
at least 50 mL of Milli-Q water, before drying it upon air. All PEM build-
up and salt-exchange experiments were repeated at least three times,
and the reported values result from averaging the resulting data.

3. Results and discussion
3.1. Synthesis and characterization of PAHCE and PectinCE

Crown ether-functionalized PAH derivatives (PAHCE #1, PAHCE
#2, and PAHCE #3) were synthesized via a carbodiimide-assisted
coupling reaction as shown in Scheme 1A by using different molar
feed ratios of the polymer and CE. The combination of bands in the ar-
omatic and aliphatic region of the 'H-NMR spectrum of PAHCE #2
(Fig. 1A) does not only show that the attachment was successful; it can
also be used for a quantitative analysis. In more detail, the bands in the
3.53-0.25 ppm region are attributed to the protons in the PAH backbone
(—CH2—CH-) and the methylene protons in the side chain (—CH—NHa
/ CH—NHR). The chemical shift of these aliphatic signals was
confirmed by 'H-NMR and HSQC spectra of the unmodified PAH
(Figs. S1 and S2). The signals at 7.69 — 6.69 ppm and 4.50 — 3.56 ppm
can be attributed to three protons of the aromatic moiety in the CE and
the aliphatic CH»O signals of the crown ether, respectively. The degree
of modification was calculated by comparing the integration of the ar-
omatic protons of the crown ether and the aliphatic protons of PAH.
Based on this calculation, the degree of substitution for PAHCE #2, for
which the feed ratio was 20%, was found to be 94+1%, which is com-
parable to those of other functionalized polyelectrolytes [9,20]. Addi-
tionally, also 13¢ NMR, DOSY, and COSY spectra confirmed the
attachment of CE units to the polymer backbone (Figs. S8-10). After the
purification step, PAHCE was obtained as a yellow solid with a yield of
91% =+ 4. Similarly, the degree of modification for PAHCE #1 and
PAHCE #3 was found to be 5% and 14% (Figs. S5 and S6).
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Pectin was also successfully functionalized with CE as confirmed
with '"H-NMR (Fig. 1B). After purification, pectinCE was obtained as
white solid with a yield of 75% =+ 9. The degree of modification was
calculated based on the known concentration of pectinCE and TSP-d4
dissolved in D50 and the observed integral values of the aromatic pro-
tons and TSP- d4 signal. This showed that the w/w% of CE units in the
pectinCE is 2.3 + 0.3, meaning ~1.7 mol% CE in pectinCE. Although,
the degree of functionalization is relatively lower than the one of PAHCE
(9 £ 1%), this can partly be explained by the nature of pectin. It is noted
that this percentage is with respect to all monomer units, i.e., those with
free carboxylic acid moieties (>74%) and those with the non-reactive
methyl esters (<26%). Therefore not all monomers of pectin are avail-
able for functionalization, unlike PAH.

All four polymers, i.e. PAH, PAHCE, pectin, and pectinCE, were also
analyzed by FT-IR (Fig. 2) and here we describe the main differences
upon functionalization. In case of PAHCE (Fig. 2A) the characteristic
amide C=O stretching peak at 1632 cm™! and in-plane N—H bending
peak at 1527 cm™! confirm the presence of the C=0 amide bond be-
tween PAH and CE moieties [9]. Also, C—H stretching bands of unsat-
urated (spz) carbon bonds (3100-3000 cm™ 1) correspond the aromatic
ring of the crown ether moieties. Lastly, although difficult to assign with
certainty as it is in the middle of the fingerprint region, the strong signal
at 1127 cm ™! can likely be attributed to G-O stretching vibrations, and
thus also point to the presence of crown ether moieties [73]

The differences between the FT-IR spectra of pectin and pectinCE are
less prominent. In case of pectin, the signals at 1600 cm ™! and 1735
em ™! correspond to the vibrations of the acid and ester carbonyls,
respectively [74]. Although in case of pectinCE an additional
amide-based carbonyl signal would be expected, it is difficult to observe
such a signal due to the overlapping signals in the carbonyl region.
Instead, in this region, while the other two carbonyl-related signals in
the IR spectra of pectin and pectinCE appear at the same position, one of
the bands shifts from 1735 cm ™! to 1743 cm™! upon the functionaliza-
tion, suggesting a change in the structure after additional of CE groups.

To further analyze the structure of pectinCE, X-ray photoelectron
spectroscopy was used in addition to 'H-NMR and FTIR.

Fig. S14 shows the wide-scan XPS spectra of pectin (Fig. S14A) and
pectinCE (Fig. S14B), which are coated on gold substrates. Typically, a
wide-scan XPS spectrum is associated with a table that provides the
elemental composition and the percentage of those elements as well as
their binding energies. In case of pectin (Fig. S14A), only C and O peaks
are present in the spectrum as expected based on its structure. However,
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Fig. 2. FT-IR spectra of (A) PAH (blue) and PAHCE (purple) (B) pectin (blue) and pectinCE (purple). The bands that appear upon the functionalization are designated

by the boxes and related text labels.
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the XPS spectrum of pectinCE (Fig. S14B) shows ~ 3% of N, indicating
the presence of crown ether units linked via amide bonds. Since (i) the
peak integration is not accurate for such small peaks and (ii) it is hard to
determine the exact % C due to the carbon contaminants in air, it is not
possible to obtain accurate values for the degree of functionalization
based on XPS spectra. However, qualitatively XPS shows that the syn-
thesis of pectinCE was successful, which is in line with the 'H-NMR data.

In conclusion, both PAHCE and pectinCE were synthesized success-
fully and their structures were characterized with various spectroscopic
techniques. After characterization of PAHCE and pectinCE, the build-up
of PEMs on gold-coated QCM sensors was studied with QCM-D.

3.2. PEM build-up of (PAHCE/PSS)

First, a well-studied PAH/PSS PEM [19,51,75] was chosen to see the
effect of CE moieties in the layer build-up. In order to compare the layer
properties, an equal number of layers (four bilayers) was coated for all
types of PEMs. Fig. 3 shows a representative real-time change in fre-
quency and dissipation response for the 3rd, 5th, and 7th harmonics of
(PAHCE/PSS)4 and (PAH/PSS)4. CsCl was chosen as the supporting
electrolyte for the PE solutions as the relatively large Cs™ ions have less
interaction with CE derivatives compared to the smaller alkali metal
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ions [69,76]. Therefore, each build-up (and intermediate washing step)
was started by flushing a 0.15 M CsCl solution over a bare QCM sensor
until a stable base line was observed. Each time that a polyelectrolyte
solution was flushed through the QCM-D cell in an alternating fashion in
terms of polycation and polyanion, the frequency decreased with a
concomitant increase in the dissipation, resulting in cumulative plots
that are typical for the build-up of PEMs [9,61,77,78]. Table 1 provides
an overview of the averaged QCM data for the various samples. The
overall averaged frequency shift for (PAHCE/PSS)4 was found to be
higher than the one of (PAH/PSS)4 (257 & 10 Hz vs. 218 + 14 Hz), while
the average change in the dissipation was comparable (41 + 4 ppm and
43 + 5 ppm, respectively). These results indicate the CE units contribute
to the adsorbed mass, but that this has no effect on the viscoelastic
properties of the PEM.

Next, based on the frequency and dissipation shifts the thickness of
the PEMs was calculated by using the Sauerbrey and Voigt models
(Table 1, top entries). For the PAH/PSS system the use of PAHCE results
in a larger (wet) thickness. Although the Sauerbrey model gives an
approximate thickness based on frequency change [79], the Voigt model
gives a more realistic thickness value for viscous and hydrated layers
[50,55,57]. For such systems, harmonics are well separated from each
other and spread as shown in Fig. 3. After the QCM-D experiments, the
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Fig. 3. Real-time QCM-D data showing representative changes in the frequency (A and B) and dissipation (C and D) for the 3" 5™ and 7% overtones of the build-up
of (PAHCE/PSS), (A and C) and PAH/PSS)4 (B and D) in 0.15 M CsCl. The plus and minus signs represent the polycation and polyanion in the PEMs, respectively.
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Table 1

Applied Surface Science Advances 11 (2022) 100271

The total change in frequency and dissipation for (PAH(CE)/PSS)4, (PAHCE/PSS)3 5, and (PAH/pectin(CE))4 multilayers and the modelled (Sauerbrey and Voigt) and
the optical thickness values of the PEMs. Each value is the average of three independent experiments.

Type of PEM Af3(Hz) AD3 (ppm) Sauerbrey thickness (nm) Voigt thickness (nm) Optical thickness (nm)
(PAH/PSS)4 —218 + 14 41 + 4 38+3 57 £3 13+1

(PAHCE/PSS)4 —257 £ 10 43+5 45 + 2 65+5 15+ 0.3
(PAHCE/PSS); 5 —235+8 37+1 41+1 60 + 4 15+ 2

(PAH/pectin), —1757 + 93 303 + 44 314 + 17 - 66 + 3
(PAH/pectinCE), —2497 + 105 455 + 56 447 £ 19 - 115+ 4

@ Data did not fit the Voigt modelling. Please see section 3.3 for further explanation and discussion.

QCM sensors were rinsed with MQ water and dried with a flow of ni-
trogen to measure their optical thickness values via ellipsometry. As
expected, given their air-dried state, the optical thickness of (PAH-
CE/PSS)4 and (PAH/PSS); PEMs are smaller than the modelled wet
thickness values. Although less pronounced, the CE does result in a
larger optical thickness. The obtained wet and dry thickness values for
(PAH/PSS)4 were found to be in line with values reported in literature
[9,78,80].

3.3. PEM build-up of (PAH/pectin(CE))4 with QCM-D

Next, as an alternative to PAH/PSS PEM, which is fully of fossil-based
origin, we studied the use of a natural polyanion, pectin. PAH/pectin
and PAH/pectinCE PEMs were built on the QCM sensors in a similar
fashion as the PAH(CE)/PSS PEMs. Fig. 4 shows the real-time change in
the frequency and dissipation responses of the 3rd, 5th, and 7th har-
monics, confirming the successful the build-up of (PAH/pectinCE)4 and
(PAH/pectin)4; PEMs. Compared to PAH(CE)/PSS PEMs, PAH/pectin
(CE) PEMs have higher frequency and dissipation shifts. From these data
it becomes clear that the differences in frequency and dissipation are
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Fig. 4. Real-time QCD-D data showing representative changes in the frequency (A and B) and dissipation (C and D) for the 3 5t and 7™ overtones of the build-up
of (PAH/pectinCE), and PAH/pectin), in 0.15 M CsCl. The plus and minus signs represent the polycation and polyanion in the PEMs, respectively.



S. Sahin et al.

mainly originating from the polyanion (pectin or pectinCE) layers,
which is in line with the few reported QCM studies using pectin [81,82].

Using pectin instead of PSS resulted not only in higher overall shifts,
but also affected the PEM build-up in at least the following two ways.
First, coating steps that involve pectin(CE) show longer stabilization
times compared to PSS (30 vs. 10 min per layer). Second, while the PAH
(CE)/PSS system shows an almost linear frequency change during the
PEM build-up, the PAH/pectin(CE) system shows a non-uniform growth
pattern, where changes in f and D increase during the PEM build-up. In
more detail, the overtones overlap more in the beginning of the process
and the PEM eventually becomes more viscoelastic. It becomes clear
from the growth patterns that pectin-containing PEMs are larger in size
and more heterogeneous compared to the ones with PSS (with or
without CE units). The heterogeneity (e.g. more voids) in the structure of
the PAH/pectin(CE) could explain the aforementioned non-linear
growth pattern, as in such a system more PAH can move in the PEM
and lead to further interpenetration of polyelectrolytes. This would
cause a less neatly stacked PEM and therefore would increase the pos-
sibility of adsorption of larger amounts of pectin(CE).

Furthermore, the use of pectinCE instead of pectin resulted in a
higher total frequency. This trend was also observed for PAH(CE)/PSS
PEMs, but for pectin(CE) the increase is more pronounced (x40 vs.
~18%). Also, the dissipation value increases ~50% when using
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pectinCE, while we observed hardly any dissipation effect of CE in the
PAH(CE)/PSS system, as CE units possibly cause more voids in the PAH/
pectin system.

Based on the above-described QCM-D data the thickness values of the
(PAH/pectin(CE))4 were modelled in a similar fashion with the (PAH
(CE)/PSS)4 via the Sauerbrey equation (Table 1, bottom entries). As
expected based on its higher frequency shift, (PAH/pectinCE)4 resulted
in a thickness that is ~40% higher than the one of (PAH/pectin)4. Due to
limitations of the modelling software (DFind), Voigt thicknesses could
not be obtained for PAH/pectin(CE) as the data did not fit the modelling
after a certain number of layers (~6th layer).

Finally, the optical thickness of air-dried PEMs were measured and
found to be smaller than the wet thickness values, as expected. (PAH/
pectinCE), was found to be 1.7 times thicker than (PAH/pectin)a.
Moreover, when compared to PAH(CE)/PSS PEMs, PAH/pectin(CE)
PEMs were found to be thicker (Table 1, bottom entries). For instance,
the Sauerbrey thickness of (PAH/pectin)4 is ~8 times larger than (PAH/
PSS)4, indicating the effect of different polyanion on PEM thickness.
Also, the Sauerbrey thickness of (PAH/pectinCE), is ~10 times larger
than the one of (PAHCE/PSS).
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Fig. 5. Frequency change (3" harmonic) as a function of time, recorded for the QCM-D sensors coated with (PAHCE/PSS), (orange), (PAH/PSS),4 (green) exposed to
cycle of changing the 0.15 M salt solution: from CsCl to XCl (where X is Li, Na, Rb or Cs), followed by a final rinsing step using CsCl. The dashed lines indicate the

moment in time at which the salt solutions were switched.
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3.4. Salt-exchange experiments with QCM-D

Since PEM properties are determined by the type of counterion and
the ion concentration, PEMs are sensitive to post-assembly conditions
[30,50]. Therefore, interactions between PEMs and various ions can be
studied via salt-exchange experiments. This approach has been pursued
for PEMs (without ionophore units) to study the post-assembly changes
in PEMs by exposing them to solutions with different anions [58,59].
When a PEM is rinsed successively with solutions that each contain a
different salt, ionic interactions can be understood based on the changes
in frequency and dissipation. For this purpose, we performed a series of
experiments and tested the effect of various parameters on cationic in-
teractions of CE-containing and PEMs and their non-functionalized
equivalents. In order to study whether PEMs with a crown ether show
a preference towards a certain type of cation, CsCl was chosen as a
supporting electrolyte during the build-up of all PEM coatings and also
as the background electrolyte during all washing and stabilization steps.

3.4.1. Effect of crown ether units in (PAH/PSS)4 PEMs

Fig. 5 presents the frequency shifts as a function of time recorded for
both (PAH/PSS)4 and (PAHCE/PSS),4 before and after exposure to so-
lutions containing 0.15 M of LiCl, NaCl, KCl, or RbCl. When switching
from CsCl to another salt solution, a certain amount of Cs" can be
replaced by the other cation due to the concentration gradient (diffu-
sion), as previously described for various QCM-D experiments where
anion-exchange behavior of the PEMs was investigated [9,30,58]. Each
salt was studied in a separate experiment and for all experiments the
PEMs were rinsed with a CsCl solution before and after being exposed to
the specified salt (indicated with dashed lines in Fig. 5).

Before investigating the effect of CE on the PEM-cation interactions,
the interactions of (PAH/PSS)4 with different salts were studied (indi-
cated as green lines in Fig. 5). The shifts in frequency and dissipation
were observed to be salt-dependent. A change in frequency can be
explained by a combined effect of the i) difference in amount and weight
of any cation exchange, and ii) difference in the amount of water that is
associated to the PEM and/or counterion present in the PEM. Upon
changing from Cs™ to Li* the frequency decreased (Fig. 5A), indicated an
increase in adsorbed mass. Considering the much smaller atomic mass of
Li compared to Cs (6.94 amu vs. 132.91 amu), this difference can be
attributed to the higher degree of hydration of Li* (3.82 A vs. 3.29 A for
Li" and Cs™, respectively)[82] and/or the uptake of more Li". On the
other hand, when switching from Cs* to K* or Rb* (Fig. 5C andD) an
increase in frequency is observed, suggesting a decrease in mass.
Considering that the hydrated sizes of Rb™ and Cs™ are comparable
(~3.29 10\) [83] and the difference in atomic mass (132.91 amu vs. 85.47
amu for Cs and Rb, respectively), the difference in f can be rationalized
by the difference in atomic mass of the cation itself. Similarly, K" has a
smaller atomic mass (39.10 amu) than Cs™, but their hydrated sizes are
comparable (3.31 A vs. 3.29 A, for K" and Cs™, respectively) [83],
indicating that the increase in frequency (i.e. lower mass) can be
explained by the smaller atomic mass of K" compared to Cs™. Lastly,
when switching to Na® (3.58 A, [83] 22.99 amu) the difference in
atomic weight and hydrated size of Na* and Cs* balance each other and
no significant change in frequency was observed. Trend-wise our ob-
servations are in line with studies where anion-exchange properties of
PEMs were studied [28,33,61]. In these studies, increased changes in
frequency were observed when PEMs were exposed to solutions with
anions with higher atomic mass and/or hydrated size.

Next we discuss the changes in QCM-D data for the (PAHCE/PSS)4
system. The orange-colored graphs in Fig. 5 represent the frequency
changes for (PAHCE/PSS), for different salt solutions. While the changes
in frequency for Li* and Rb" are within ~1 Hz, the difference for K" and
Na™ due to the presence of CE units is larger (3 Hz). Qualitatively, these
results are in line with literature reporting on the use of 15-crown-5 in
membrane-based electrodialysis [4] and nanofiltration [10] processes.
Furthermore, the selectivity of CE units for both Na™ and K has also
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been studied theoretically [84]

After comparing (PAHCE/PSS)4 with (PAH/PSS)4 for monovalent
cations, 0.15 M CsCl solution was replaced with 0.15 M MgCl; solution
to study the effect of a divalent cation. Fig. 6 shows a change in fre-
quency of ~15 Hz when changing the salt solutions from CsCl to MgCl,
to CsCl, indicating an increased mass. As the atomic mass of Mg is
smaller than the one of Cs (24.31 amu vs. 132.91 amu), the difference
originated from differences in the amount of hydration. The hydrated
size of Mg2+ is larger than the one of Cs (4.28 A vs. 3.29 A) [83]. A
comparable effect was also observed in literature where a monovalent
anion, Cl~, was replaced by divalent anions, SO?{ and HPO%’ [60]. As
the difference between the two PEM systems for Mg?" was found to be
~1 Hz, similar to the results of Li" and Rb™, the QCM data indicates that
the presence of CE units does not affect the affinity to Mg?". It is noted
that the overall frequency change, i.e., after switching back to CsCl, is
about -2 Hz, but at the same time the frequency signal seemed to have
drifted with a comparable value during the exposure of the PEM to
MgClg.

All frequency and dissipation data for the aforementioned experi-
ments were combined in Figs. S15 and S16 in ESI. The dissipation data
supports the trends observed in frequency trends. In other words, when
there is a decrease in frequency, an increase in dissipation is observed.
Also, cations with a relatively larger hydrated size cause a larger in-
crease in dissipation.

3.4.2. Effect of type of terminating layer

In addition to the effect of CE units, we studied the effect of the type
of terminating layer on the salt-exchange behavior of the PEMs. For this
purpose, (PAHCE/PSS)s 5 was coated on gold QCM sensors. Fig. S17
demonstrates the change in frequency and dissipation shifts for the
build-up of (PAHCE/PSS)3 5 where the outermost layer is PAHCE. The
trends in frequency and dissipation are in line with our observations for
(PAHCE/PSS)4, just like those of the modelled data and optical thickness
(Table 1).

After the (PAHCE/PSS)3 5 PEM was built-up in a 0.15 M CsCl solu-
tion, salt-exchange experiments with LiCl, NaCl, and KCl were con-
ducted. Fig. 7 shows the change in frequency in time for (PAHCE/PSS)3 5
before and after exposure to different salt solutions. Unlike the trends
observed for PAHCE-terminated PEM, obtaining a stable signal takes
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Fig. 6. Frequency change (3™ harmonic) as a function of time, recorded for the
QCM-D sensors coated with (PAHCE/PSS), (orange), (PAH/PSS), (green)
exposed to cycle of changing the 0.15 M salt solution: from CsCl to MgCl,,
followed by a final rinsing step using CsCl. The dashed lines indicate the
moment in time at which the salt solutions were switched.
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Fig. 7. Frequency change (3™ harmonic) as a function of time, recorded for the
QCM-D sensors coated with (PAHCE/PSS), (orange), (PAH/PSS); (green)
exposed to cycle of changing the 0.15 M salt solution: from CsCl to XCl (where X
is Li, Na, or K), followed by a final rinsing step using CsCl. The dashed lines
indicate the moment in time at which the salt solutions were switched.

longer or it is not obtained at all. Also, the overall changes are clearly
smaller than the ones for PSS-terminated PEM (Table S1, ESI), further
confirming that the PSS-terminated PEM provides a better stability and
increased salt-exchange. These differences can be explained by the
rejection between the positively-charged terminating layer and the
cations, a phenomenon that also has been described in, e.g, PEM-
assisted electrodialysis processes [16,85].

3.4.3. Effect of PEM structure on salt-exchange

Next, the salt-exchange experiments were performed for the two
different PEM structures. For this purpose, (PAH/pectin)4 and (PAH/
pectinCE), were exposed to LiCl, NaCl, and KCl solutions and the
resulting QCM transients are shown in Fig. 8. The green lines represent
(PAH/pectin)4 and when the CsCl solution is replaced by solutions
containing other salts, the frequency values increase, i.e. 12.8 + 1.8,
10.5 + 1.0, and 14.0 + 1.6 Hz for Li*, Na™, and K, respectively. The
absolute values of these changes are larger than those of the (PAH/PSS)4
(-0.3 + 0.7 -0.4 + 0.7, and 3.3 &+ 0.5 Hz for Li*, Na™, and K*, respec-
tively), due to the bigger size of the (PAH/pectin)4 multilayer. It should
be realized that they are roughly the same for all three cations (12 + 3
Hz).

When CE units are introduced to (PAH/pectin)4, the difference in
frequency shifts was found to be ~1 Hz for after switching to a LiCl
solution, a result that is similar to what was observed for the (PAH(CE)/
PSS)4 PEMs. Just like in the case of (PAHCE/PSS)4, both Na* and K™
result in a larger frequency, 6 and 12 Hz, respectively), which can again
be related to the preferred interaction with the CE. These values are a
factor of 2 to 4 higher than the ones observed for (PAHCE/PSS)4, i.e., 3
Hz for both Na™ and K. This may be related to the position of the CE
units as for the (PAH/pectinCE)4 system these are attached to the ter-
minating layers, making them in direct contact with the solution.
Additionally, the larger heterogeneity of the layers in PAH/pectinCE,
and therefore the increase in pectinCE adsorption, can contribute to a
higher number of CE units in the PEM, resulting in higher frequency
values during the salt-exchange experiments.

4. Conclusions

This study describes the effect of a fossil- and a bio-based
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Fig. 8. Frequency change (3" harmonic) as a function of time, recorded for the
QCM-D sensors coated with (PAH/pectinCE)4 (orange), (PAH/pectin)4 (green)
exposed to cycle of changing the 0.15 M salt solution: from CsCl to XCI (where X
is Li, Na, or K), followed by a final rinsing step using CsCl. The dashed lines
indicate the moment in time at which the salt solutions were switched.
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polyelectrolyte — to which a crown ether, 15-crown-5, was covalently
attached — on the structural properties of PEMs. These properties were
monitored real-time with QCM-D, both during the PEM build-up and
afterwards when exposed to different salt solutions with a strong focus
on alkali metal ionic and valency effects several cations. QCM-related
frequency changes were rationalized by the differences in the molecu-
lar mass of the modified and non-modified PE building blocks and the
mass and hydration properties of cations. Additionally, changes in the
dissipation were related to the density of the PEM and hydration size of
the cation present in the solution. The presence of crown ether units in
the PEM was found to result in an increased (wet and dry) thickness,
higher swelling degree and an increased preference towards Na* and K*.
This shows that the cation-exchange behavior of PEMs can be increased
via the introduction of covalently attached crown ethers. Moreover, this
behavior also depends on which layer ‘lies on top’ in the PEM, and varies
substantially for mono- and divalent cations. Considering the large
amount of possible combinations of fossil- and/or bio-based poly-
electrolytes with various ionophores, tailor-made, stable, ion-selective
PEM coatings can likely be made for different desalination and medi-
cal applications, where ion selectivity is the crucial part of the separa-
tion or detection. Such work, which is of special importance for the
recovery and sensing of specific ions, is currently ongoing in our
laboratories.
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