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Hypersaline environments are ubiquitous in nature and are found in myriad technological processes.
Recent empirical studies have revealed a significant discrepancy between predicted and observed
screening lengths at high salt concentrations, a phenomenon referred to as underscreening. Herein we
investigate underscreening using a cationic polyelectrolyte brush as an exemplar. Poly(2-(methacryl-
oyloxy)ethyl)trimethylammonium (PMETAC) brushes were synthesised and their internal structural
changes and swelling response was monitored with neutron reflectometry and spectroscopic
ellipsometry. Both techniques revealed a monotonic brush collapse as the concentration of symmetric
monovalent electrolyte increased. However, a hon-monotonic change in brush thickness was observed
in all multivalent electrolytes at higher concentrations, known as re-entrant swelling; indicative of
underscreening. For all electrolytes, numerical self-consistent field theory predictions align with
experimental studies in the low-to-moderate salt concentration regions. Analysis suggests that the
classical theory of electrolytes is insufficient to describe the screening lengths observed at high salt
concentrations and that the re-entrant polyelectrolyte brush swelling seen herein is consistent with the

rsc.li/pccp

Introduction

Electrolytes and charge interactions are essential to all bio-
logical processes and play a central role in technology. The high
salt or hypersaline regime is of particular relevance with
examples including human blood (~0.15 M), ocean water
(~0.6 M), supercapacitors (1-2 M), batteries (0.4-9 M) and
mineral processing and extraction (0.5-1 M). In electrolyte
solutions, Coulombic interactions between ions are typically
described in terms of the Debye-Hiickel (DH) screening length
where the interaction potential between charges is exponen-
tially dependent on their separation. Surface forces experiments
have established excellent agreement between measured electro-
static screening lengths and the Debye lengths at concentrations
up to 0.1 M."> At higher salt concentrations (~0.5 M for 1:1
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so-called regular underscreening phenomenon.

electrolytes®), the applicability of this approach breaks down as ion
size, excluded volumes, and ion correlations come into play.*®
Experimentally, the electrostatic decay length in hypersaline
conditions has rarely been explored due to the expectation that
the electrostatic interactions will be very short-range and thus
difficult to isolate and measure. However, recent experiments
using a surface force apparatus (SFA),”* as well as fluorescence
measurements™ have revealed that at high salt conditions in
aqueous and non-aqueous solvents, as well as deep eutectic
solvents and ionic liquids, the range of measured electrostatic
interaction is far greater than predicted by DH theory.

The observation of long-range electrostatic forces between
surfaces immersed in high concentration electrolytes has led to
a reawakening in the field of colloid and interface science, such
that theorists are straining to explain and understand these
observations,'®™*® and experimentalists are seeking to under-
stand the extent to which underscreening impacts colloidal
systems.'®? Underscreening refers to the fact that the mea-
sured electrostatic decay length is much greater than expected
from the Debye length. Regular underscreening is a result of
finite size effects that manifest when the electrolyte concen-
tration is sufficiently high; above the Kirkwood point, which is
where the mean electrostatic decay changes from monotonic
decreasing to oscillatory.>” This arises when ions are treated on
the same basis (rather than treating the reference ion

This journal is © the Owner Societies 2023
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differently, as is done in DH theory), resulting in oscillations, as
well as the possibility of multiple decay lengths.>* Anomalous
underscreening is separate to this and results in a much greater
range of electrostatic interactions,” ™ and there is ongoing
work to understand its origin.>*™>’

The manifestation of so-called re-entrant behaviour in many
charged systems is likely a result of underscreening.>' However, for
systems exhibiting re-entrant behaviour it is not clear whether
these align with regular or anomalous underscreening. Observa-
tions of re-entrant behaviour include ionic surfactant self-
assembly,”® folding of DNA,”® and polyelectrolyte stability.>® For
example, in two distinct experiments, both Yuan et al. and Kumar
et al. showed that silica particles were flocculated by the addition
of salt, but at much higher concentrations they became dispersed
again: a re-entrant event.”*** Moreover, multivalent ions have been
observed to lead to re-entrant behaviour®® and underscreening at
substantially lower concentrations.'” Neutron scattering measure-
ments of colloidal particles in a deep eutectic solvent also provides
evidence that the range of the electrostatic decay is larger than
predicted by DH theory.*

In this work, we employ polymer brushes grafted from
planar substrates as a platform to investigate underscreening.
Polymer brushes are advantageous as the solubility minimum
that leads to the precipitation of bulk polymers merely results
in the collapse of the brush which can be readily monitored.
Poly(2-(methacryloyloxy)ethyl)trimethylammonium) (PMETAC)
was selected as an exemplar; a strong cationic polyelec-
trolyte.**” The behaviour of polyelectrolyte brushes at low to
moderate salt concentration is well-understood,*® however the
hypersaline regime is rarely explored. It was commonly thought
that brush response in the so-called salted-brush regime
(high salt) is determined by charge screening;* the validity of
this assumption is now, more than ever, under question.
Examples of re-entrant swelling of charged macromolecules,
e.g. polyelectrolytes and proteins, can be found throughout the
literature,®***! but this phenomenon is rarely studied system-
atically. As an example, Hou and coworkers indirectly observed
re-entrant conformational changes in anionic poly(styrene
sulfonate) brushes using a quartz crystal microbalance.*"
For monovalent 1:1 electrolytes the chains within the brush
collapsed into a dense, rigid layer with increasing salt concen-
tration. For di- and trivalent (2:1 and 3:1) salts, the brush
again underwent collapse with increasing salt concentration,
but above a critical ionic strength, the brush re-swelled. This
re-entrant behaviour was initially attributed to charge inversion
of polyelectrolyte chains, but this cannot be sustained by
the evidence. Firstly, re-entrant solubility of polyelectrolytes
induced by electrolyte is independent of the polymer
concentration,”®*® demonstrating that the effect arises from a
property of the bulk solution not a surface effect. Secondly, it is
known that re-solubilisation occurs in the absence of charge
inversion,*** therefore, re-entrant solubility of polyelectrolytes
has been attributed to underscreening (increasing electrostatic
decay length with increasing salt concentration).>*

Herein we present numerical self-consistent field theory
(nSCFT), neutron reflectometry (NR) and spectroscopic ellipsometry
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measurements on cationic PMETAC brushes as a function of
salt concentration and cation valency for 1:1, 2:1, and 3:1
chloride electrolytes. To establish baseline brush behaviour
and structure in accordance with theory, we first perform
nSCFT calculations on a cationic polymer brush with mono-,
di-, and trivalent cations. To gain experimental insight into the
system, NR and spectroscopic ellipsometry were employed to
probe the modulation of brush structure and swelling, respectively,
on a PMETAC brush; specifically in search of re-entrant behaviour
at high salt concentrations. Ultimately, we determine an effective
screening length across all electrolytes and salt concentrations to
reproduce the scaling analysis by Lee et al.’

Experimental
Materials

Silicon wafers with a 2.5 nm native SiO, layer (0.675 mm thick)
were purchased from Silicon Valley Microelectronics, Santa
Clara, USA. Native oxide silica blocks used for neutron reflec-
tometry (& 100 mm, 10 mm thick) were purchased from El-Cat
Inc. (USA). Potassium hydroxide for wafer cleaning was obtained
from Chem-Supply (AR grade). Silane initiator function-
alisation reagents, including (3-aminopropyl)triethoxysilane
(APTES), 2-bromoisobutyryl bromide (BIBB) and triethyl-
amine (TEA), were purchased from Sigma-Aldrich/Merck and
used as received. Tetrahydrofuran (THF) was purchased from
Honeywell, Burdick and Jackson and dried over 4 A molecular
sieves (ACROS Organics) for at least one day before use.
2-(Methacryloyloxy)ethyl)trimethylammonium (METAC) mono-
mer was purchased from Sigma-Aldrich/Merck, and the mono-
methyl ether hydroquinone inhibitor was removed immediately
before the polymerisation via gravity feeding through an
activated-basic alumina column (Sigma-Aldrich/Merck). Poly-
merisation reagents including copper(u) bromide (CuBr,,
>99.9%), 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA,
97%), (+)-sodium r-ascorbate (NaAsc) and r-ascorbic acid (AA,
>99%) were purchased from Sigma-Aldrich/Merck and used as
received. The polymerisation solvent, 2-propanol (IPA, 99.7%), was
purchased from Chem-Supply and used as received. Ellipsometry
and neutron reflection measurements were performed in solutions
of potassium chloride (KCl, >99.5%, Sigma-Aldrich/Merck), mag-
nesium chloride (MgCl,, 98%, Sigma-Aldrich/Merck), calcium
chloride dihydrate (CaCl,, >99%, Sigma-Aldrich/Merck),
yttrium(m) chloride hexahydrate (YCl;, >99%, Sigma-Aldrich/
Merck), and lanthanum(m) chloride heptahydrate (LaCls,
>99%, Sigma-Aldrich/Merck). Milli-Q water (18.2 MQ cm at
25 °C, Millipore) was used throughout unless otherwise speci-
fied. The D,O used for all neutron reflectometry measurements
was purchased from Sigma-Aldrich.

Substrate cleaning, initiator functionalisation, and
brush polymerisation

Silicon wafers and blocks were cleaned and functionalised with
silane-based bromine initiator sites adhering to our establi-
shed protocol.***> All brushes studied were synthesised by
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Fig.1 Chemical structure of poly(2-(methacryloyloxy)ethyl)trimethyl-
ammonium).

surface-initiated activators regenerated by electron transfer
atom transfer radical polymerisation (SI-ARGET ATRP). The
protocol was as follows: (i) The wafer or block was placed in a
sealed glass vessel and deoxygenated under vented nitrogen
flow. (ii) The solution containing inhibitor-free monomer,
catalyst, and ligand, in the target molar ratio was combined
with the solvent mixture and deoxygenated. (iii) Reducing agent
was added to this solution, creating the polymerisation mix-
ture. (iv) The polymerisation mixture was transferred by syringe
to the vessel containing the initiator-functionalised wafer/
block, thus commencing the polymerisation. Polymerisations
were carried out under a slight positive pressure of nitrogen at
room temperature (22 £ 0.5 °C). (v) After the desired poly-
merisation time, the wafer/block was removed and twice rinsed
with ethanol and then copious amounts of Milli-Q water.
(vi) Lastly, the resultant brush-modified surfaces were gently
dried under a stream of nitrogen and stored. The monomeric
repeating unit of poly(2-(methacryloyloxy)ethyl)trimethyl-
ammonium) (PMETAC) is shown in Fig. 1.

The PMETAC brushes were polymerised on silane-initiator
modified silicon wafers by SI-ARGET ATRP using a copper
bromide catalyst, HMTETA ligand, and ascorbic acid or sodium
ascorbate as reducing agent. Polymerisations were carried out
in protic media with a co-solvent of 2-propanol and water (40%
w/w 2-propanol with respect to the total amount of solvent) at
room temperature with METAC: CuBr,: HMTETA : reducing
agent molar ratios of 2000:1:10:10. 2-Propanol was chosen
as the co-solvent over methanol/ethanol since the secondary
alcohol is much less prone to transesterification side-reactions
with the METAC monomer.*® Free homo- and copolymers of
PMETAC have been reported by ARGET ATRP,*” but to the best-
of-our-knowledge this is the first report of PMETAC brushes
made by the ARGET variant of ATRP. PMETAC brush growth
was tracked by measuring the ellipsometric thickness of the dry
brush samples as a function of polymerisation time, with the
results presented in Fig. 2. At a monomer concentration of 28%
w/w (with respect to the mass of the total solution) and with
sodium ascorbate as the reducing agent, the evolution of brush
thickness with time is non-linear and the growth plateaus
after ~2 h, indicating an uncontrolled polymerisation. The
weaker reducing agent, ascorbic acid, results in a much more
controlled polymerisation,*® with brush thickness increasing
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Fig. 2 Ellipsometrically determined dry brush thickness as a function of
SI-ARGET ATRP synthesis time for various synthetic protocols.

Table1l PMETAC dry brush thicknesses for the experiments performed as
determined by ellipsometry and NR

Dry thickness by Dry thickness

Experiment ellipsometry” (A) by NR (A)
Ellipsometry (all) 329 + 13 —

NR (KCI, LaCly) 13142 147 + 0.4
NR (MgCl,) 144 + 6 158 + 0.6
NR (YCl,) 155 + 3 172 + 0.6

% Reported error is the standard deviation from multiple measurements
across the brush surface.

linearly with polymerisation time. Increasing the concentration
of monomer in solution to 42% w/w results in a faster
polymerisation,*® but importantly the same degree of poly-
merisation control is retained, i.e., the brush continues to grow
linearly and at a faster growth rate (A min~*). All brushes
studied herein were polymerised at a monomer concentration
of 42% w/w with ascorbic acid as the reducing agent. Table 1
summarises the different brushes prepared for this study.
Brush grafting density of 0.05 chains/nm®, well within the
brush-regime, was determined by single molecule force
spectroscopy with details provided in the ESL¥

nSCFT and implementation

Numerical self-consistent field theory (nSCFT) has been suc-
cessfully applied to many polymer problems, including poly-
electrolyte brushes,’>*! where many predicted conformational
and structural features have been verified experimentally.>>~>*
nSCFT predictions align excellently with those of molecular
dynamics simulations and are orders of magnitude more
computationally efficient. nSCFT is coarse-grained and there-
fore not intended to be quantitative, but instead to provide
qualitative insight into brush behaviour. A description of the
theoretical approximations that are relevant to the model
employed here are discussed elsewhere.*>* Herein, the nSCFT
model has been implemented on a 1D lattice with the

This journal is © the Owner Societies 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp02206d

Open Access Article. Published on 30 2023. Downloaded on 21-02-2026 08:39:04.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

dimensions of a single lattice site set at 0.5 nm. The brush is
composed of polymer chains with N, the number of monomer
segments, set to 50 and a grafting density of 0.025 chains per
lattice site; within the brush regime.>®> Each monomer segment
has a valency of +1 to mimic the positive quaternary charge of
METAC. The volume fraction of salt present, ¢g,y, dictates the
overarching system ionic strength, where the volume fraction of
either mono-, di-, or tri-valent positively charged co-ions is set
and the volume fraction of counter-ions is then controlled
(neutralised) by the electroneutrality constraint. Reported
nSCFT solvated brush heights are defined as twice the first
moment of the polymer volume fraction profiles corresponding
with previous investigations.”®>°

Spectroscopic ellipsometry

Spectroscopic ellipsometry measurements were performed on
an Accurion EP4 variable angle spectroscopic ellipsometer
(VASE) at the Australian Centre for Neutron Scattering (ANSTO,
Lucas Heights, Australia). Surface maps of each wafer were
collected to characterise the uniformity of the dry brush films
prior to exposure to any electrolyte. For polymer brushes
grafted from 100 mm silicon wafers (intended for NR), surface
mapping was performed at 32 points across the surface with a
wavelength of 658 nm and at four equally spaced angles of
incidence from 40° to 70°. Brushes grafted from smaller wafers
(intended for ellipsometry) were characterised at 6 points
across the surface with three equally spaced angles of incidence
from 40° to 70° and seven wavelengths from 380 to 950 nm.
VASE was employed here to obtain Cauchy parameters for the
dry film sample. Surface maps are presented in Fig. S2 and S3
in the ESLY In situ measurements were conducted on the 329 A
thick brush sample in a standard solid-liquid cell at an angle of
incidence of 65° and 12 equidistant wavelengths from 400
to 910 nm. The temperature was maintained at 22.0 °C.
All measurements were performed with increasing concen-
tration: 1, 5, 10, 25, 50, 100, 250, 500, 1000 and 2000 mM
Between changes of salt identity, checks were performed using
1 mM electrolyte to confirm the ongoing, expected baseline
brush behaviour. The brush was never exposed to pure D,O or
H,O0 during in situ measurements.

All ellipsometry results were analysed with the refellips
analysis package.®® Data were modelled according to our pre-
vious work using an analogous four-component model to our
NR analysis approach.>”* The model consisted of four uniform
layers (i.e., slabs), which describe the thickness, roughness,
volume fraction (VF) of solvent and optical properties of each
layer. For the dry measurements, from ‘fronting’ to ‘backing’,
the model consisted of air, polymer, silica, and silicon. For
in situ measurements, the air slab was replaced with water and
a linear effective medium approximation was used throughout.
The optical properties of the polymer component were defined
using a two-term Cauchy model (4 = 1.52, B=1.5 x 10 °), with
parameters determined by dry VASE measurements and not
permitted to vary. The solvent component was also defined by a
Cauchy model, where parameters were permitted to vary to
account for changes in refractive index with increasing salt
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concentration. All model fits were optimised to the data using
the differential evolution optimiser in the SciPy package.®’
All data and code required to reproduce the analyses presented
here are available on Zenodo.®® In situ ellipsometry measure-
ments are presented as a swelling ratio (SR): quotient of
solvated and dry brush thickness values.

Neutron reflectometry

Specular neutron reflectometry measurements were performed
on the SPATZ time-of-flight neutron reflectometer at the OPAL
20 MW nuclear reactor at ANSTO.* Choppers 1, 2 and 3 were
used with a frequency of 25 Hz. All measurements were
acquired using AA/Z =~ 5% (chopper 1 and 2; distance of
480 mm), A0/0 ~ 3% and a 55 mm footprint. Dry measure-
ments were collected over a Q-range of 0.0072 to 0.24 A~* using
two angles of incidence: 0.6° and 3.0°. For all in situ solid-liquid
measurements, a Q-range of 0.012 to 0.28 A~* was employed
using 0.85° and 3.5° as angles of incidence. The brush samples
were installed in standard solid-liquid cells encased in tem-
perature jackets. The samples were mounted vertically and
measured in a horizontal scattering geometry. Consistent with
spectroscopic ellipsometry measurements, the brush samples
were maintained at a constant 22.0 °C, and all measurements
were conducted with increasing electrolyte concentration.
A combination of a Hamilton multiple valve positioner and
AZURA™ Pump P 6.1L HPLC pump was employed to control the
solutions within each cell. Each brush sample was only exposed
to a single electrolyte identity, except the 131 A brush, which
was exposed to both KCl and LaCl;. Importantly, prior to
changing electrolyte identity, the expected return to baseline
brush behaviour was confirmed, with Fig. 4 showing that the
brush structure at 1 mM salt was recaptured after removal of
the higher salt concentration. All measurements were per-
formed with increasing salt concentration from 1 mM up to
2000 mM electrolyte. D,O was used as the solvent for all NR
measurements with contrast variation of H,O used at the lowest
electrolyte concentration to increase model confidence, as
discussed below.

Analysis of neutron reflectometry data

All reflectivity data were reduced and modelled with the refnx
software package.®* The modelling of data was informed by our
previous studies on polymer brushes.’*™° As with spectro-
scopic ellipsometry, air-solid samples were modelled using a
four-component model which consisted purely of slabs. From
‘fronting’ to ‘backing’, the model consisted of air, polymer,
silica, and silicon slabs. Each slab is parameterised by a
thickness, roughness, scattering length density (SLD), and
where applicable, a volume fraction (VF) of solvent. The SLD
is uniform within the layer. The SLD of the silicon and silica
slabs were fixed to literature values of 2.07 x 10~° A~ and 3.47
x 10~° A2, respectively, and the solvent volume fraction of the
silica slab was permitted to vary to account for the known
porosity of silica.’® The SLD of the dry polymer film was
permitted to vary between 0.3 x 107° A" and 0.9 x 107° A2,

Phys. Chem. Chem. Phys., 2023, 25, 24770-24782 | 24773
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In situ data pertaining to the solid-liquid measurements
were modelled using two different types of components: slabs
and a Piecewise Cubic Hermite Interpolating Polynomial
(PCHIP). The PCHIP spline (four knots) lies between a proximal
polymer slab and the ‘backing’ slab (i.e., solvent slab) to
describe the diffuse periphery of the polymer brush.>® Consis-
tent with our previous studies,’® the volume fraction (VF) and
distance between each knot in the interpolating polynomial
was permitted to vary, and the adsorbed interfacial volume was
constrained by the dry brush thickness. Monotonicity within
the polymer VF profiles was enforced across all conditions.
From the theoretically determined SLD profiles (pn(2)), a polymer
VF profile (¢(z)) was calculated via:

pN(z) = ¢(Z)pN,Polymer + (1 - (/)(Z))pN,Solvent (1)

where z is the orthogonal distance from the substrate and
PN,polymer AN Py solvent TePresent the SLD of the polymer and
solvent, respectively. The reflectivity was then calculated using
the Abeles matrix formalisation.

Models were fit to the experimental reflectivity using the
differential evolution optimiser available in the SciPy pack-
age,®" followed by Markov chain Monte Carlo (MCMC) sam-
pling initialised with jitter to obtain a posterior distribution of
models consistent with the data.®® All optimised fits and VF
profiles presented in this study are the median of those posterior
distributions, which typically showed narrow spread. The average
brush thickness was calculated as twice the normalised first
moment:

fgoz - p(2)dz

L st = 2
1 6dry

(2)

Further details regarding the modelling and analysis procedures
employed here are explored by Gresham et al.,>® with all data and
code required to reproduce the analyses presented here available
in the Zenodo repository.®* The results for the dry brush fits are
presented in Fig. 3, and the SLD of the dry film was determined to
be 0.46 £ 0.05 x 10 ° A2

For each brush at the lowest electrolyte concentration of
1 mM, two contrasts (D,O and H,0) were obtained and opti-
mised simultaneously, i.e., co-refined, to accurately determine
the solvated SLD of the brush and establish a baseline under-
standing of the brush nanostructure for subsequent analyses.
Here the SLD of D,O and H,O were initially 6.36 x 107 A™>
and —0.56 x 107° A2, respectively, and permitted to vary
within reasonable bounds. The SLD of the solvated brush was
permitted to vary in the co-refinement and was determined to
be 0.76 + 0.05 x 10~° A~2, aligning with previous studies by
Dunlop et al.>* For all other salt concentrations the polymer
SLD was fixed to 0.76 x 107° A™2. A comparison of the co-
refined brush samples in each electrolyte studied is presented
in Fig. 4. Data relating to the KCIl, MgCl,, and YCI; electrolytes
were collected from three distinct brush samples; however,
the 147 A brush (used for KCI) was subsequently employed for
LaCl;. Importantly, the polymer VF profiles overlap for these
two 1 mM salt conditions (blue and orange in Fig. 4),
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highlighting the longevity of these brush samples, showing
that high concentrations of salt can be flushed from the
brush.
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Results and discussion

In this work, we investigate the phenomenon of re-entrant
swelling for a strong, cationic polyelectrolyte brush in hypersa-
line environments. Using existing theoretical approaches,
nSCFT was initially employed to understand the salt-response
of a polyelectrolyte brush in mono-, di-, and tri-valent electro-
lytes. To experimentally investigate this behaviour, we synthe-
sised PMETAC brushes using SI-ARGET ATRP. These brushes
were examined with neutron reflectometry, which probed the
changes in internal brush structure in electrolytes of varying
concentration, valency, and identity. Complementary spectro-
scopic ellipsometry measurements were also performed to
further investigate solvated brush thickness response. An effec-
tive screening length was then determined from the ellipso-
metry results to assess how the underscreening scales with
electrolyte concentration. Here, we define the Debye-Hiickel
(DH) electrostatic screening region as the domain where the
brush proceeds to collapse until it reaches a minimum thick-
ness, and the underscreening domain above this electrolyte
concentration.

Theoretical investigation

nSCFT calculations were performed to first develop an under-
standing of strong polyelectrolyte brush behaviour as a func-
tion of salt concentration. Calculations were performed on a
positively charged polyelectrolyte brush, initially in a mono-
valent electrolyte of differing concentrations. The resultant
polymer volume fraction (VF) profiles are presented in
Fig. 5a, illustrating changes in polymer VF as a function of
distance from the grafting substrate. At low salt concentrations,
the polymer VF profiles are relatively diffuse, where the polymer
is observed to extend to the outer lattice sites. Here the amount
of polymer adjacent to the interface remains low. Upon increas-
ing ¢sar, the diffuse nature of the polymer brush decreases, and
the VF of polymer closer to the substrate increases with
increasing ¢g,. Here, increasing the concentration of ions
within the solvent system results in an increased charge screen-
ing on the PMETAC brush. As a direct consequence, the brush
begins to collapse. At the highest possible ¢ay, the brush is in
its relatively most collapsed state, as the high salt concentration
screens the charge of the brush, leading to polymer desolvation
and collapse.?>°*®” Similar brush behaviour was also observed
for divalent (Fig. 5b) and trivalent (Fig. 5c) electrolytes, where
the onset of brush collapse occurs at lower ¢, with increasing
valency due to the increased overall ionic strength of the
solution.

A summary of the nSCFT-predicted brush behaviour in each
of the three electrolytes is presented in Fig. 5d, which shows the
brush thickness as a function of ¢,y Fig. 5d illustrates that, as
a result of stoichiometry, increasing the valency of the co-ion
(cation) increases the concentration of counter-ions (anions) in
the system, which are the predominant driving force behind
the charge screening for this cationic polyelectrolyte. Conse-
quently, the brush is seen to collapse at lower ¢, in the
presence of cations of higher valency: the result of an increased
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ionic strength. Notably, across all three electrolyte identities,
the brush thickness monotonically decreases with increasing
¢saie: Le., no re-entrant behaviour is observed. The absence of
re-entrant brush swelling is intrinsic to classical charge screen-
ing and is inherent to the physics behind nSCFT.

Phys. Chem. Chem. Phys., 2023, 25, 24770-24782 | 24775


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp02206d

Open Access Article. Published on 30 2023. Downloaded on 21-02-2026 08:39:04.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

Impact of salt concentration on polymer structure

Neutron reflection (NR) was utilised to monitor the subtle
changes in the PMETAC brush conformation as a function of
electrolyte identity and concentration.®* All NR measurements
were conducted at 22 °C, and the electrolytes studied were KCl,
MgCl,, LaCl; and YCIl; at various concentrations from 1 mM
up to 2000 mM. Fig. S7-S11 in the ESI{ presents the full suite
of conditions, with select conditions presented in Fig. 6.
As discussed earlier and illustrated in Fig. 4, we simplify our
discussion here by dividing the polymer VF profiles into three
sections: the ‘proximal region’ directly adjacent to the silica
interface, the ‘inner region’ and the diffuse brush ‘tail’.
Across all electrolyte identities investigated, the initial base-
line condition was 1 mM of added salt, and it was seen that the
brush structure was similar for all electrolyte identities (see
Fig. 4). For KClI (Fig. 6a), as the concentration of salt increased
minor changes in PMETAC brush conformation were observed
until approximately 500 mM, whereby the VF of polymer in the
proximal and inner region increased whilst the VF decreased in
the diffuse tail region. These changes in brush conformation
continued upon increasing the salt concentration through to
2000 mM and indicated a ‘bottom-up collapse’ mechanism.®®
At these higher concentrations, the polymer VF profiles of
the brush in KCl do not indicate any re-entrant swelling.
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Additionally, changes in the reflectivity are minimal across all
concentrations of KCl, providing evidence of minimal struc-
tural changes within the brush.

Upon exposing the PMETAC brush to electrolytes composed
of multivalent ions, more significant changes in polymer
structure were observed. In MgCl, (Fig. 6b), the brush began
to change conformation as low as 50 mM, as both the proximal
and inner regions are seen to increase in polymer VF whilst the
tail region decreases: indicative of slight brush collapse. Upon
increasing the concentration of MgCl, to 500 mM, these
phenomena continued to increase in magnitude as the brush
underwent a bottom-up collapse. Interestingly, upon increasing
the MgCl, concentration further, re-entrant swelling was
observed as the VF of polymer in the proximal layer and inner
region was seen to decrease, and the VF in the diffuse region
increased. Here, for the first time, we observe underscreening
in a PMETAC brush with neutron reflectometry. Importantly,
re-entrant behaviour was not predicted in the nSCFT calcula-
tions presented in Fig. 5; however, the polymer VF profiles align
with nSCFT calculations at low concentrations.

Further increasing the valency of the electrolyte cation to 3
results in a more dramatic collapse. For LaCl; and YCl;, Fig. 6¢
and d show that the brush undergoes a bottom-up collapse
and is in its relatively most collapsed state at 100 mM, as
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also captured by the nSCFT calculations. At electrolyte con-
centrations >100 mM, re-entrant swelling is visible due to
underscreening: the brush swelling is seen to undergo a non-
monotonic trend with increasing salt concentration. The re-
entrant swelling observed here for trivalent cations is signifi-
cantly more pronounced than in MgCl,. Specifically, the
polymer VF in the diffuse region of the brush at 2000 mM is
greater than that observed at 1 mM, which was not observed for
MgCl,. This is again attributed to the increased solution
ionic strength in trivalent salts (i.e., YCl; — Y** + 3C17) relative
to divalent salts (i.e., MgCl, — Mg>" + 2C17). These phenomena
are perhaps more easily observed by summarising the
polymer VF profiles by their first moment, as presented in
Fig. 6 (ESIY).

Modulation of brush swelling

Spectroscopic ellipsometry was employed to monitor changes
in brush swelling as a function of electrolyte identity and
concentration: KCl, MgCl,, CaCl,, LaCl; and YCl; up to 2000 mM
(Fig. 7). Initially, the brush was exposed to 1 mM KCl, yielding
a swollen brush. Upon increasing the concentration of KCl, the
brush thickness decreases monotonically as the added salt
screens the permanent positive charges of the brush. These
results align with both the nSCFT calculations (Fig. 5) and NR
measurements (Fig. 6a). Upon exposing the brush to divalent
cations (MgCl,, CaCl,), brush swelling again decreases with
increasing salt concentration. Now the onset of collapse occurs
at a lower salt concentration relative to that of KCI. The effect of
both MgCl, and CaCl, on the swelling of the PMETAC brush is
equivalent. In the presence of trivalent cations (LaCls, YCl;), the
onset of brush collapse again moves to lower salt concentrations
still, with LaCl; and YCl; having the most significant influence on
the brush collapse. Consistent with NR data (Fig. 6), the change in
brush thickness for the di- and tri-valent electrolytes no longer
monotonically decreases with increasing salt concentration,
i.e., re-entrant swelling is observed at high salt concentrations.
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Fig. 7 Solvated brush thickness of a PMETAC brush as a function of
electrolyte identity and concentration, as determined by spectroscopic
ellipsometry. Swelling ratio is defined as the quotient of solvated and dry
brush thickness. Lines to guide the eye.
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This re-entrant swelling was not observed by the nSCFT calcula-
tions (Fig. 5), as its theoretical basis does not allow for, nor
predict, underscreening. Observations of brush thickness in salt
concentrations above the minimum in brush thickness are
referred to as the re-entrant or underscreening regime.

Fig. 7 clearly shows that moving from a 1:1 to 2:1 and then
3:1 electrolyte shifts the onset of brush collapse to lower salt
concentrations. This phenomenon results from the salt disso-
ciation stoichiometry and final solution ionic strength. This
points towards the collapse mechanism being driven mainly by
solution ionic strength, where increasing the ionic strength
(within the DH regime) increases the charge screening within
the brush. Indeed, Fig. S4 (ESIt) shows how brush thickness
changes as a function of ionic strength, with the behaviour for
all five electrolytes largely superimposed. Fig. S4 (ESIt) also
illustrates that the transition from the ‘classical DH regime’ to
the ‘underscreening regime’ aligns for all electrolytes.

Effective screening length

Here, we have experimentally shown that salts composed of
multivalent cations result in re-entrant swelling of a PMETAC
brush with both NR and spectroscopic ellipsometry. In order to
quantify the underscreening in concordance with previous
studies,”™" we determine the effective electrostatic screening
length, /§ from the re-entrant behaviour observed in Fig. 7. For
the ‘classical’ DH region, Ag is equivalent to the Debye screen-
ing length (i.e., 2§ = Ap):

Jp =

where, /p is the DH screening length, ¢, is the permittivity of
free space, ¢, is the relative permittivity, k is the Boltzmann
constant, T is the absolute temperature, e is the elementary
charge, n; is the number density of ion i, and z is valency
of ion 1.

However, for the re-entrant regime, an “effective concen-
tration”” was determined by mapping the brush thickness from
the re-entrant region to the DH region; with the corresponding
salt concentration deemed the “effective concentration”. The
effective concentration was used in eqn (3) to determine 1.
This treatment assumes that the brush thickness across the full
range of electrolyte concentration studied is dominated by
electrostatic interactions and other effects on the brush thick-
ness are either unchanged with electrolyte concentration or
minor. These results are presented in Fig. 8. Further detail on
this protocol is presented in the ESIt (Fig. S5) and notebooks
on the Zenodo repository.®>

The A5 was then used to reproduce the analysis presented by
Lee et al. to determine the scaling relationship in the concen-
trated (underscreening) regime.®® In these analyses, the authors
use dimensionless quantities; the quotient of effective screen-
ing length and Debye length (4$/Ap) as a function of (a/lp),
where a is the sum of the mean radii of the bare ions.”® In the
DH regime (a/Ap < 1), the i§ is seen to equal ip. However, in
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the underscreening regime (where a/ip > 1), systems follow a
universal scaling regime,

A; a\?
5 ( iD) @)

16-18,22,26,71-74

where 1 < p < 2 infers regular underscreening
and p = 3 infers anomalous underscreening.’ ¢

Using data presented in Fig. 8 for our cationic polyelectrolyte
PMETAC brush, we apply this analysis to produce Fig. 9. The
data suggests that the re-entrant swelling observed here is
describable within the regular underscreening (p ~ 2) para-
digm. In addition to theoretical treatments,'®”” regular under-
screening has also been seen in several simulations using both
classical density functional theory”®’*”>7® and molecular
dynamics."”””7® Recent atomic force microscopy experiments
also found regular underscreening, rather than the anomalous
underscreening found in the aforementioned SFA experiments.”®
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Fig. 9 Effective electrostatic screening length, 15, normalised by Ap as a
function of a/Ap for various electrolytes. Average scaling across all elec-
trolytes is p = 1.9 & 0.5. Lines represent theoretical scaling from eqgn (4) for
regular underscreening, p = 1 (black, dashed) and p = 2 (grey, dotted), and
anomalous underscreening, p = 3, (red, dotted dashed).
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Conclusions

This study investigated underscreening in hypersaline environ-
ments using a polymer brush exemplar. The swelling of a
cationic PMETAC polyelectrolyte brush was monitored against
mono-, di-, and tri-valent electrolytes of varying concentrations
using a variety of techniques. To establish a theoretical base-
line, nSCFT calculations were conducted, which predicted
monotonic brush collapse with increasing salt concentration.
To synthesise the PMETAC brushes we employed SI-ARGET-
ATRP. Neutron reflectometry (NR) measurements provided
unparalleled insight into the internal structural changes of
the brush. The brush exhibited ‘bottom-up collapse’ across all
electrolytes studied. In the presence of a monovalent electrolyte
(KCl), the VF profiles indicate that the brush is monotonically
collapsing with increasing electrolyte concentration, aligning
with nSCFT calculations across the entire concentration
domain. Here the brush collapse is induced by electrolyte, as
salts screen the charges on the polyelectrolyte brush, thereby
reducing intersegmental electrostatic repulsion. Changes in
brush structure across KCI electrolytes were minimal relative
to those observed in multivalent electrolytes. For these multi-
valent electrolytes (MgCl,, LaCl; and YCl;) the PMETAC brush
exhibited re-entrant swelling in hypersaline/high ionic strength
regime.

Measurements of the PMETAC brush swelling ratio (in the
same electrolyte regimes) using spectroscopic ellipsometry
showed parallel behaviour to the NR measurements; viz. a
monotonic decrease in thickness for KCIl, and a collapse
followed by re-entrant swelling for multivalent electrolytes as
the salt concentration increased. This re-entrant swelling at
high salt concentrations is strong evidence for underscreening.
When considering the swelling ratio of the brush as a function
of ionic strength the behaviour of the brush is independent of
valency of the electrolyte; with a common transition point from
the so-called ‘classical DH region’ to the ‘underscreening
region’ at an ionic strength between 1.5-3 M. An effective
screening length (45) was then calculated for data at high salt
concentrations by mapping ellipsometrically derived brush
thickness to the classical DH region and interpolating respec-
tive concentrations. This treatment is based on the assumption
that the changes in brush thickness across these regimes is
dominated by electrostatic interactions. This suggests that the
re-entrant swelling of the brush is consistent with regular
underscreening at high solution ionic strengths. Further inves-
tigation is needed to determine the factors involved in
re-entrant and underscreening (regular and anomalous)
phenomena, such as surface and confinement effects, salt
symmetry/asymmetry and specificity and the nature of ion-
ion interactions in the bulk and at the surface.
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