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ABSTRACT: We report the preparation and characterization
of charged nanoporous membranes by self-assembly of “hairy”
silica nanoparticles (HNPs) functionalized with polyelectro-
Iyte copolymer brushes. We show that HNP membranes
possess high water flux, have well-defined pore sizes, and
rejection up to 80% of charged species in solution. The
properties of these membranes can be tuned by controlling
the length and composition of polymer brushes and the

electrolyte concentration in solution. We demonstrate that membrane pore sizes undergo changes of up to 40% in response to
changes in the ionic strength of the salt solution. Using MD computer simulations of a coarse-grained model, we link these
tunable properties to the conformations of polymer chains in the spaces between randomly packed HNPs. As polymer length
increases, the polymers fill the interparticle gaps, and the pore size decreases markedly. On the basis of their straightforward
fabrication and tunable properties, HNP membranes may find applications in size- and charge-selective separations, water

desalination, and responsive devices.
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B INTRODUCTION

Nanoporous membranes provide significant economic, opera-
tional, and environmental advantages in separations because
their application is relat1vely simple and allows saving energy,
space, and materials.' Membrane separations rely on size and
charge exclusion and require large permeability and rejection
of target solutes,”” which in the case of nanoporous
membranes include suspended solids, bacteria, viruses, and
ions.” Because of their separation ability, nanoporous
membranes find applications on the industrial and laboratory
scale in water and wastewater treatments, food engmeermg,
biotechnology,* biosensing,” drug delivery,® and catalysis.” All
these applications require precise control over the pore size in
a wide range, a narrow pore size distribution and functional
pore surfaces,® and would greatly benefit from a simple and
economical preparation of the membranes.

Most commercial nanoporous membranes are created from
polymerrc materrals using phase inversion and casting
processes.”” These processes are quite complicated and do
not allow precise control of the membrane’s pore size and
surface chemistry.”'® Thus, new approaches to the preparation
of nanoporous membrane materials attract growing atten-
tion.''? In particular, self-assembly promises many advantages
for nanoporous membrane preparation in terms of fabrication,
processing, cleaning, and reuse of the membranes. As a
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versatile preparation method, self-assembly has been used to
fabricate nanoporous membranes from small molecules,"
liquid crystals,'* proteins,"® dendrimers,'® block copolymers,'”
anionic polymers,"®'” and polyelectrolytes via layer-by-layer
deposition.”

However, pore sizes of membranes prepared by self-
assembly of molecular building blocks are firmly set by the
size of the molecules; controlling the membrane pore size thus
usually involves a change of molecular building blocks and
associated cumbersome changes in the synthetic protocol
Assembling nanoporous membranes from nanoscale building
blocks, such as surface-functionalized nanoparticles, provides
an attractive alternative.”"*” These building blocks cover a
wide range of sizes and compositions and thus enable a
straightforward preparation of membranes with a wide range of
nanopore sizes and diverse surface chemistry.”

The main challenge in the preparation of membranes from
nanoparticles is mechanical stability. When layered as a film,
nanoparticles only interact weakly through van der Waals
interactions and thus do not provide stable membranes. This
problem can be addressed by chemical cross-linking, as
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demonstrated for carboxylated silver nanoparticles using amide
bond formation®* and for silica nanoparticles (SNPs) using
high-temperature sintering.”>>® An alternative solution is to
increase the strength of non-covalent interactions between
nanoparticles. This can be achieved using layer-by-layer self-
assembly of nanoparticles,””*® which was shown to lead to
membranes with enhanced separation performance, reduced
fouling, antimicrobial activity, and novel functionality.”

Our strategy is to use polymer brushes attached to the
nanoparticle surface as a “molecular glue” to increase the
mechanical stability of nanoparticle assemblies. This strategy
exploits non-covalent polymer—polymer interactions, which
depends on the composition, length, and grafting density of
polymer brushes, as well as on the solvent.””~>? In earlier work,
we demonstrated that SNPs grafted with short polymer
brushes form robust nanoporous membranes via reversible
nanoparticle assembly in both organic solvents and water,
exploiting electrostatic and hydrophobic interactions, respec-
tively.>> However, the role of those short polymer brushes was
limited to increasing the mechanical stability of the assemblies,
and they did not affect the nanopore size or functionality.

Introducing charges to the nanopore surface creates
membranes that act as ion channel analogs capable of selective
ion transport. Such synthetic ion channels have been prepared
in a variety of geometries and materials, including cylindrical
nanotubes,”* conical inorganic nanopores,” and also colloidal
nanopores.’® The latter was prepared by decorating the surface
of silica colloidal crystals with charged moieties, such as
amines®”*" and sulfonic groups.”® These membranes impede
the transport of like-charge species and enhance ionic transport
selectivity through their tortuosity. The same principles have
been applied in polymeric nanoporous membranes with
charged surfaces, resulting in improved charge rejection and
reduced fouling.®

To prepare polymer brush nanoparticle membranes with
charged nanopores, polymer brushes need to carry charged
functional groups. For the present study, we selected
polysulfonic acids because of the low pK, of sulfonic groups,
which assures their negative charge in water. Furthermore, it is
known that polysulfonic acids change their conformation in
response to the ionic strength of the solution.*”*" We
hypothesized that such conformational changes would affect
the pore size in the membrane, leading to tunable size
rejection.

Although polyelectrolyte brushes should provide high charge
density on the nanopore surface, they may decrease the
mechanical stability of the membrane, which is based on the
cohesive forces between polymers. Polyelectrolytes are highly
hydrophilic,*” which may lead to “hairy” silica nanoparticles
(HNPs) that are effectively repulsive in water and cannot be
assembled into stable membranes. Therefore, a second
hydrophobic monomer has to be used as part of the polymer
brushes, to offset the charged species’ hydrophilicity and to
prevent membrane disassembly in water, similar to that
described previously for HNP membranes stable in water
and preg)ared using poly(2-hydroxyethyl methacrylate)
brushes.”> The mole ratio of the two monomers can be
optimized to achieve the desired membrane properties.

In the following, we describe the preparation and properties
of charged nanoporous membranes created from HNPs
functionalized with polyelectrolyte copolymer brushes. We
demonstrate that these membranes allow for large flux and
enable large degrees of charge rejection. We present evidence
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that the membranes have pore sizes and charge rejection
behavior that can be manipulated by tuning the polymer length
and ionic strength of the solution. These properties are tightly
linked to conformations of polymers in the voids between
nanoparticles.

B MATERIALS AND METHODS

Materials. 3-Aminopropyltriethoxysilane (APTES), triethylamine,
2-bromoisobutyryl bromide, 3-sulfopropyl methacrylate potassium
salt (SPM), 2,2'-bipyridine, 2-ethoxyethyl methacrylate (EEMA),
copper(I) chloride, and monodisperse dextrans of various molecular
weights were purchased from Sigma Aldrich. 4-Dimethylaminopyr-
idine (DMAP) and tetraethoxysilane were purchased from Alfa Aesar.
Dichloromethane (DCM), methanol, ammonium hydroxide solution,
tetrahydrofuran, sodium chloride, sodium sulfate decahydrate, and
sodium citrate dihydrate were purchased from Fisher Chemicals.
Copper(I) chloride dihydrate was purchased from Acros. Gold
nanoparticles were purchased from BBI Solutions, and polystyrene
spheres were purchased from Polysciences, Inc.

Characterization. SEM (Hitachi S3000-N) was used to image the
HNP membranes. TGA of polymer-modified particles was conducted
using a TGA 2950 Thermogravimetric Analyzer from TA Instru-
ments. A Branson 1510 sonicator was used for all sonications. UV—vis
measurements were performed using an Ocean Optics USB4000
instrument.

Preparation of Silica Particles. SNPs were prepared using the
Stober method.*' The size of nanoparticles was determined by DLS
and confirmed by TEM using a JEOL JEM-1400 instrument.

Grafting of Polymerization Initiator Moieties. Atom-transfer
radical polymerization (ATRP) sites were prepared through
previously described procedures in two steps.’® In the first step,
primary amines were grafted on the surface to facilitate the addition of
initiator sites as follows: A suspension of ~2 g of Stober silica particles
in 15 mL of dry acetonitrile was purged with nitrogen gas for 15 min,
and then 0.2 mL of APTES was injected into the mixture. The
reaction mixture was stirred for 24 h. Aminated particles were
collected by centrifugation, washed at least three times with
acetonitrile, and dried.

In the second step, polymerization initiator sites were grafted to the
surface of the silica particles as follows: to a suspension of ~1 g of
aminated silica particles in SO mL of anhydrous DCM, 40 mg (0.3
mmol) of DMAP was added, the reaction mixture was purged with
nitrogen gas for 15 min, and 2.09 mL (15 mmol) of triethylamine and
1.61 mL (13 mmol) of 2-bromoisobutyryl bromide were injected. The
reaction mixture was left to stir at room temperature for 24 h. The
resulting particles were collected by centrifugation, washed at least
three times with DCM, and then dried. Successful surface
modification during each step was confirmed using TGA.

Polymerization. Polymer brushes were grafted through surface-
initiated ATRP (SI-ATRP).*” In a typical copolymerization run, 1 g of
silica with initiator sites was combined with 16 mg (0.1 mmol) of
CuCl,-2H,0, 250 mg (1.6 mmol) of 2,2'-bipyridine, and 20 mmol of
a monomer mixture (SPM and EEMA) in 12 mL of (2:1) MeOH—
H,0 mixture. The desired degree of sulfonation was achieved by
controlling the ratio of introduced monomers as their polymerization
rates are similar.*> Then, the reaction mixture was degassed by two
freeze—pump—thaw cycles, and 27 mg (0.3 mmol) of CuCl was
added to the mixture. The reaction mixture was left to stir at room
temperature under nitrogen. Hairy particles were collected by
centrifugation, washed twice with MeOH and H,O, and left to stir
overnight in 1 M HCIL. Collected particles were washed twice with
H,0, once with MeOH, and then dried. The degree of polymerization
was cezloaﬂated using TGA, assuming a polymer grafting density of 0.2

m™

Membrane Preparation. Dead-end filtration cells (10 mL;
Sterlitech Corporation and Millipore Amicon) were used to prepare
and study the HNP membranes. A membrane layer was prepared
through pressure-driven deposition of a suspension of 30 mg of
nanoparticles in 10 mL of 20% EtOH/H,0 onto a nylon support with
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a nominal pore size of 0.22 ym (Tisch Scientific, North Bend, OH;
pore size determined using the bubble point method). The applied
pressure was set to 1 bar. During the permeability experiments
described below, the filtration cells were not stirred and we did not
observe any significant nanoparticle loss (measured by mass). Final
membranes were prepared by consecutive deposition of bare silica
particles and HNPs, as described in the main text.

Membrane Testing. Water with a nominal resistivity of 18 MQ-
cm was used in the preparation of all solutions and water flow
experiments. The applied pressure was set to 1 bar. Water flow was
measured by driving pure water through the membrane and weighing
collected fractions over time. Aqueous solutions of NaCl, Na,SO,,
and Na;CH;O, were used to evaluate charge rejection. Five
milliliters of each solution was driven through the membrane, and
the permeate salt concentration was monitored over time using a
conductivity meter (HM Digital, Inc., Culver City, CA). The rejection
was determined as follows

-]
R=|1—-—]X 100%

G (1)
where C, and C; are the concentrations in permeate and feed,
respectively. The salt concentration is linearly related to conductivity
in this concentration range.

The pore size cutoff was determined using 0.5 g/L solutions of
dextrans with different molecular weights (25, 80, 270, and 670 kDa)
and a polystyrene sphere suspension in water (0.2% by weight). Five
milliliters of solution was driven through the membrane under 1 atm
applied pressure, and the amount of permeate was determined
spectrophotometrically, at a wavelength of 492 nm for dextrans using
the phenol—sulfuric acid method** and at a wavelength of 240 nm for
polystyrene spheres. The reported values for dextran and salt rejection
refer to the first milliliter of permeate, as rejection declines over time
because of concentration polarization across a membrane. Rejection is
calculated using the general formula described above.

Modeling. Polymers are modeled as linear chains of beads
interacting via a cut and shifted Lennard—Jones potential with
parameters € = 1.5 k] mol™", 6 = 0.816 nm, and cutoff ., = 2.304 nm.
Adjacent beads along polymer chains are linked by a harmonic
potential U, 4 = Yok(r — 1,)?, with k = 14600 k] mol™" nm™2 and r,
= 0.5414 nm. Bond angles were enforced via a harmonic potential
U, = hklcos(p) — cos(qao)]z, with k = 25 k] mol™ and ¢, = 131°.

angle
This model coarse-grains the polymers used in our experiments at a
resolution of 1.92 monomers per model bead, that is, a polymer of
100 monomers corresponds to a chain of 52 coarse-grained beads in
our model.

We parametrized this model in the following way. A recently
reported MARTINI model*’ for PMMA was used as the starting
point. To construct a model for the copolymer used in our
experiments from this PMMA model, two additional MARTINI
beads (types Q and Na)*® were added to the PMMA backbone,
representing the sulfopropyl and ethoxyethyl groups. These beads
were distributed randomly across the polymer backbone to produce a
ratio of 17% SPM/EEMA. Using this coarse-grained MARTINI
model, we created a system of 200 polymers of 100 monomers each
and measured the bulk density of the polymer in long NPT MD
simulations in ambient conditions using the simulation package
HOOMD.*”** These calculatlons yielded an amorphous solid with a
density of 0.83 g cm™

In a second coarse-graining step, we reduced the resolution of the
MARTINI model further, aiming to preserve its bulk density. Starting
from a linear chain of backbone beads taken from the PMMA model,
we proportionally increased the bond length and non-bonded
Lennard—Jones interaction parameter ¢ of backbone beads and
reduced the number of beads along the polymer accordingly to keep
the total stretched polymer length fixed. The final coarse-grained
model (with a resolution of 1.92 monomers per model bead) matches
the density of the MARTINI model in the solid state. To model the
effects of solvation, the MARTINI non-bonded Lennard—Jones
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parameter € was reduced to a value of 1.5 kJ mol™". This value results
in polymer brush conformations that are an intermediate between the
stretched state typical for highly charged polyelectrolyte brushes*” and
the collapsed brush characteristic of a non-polar polymer in water.

To reduce computational cost due to large system sizes, we do not
model the entire spherical nanoparticles but focus our attention on
the plane of contact of four nanoparticles. Specifically, we model a
spherical nanoparticle as a periodically replicated cylinder with 270
nm diameter and 20.78 nm height. 3500 “anchor” beads were placed
on the surface of nanoparticle cylinders in a close-packed arrange-
ment. To each of these beads, a single polymer was attached via a
harmonic spring (k = 14600 kJ mol™ nm™2; r, = 1.47 nm), resulting
in a grafting density of 0.2 nm™2 and a total number of particles of up
to ~900000 beads, depending on the polymer length. Non-bonded
anchor and polymer beads interacted via a Lennard—Jones potential
with € = 2.7 k] mol™" and ¢ = 1.6 nm. We initialized all simulations by
placing a single nanoparticle cylinder in a periodically replicated
rectangular box with dimensions L, = 400 nm, L, = 400 nm, and L, =
20.78 nm. Nanoparticles were treated as rigid bodies and were held
fixed throughout the simulation. Polymers were first equilibrated at
constant volume and a temperature of 300 K for 0.5 ns. After
equilibration, the system was further equilibrated under NPT
conditions (keeping L, fixed) at 300 K and 1 atm pressure. During
these simulations, which were run up to 100 ns, the simulation box
would shrink and the nanoparticle would form a pore with its own
periodic images. All simulations were performed with a time step of 5
fs using NVT/NPT integrators implemented in HOOMD-blue*"*®
on NVIDIA Tesla V100 GPUs at the Center for High-Performance
Computing at the University of Utah.

Bl RESULTS AND DISCUSSION

Preparation and Properties of Charged HNPs
Preparation of charged HNPs was accomplished as shown in
Scheme 1. SNPs were prepared using the Stéber method*' and

Scheme 1. Preparation of PSMP-co-PEEMA HNPs
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had diameters of 267 + 25 nm as confirmed by DLS and TEM.
Silica particles were functionalized with amine groups followed
by polymerization initiator moieties, as reported earlier.”’
Next, we carried out the SI-ATRP on the initiator-modified
particles. We have selected two monomers: SPM, the source of
negatively charged groups in the polymer brush, and EEMA,
introduced to adjust the hydrophilicity of the polymer. The
monomer ratio in this copolymer was set by adjusting the ratio
of the monomers because their polymerization rates are
similar, as we reported earlier.*> We were able to control the
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degree of polymerization using the reaction time because of
the controlled “living” nature of the polymerization. The
degree of polymerization was established using TGA, assuming
a grafting density of 0.2 polymer chains/nm® as was reported
previously.

We will refer to the resulting particles and the corresponding
membranes by the average degree of polymerization and the
percent of SPM monomers in the copolymer brush. For
instance, HNPs made from polymers composed of 100
monomers at 17% SPM content will be labeled 100-17%.

To characterize the charge distribution in HNPs, we
measured their {-potentials in aqueous solutions of NaCl of
different concentrations (Figure 1). As expected, all tested

HNP Composition

No polymer 100-17% 350-25% 500-17% 500-35%

-10
-20
-30
-40 +

H

Figure 1. (-potential values of HNPs as a function of NaCl
concentration (blue: 1 mM; green: 10 mM; red: SO mM).

Zeta potential, eV

-50 1

-60

samples showed negative {-potentials because of the presence
of hydroxyl groups on the surface of silica particles and sulfonic
acid groups of the polymer. However, samples responded
differently to changes in the electrolyte concentration. Bare
silica particles and particles with 100-17% and 350-25%
brushes showed decreasing (-potentials with increasing
electrolyte concentration, likely because of charge screening.
However, HNPs containing the longest brushes (500-17% and
500-35%) did not show any significant response to the change
in salt concentration. We speculate that this unusual behavior
is a result of polymer conformation response to the presence of
the electrolyte.

Using the measured (-potential, we have calculated the net
charge density o for each sample via ¢ = &¢,,/Ap, where ¢ is the
{-potential, €, is the dielectric constant of water, and 4y, is the
Debye length. Results are presented in Figure 2. The presence
of the polymer increases the net charge density up to five times
compared to the bare silica spheres, and charge density

w
=)
=)

2.00

1.50

0.50

Net charge density, GC/m?

0.00
No polymer 100-17%  350-25% 500-17%

HNP Composition

500-35%

Figure 2. Net charge density of HNPs calculated from their {-
potentials for different NaCl concentrations (blue: 1 mM; green: 10
mM; red: S0 mM).
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increases for all HNP samples with increasing salt concen-
tration. However, neither the polymer length nor the degree of
sulfonation was found to have a strong influence on charge
density, likely because of the charge screening. The net charge
density of HNPs, as measured via {-potential, describes the
electric properties of free particles in solution and cannot be
directly converted to a surface charge density of densely
packed HNP membranes. However, the charge density of
HNPs predicts a substantial negative surface charge for HNP
membranes and a potential dependence of membrane behavior
on polymer brush length.

HNP Membrane Formation. Hairy particle membranes
can be easily assembled by pressure-driven deposition of HNP
solutions onto macroporous supports like nylon.>* We found
that, to obtain HNP membranes that reproducibly adhere to
the nylon support, an underlayer of bare SNPs is beneficial. In
all our experiments, we thus prepare membranes by
consecutive deposition of a support layer of bare SNPs of
approximately 70 ym thickness, followed by HNPs, resulting in
a final membrane of approximately 150 ym thickness.

The SPM content of polymer brushes directly affects the
solubility of HNPs and thus should have a marked influence on
the morphology of self-assembled structures. Top-view SEM
images of different self-assembled HNP arrays indeed confirm
this notion, as illustrated in Figure 3, and side-view SEM
images are shown in Figure S1 (see the Supporting
Information). Assemblies containing the shortest polymer
brushes with the smallest degree of sulfonation (50-10%)
showed highly irregular particle packing characteristic of
strongly attractive interactions between HNPs. (HNPs with
zero SPM content are not stable in water.) By contrast, HNPs
with brushes of the same polymer length but a higher degree of
sulfonation (50-17%) provided more regular particle packings
with short-range close-packed crystalline order. We attribute
this effect to increased electrostatic repulsion between HNPs
that offsets attractive forces between hydrophobic EEMA
monomers. Increasing the polymer length and degree of
sulfonation produced structures of similar short-range order. A
further increase in SPM content did not improve the degree of
order in HNP assemblies; in particular, we did not observe
well-developed colloidal crystals for any of the HNPs we
tested. Side-view SEM images (Figure S1) show closed-packed
particles but no ordering similar to that described above, which
appears to be due to the way the membranes break onto the
uneven surfaces. Side-view images also show that there was no
separation between the SNP and HNP layers of the
membranes. For our membrane permeability studies, we
settled on membranes assembled from HNPs with the degree
of polymerization between 100 and 500 monomers and SPM
content between 17 and 35%.

The formation of randomly packed colloidal crystals can be
attributed to the polymer length and conformation.*® Depend-
ing on the degree of polymerization, particle size, and grafting
density, polymer brushes can take either stretched (concen-
trated) or relaxed (semidilute) conformation. The Daoud—
Cotton scaling model describes the critical polymer length
below which the polymer is stretched.”"** According to the
scaling model, the prepared sulfonated brushes are in a relaxed
conformation, which would enable free movement of Folymer
chains and a lesser degree of order in colloidal crystals,”* which
is in agreement with the disordered packing observed by SEM.
Although this is potentially detrimental to the mechanical
stability of the hairy particle membranes, we found that, even
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Figure 3. SEM images of particle arrays prepared with (A) 50-10% HNPs, (B) 50-17% HNPs, (C) 100-17% HNPs, (D) 350-25% HNPs, and (E)

500-35% HNPs.

Table 1. Flux and Permeability Results

membrane (DP-%SPM) J,Lm?h™! Ry, 10%° kg m' s Rg, 10%° kg m~ s K, nm*
bare silica 226 + 18 73+ 6 39+3
100-17% 103 + 5 139 = 11 67 3 38+2

350-25% 50+2 287 + 11 208 + 8 18 +1

500-35% 11 +1 1303 + 118 1236 + 112 4+1

with the very short polymer brushes (50 monomers per brush),
these membranes can be handled, sandwiched, transferred, and
even dropped without significant damage.”

One of the most important characteristics of a membrane is
solute transport, which can be described in terms of steric and
electrostatic rejection.”® The steric model simply states that a
solute with radius . that is larger than the typical pore
radius 7,,,. will be retained by the membrane. The electrostatic
model takes into account the interactions between the solute
and membrane surface charges.”* Below, we describe the size
exclusion and charge rejection characteristics of our HNP
membranes.

Water Flux and Permeability of HNP Membranes.
Water flux is an essential membrane performance parameter
that also provides insight into the membrane structure and
integrity. To characterize the influence of polymer brushes on
membrane behavior, we measured the water flux J through the
layer of bare silica spheres and through the membrane
composed of HNPs and bare silica layers. The bare silica
layers were prepared using particles of the same size as the
HNP cores. Water flux through these layers was consistent but
showed small variations (from 208 to 244 L m™* h™!) from
sample to sample, likely because of minor variations in particle
packing. The flux through the HNP membranes, however,
changed dramatically depending on the polymer brush
composition, ranging from 11 to 103 L m™ h™". These flux
values are comparable to those of commerciallsy available
ultrafiltration membranes (34 to 102 L m™ h™').*° Results of
our flux measurements are summarized in Table 1.

Membrane resistance to the flow R can be calculated as AP/
JAL for a membrane with thickness L under applied pressure
AP (1 atm in our experiments). In our membranes where fluid
passes through sequential layers of bare and hairy nano-
particles, the overall resistance is the sum of the contribution of
individual layers is

Ry = Ry + Ry (2)
where R, is the membrane resistance, Rj is the resistance of
the bare silica layer (Ry = Ry for the bare silica membrane in
Table 1), and Ry is the resistance of the hairy particle layer.
Clearly, polymer brushes affect the flow impedance.
Although short 100-17% brushes do not have a statistically
significant effect compared to bare silica, 350-25% and 500-

3411

35% increase the resistance ca. 3 and 17 times, respectively.
The effect of polymer brush length is nonlinear in agreement
with the polymer brush conformation theory prediction; for
semidilute or relaxed polymer brushes, the polymer thickness h
is ~N°°, where N is the degree of polymerization.>”

To account for the changes in membrane thickness and to
assess the effect of different polymers on water flux, we
calculated membrane permeabilities k as described by Darcy’s
law

k = JuL/AP (3)

where p is the viscosity of water.

Decreasing permeabilities is directly linked to decreasing
membrane pore sizes. We estimated pore sizes from
permeability data using two mathematical models, the capillary
tube (CT) model and the Kozeny—Carman (KC) model. The
CT model describes membrane pores as capillary tubes of well-
defined diameter (i.e, pore size) and tortuosity. Assuming
Hagen—Poiseuille flow and using Darcy’s law, the pore radius
in the CT model can be described as

R2

pore

= 8kt /e (4)
where ¢ is the porosity of the system, 7 is the tortuosity, and k
is the permeability described above. We estimate the porosity
of a solid composed of randomly close-packed spheres coated
with a polymer to be 0.30 and its tortuosity to be ~1.9.°° On
the basis of this model, HNP membranes with 500-35% and
100-17% brushes have pore diameters of ~28 and ~88 nm,
respectively, as shown in Table 2.

The KC model is commonly used to describe fluid flow
through a bed of packed particles. The advantage of this model

Table 2. Pore Sizes Estimated Using Different Models for
D,riicte = 267 nm, £ = 0.30, 7 = 1.9, K, = 38, and k = 4 nm’
for the HNP Membrane (500-35% Brush) and a Layer of
Bare SNPs

estimated pore diameter, nm

method HNPs SNPs
CT model ~28 ~90
KC model ~32 ~101
size rejection 31-54 ~100%°

DOI: 10.1021/acsami.8b17483
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is that particle shape and pore connectivity can be taken into

account explicitly. For spheres, however, the relationship

between the permeability and pore size reduces to a formula

that is essentially identical to the CT model
R = 4KkK/e

pore

©)

where K (= 4.8) is the Kozeny constant.”” HNP membrane
pore diameters calculated based on this model are ~32 nm for
500-35% brushes and ~99 nm for 100-17% brushes, in good
agreement with the CT model.

Comparison of the pore size in the HNP membrane to that
in a bare silica membrane further reveals the effect of the
polymeric molecular glue in the membrane. Pore sizes for the
bare SNP membrane were calculated on the basis of water flux
using both the CT and KC model and are ~90 and ~101 nm,
respectively, which are in good agreement with previous
experimental results based on size rejection.’® These values are
similar to those obtained for short polymer brushes (100-
17%). Long 500-35% polymers, on the other hand, have pores
with much smaller diameters, strongly suggesting that polymer
chains fill the interparticle spaces.

Filtration Cutoff of HNP Membranes. Pore size is an
important characteristic of membranes used in size-based
separations. Even though the pore size in HNP membranes can
be estimated on the basis of water permeability as described
above, it is important to establish the pore size more directly,
because nanoscale systems may deviate in unexpected ways
from model predictions and because pore geometry may affect
solute retention.”” One way to determine the pore size directly
is by testing the rejection of solutes of known sizes, such as
polystyrene beads, or solutes with known molecular weight,
such as proteins or dextrans.*’

First, we tested the permeation of dextrans through 500-35%
HNP membranes. We monitored the permeation of dextrans
with molecular weights between 25 and 670 kDa. We found no
significant dextran retention (R,,. ~18%), no correlation of
retention with molecular weight, and no change in water flux
throughout the experiments. The dextran radius can be
estimated on the basis of its molecular weight according to

(6)

where ry,, is the radius of dextran molecules in A and M, is the
molecular weight in g mol™.°" Thus, the diameter of dextrans
used in our experiments varied from 7 to 31 nm, suggesting
that 500-35% HNP membranes contain nanopores larger than
31 nm.

To further characterize the pore size in 500-35% HNP
membranes, we monitored the permeation of 54 nm
polystyrene beads, which were completely retained by the
membrane. Taken together, our rejection experiments show
that the membrane pore size is between 31 and 54 nm, in good
agreement with the pore size calculated based on water
permeability of HNP membranes. The somewhat smaller pore
size estimated using the CT and KC models may be because
these models do not take into account slip flow inside the
nanopores.®”

Modeling of Nanopores in HNP Membranes. To reveal
the polymer configurations that are responsible for the
observed dependence of water flux and pore size on polymer
length, we have performed MD computer simulations with a
coarse-grained model of nanoparticles and polymers (see
Materials and Methods). We focus on polymer configurations

Fiee = 0.33M 0%
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within a pore formed by nanoparticles arranged on a square
lattice, as illustrated in Figure 4A. This particular geometry

Pore area (10°nm?) M
© B o
)

»H

PR I T N NN '
g 0 100 200 300 400

Degree of polymerization

508

Figure 4. (A) Illustration of a pore formed by four nanoparticles (blue
circles). The size of the largest sphere that will pass through the pore
is indicated in red. (B—D) Snapshots from MD simulations of a pore
formed by HNPs with different degrees of polymerization. Nano-
particles (blue) are modeled as rigid cylinders (see Materials and
Methods); polymer chains are shown in gray. (E) Plot of the
experimentally measured flux (red squares) and pore sizes measured
in simulations (black circles), as a function of polymer length. The
flux for DP = 0 was estimated by extrapolating data for bare silica
layers to a membrane thickness of 150 ym.

serves as a simple model for more complicated pore geometries
encountered in a random packing of spherical nanoparticles.
For nanoparticles with 267 nm diameter, the largest sphere
that can pass through such a pore has a diameter of 110 nm,
consistent with the pore size based on rejection measurements
for bare silica membranes (Table 2). Next, we analyzed how
the geometry and size of the pore change in the presence of
polymer. In Figure 4B—D, we show equilibrium configurations
of our model polymers with degrees of polymerization
identical to polymer brushes used in our experiments (100/
350/500). Although the shortest polymers do not change the
shape and size of the pore significantly, longer polymers
partially fill the space between nanoparticles and result in pores
that have a circular cross section, reflecting the tendency of the
polymer to reduce the size of the interface with the
surrounding solution. The longest polymer (500 monomers)
results in a pore with 57 nm diameter, similar to but somewhat
larger than our experimental estimate of 31—54 nm based on
size exclusion. By assuming that the water flux through these
pores is proportional to the cross-sectional area of the pore, we
can nevertheless compare the dependence of pore size on
polymer length with the experimental data; as illustrated in
Figure 4E, the trends found in our experiments are well
reproduced by the simulations. Note, however, that this
analysis neglects water flux through the viscous polymer brush.
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Furthermore, flux through our HNP membranes is determined
not only by the pore geometry considered here but also by a
network of pores of different sizes and shapes, with different
degrees of polymer filling. For instance, our simulations
suggest that the smaller triangular voids formed by three close-
packed HNPs are completely filled by polymers composed of
350 monomers or more.

Responsive Nanopore Behavior in HNP Membranes.
Charged polymer brushes are known to undergo conforma-
tional changes in the presence of electrolytes. For example,
positively charged brushes grafted onto a planar surface were
observed to swell when salt concentration was increased and
then suddenly collapsed at concentrations of tens of
millimolars.*” This behavior can be explained by a competition
of charge screening and osmotic pressure. A similar
observation has been made for negatively charged brushes.*

This peculiar behavior of polyelectrolyte brushes can have a
significant effect on the size of the pores in HNP membranes
and their separation properties. To test whether pSPM-co-
pEEMA brushes experience conformational changes inside the
HNP membranes in the presence of salt, we measured the flux
of aqueous NaCl solutions of different concentrations through
HNP membranes. We observed a decrease in water transport
through the membranes: flux through 100-17% membranes
decreased from 103 to 65 L m™> h™' and from 11 to 4 L m™>
h™' for 500-35% membranes when NaCl concentration
increased from 0 to 100 mM, as illustrated in Figure 5. This
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Figure 5. NaCl solution flux as a function of concentration for 100-
17% (red circles) and 500-35% HNP membrane (blue squares);
dashed lines are exponential fits used as a guide for the eye.

result indicates a partial pore blockage likely related to swelling
of polymer brushes. Using the KC model, we estimate that the
average pore diameter decreases by ca. 40 nm for 100-17%
HNP membranes and by ca. 20 nm for 500-35% HNP
membranes. The different response of short and long polymer
brushes is analogous to the behavior reported for poly(3-
sulfopropyl methacrylate) brushes on flat surfaces®® and for
poly(N—isog)ropylacrylamide) brushes inside the colloidal
nanopores.”* In the latter case, this difference was explained
by the ability of short polymer brushes to freely change their
conformation in response to temperature changes, while long
polymer brushes filled the pores, which precluded conforma-
tional changes.

We note that we did not find evidence of polymer brush
collapse at high salt concentrations, as reported for polymer
brushes on flat surfaces.’”> However, these reports involved
considerably longer polymer brushes and higher salt
concentrations.

We further confirmed the notion of polymer brush swelling
by measuring the rejection of dextrans in the presence of salt.
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For this experiment, we chose the largest dextran (670 kDa)
that was observed to pass through the membrane in the
absence of salt. A solution of dextran and sodium citrate (1:1
by volume stock solutions of dextran and 10 mM sodium
citrate) was pushed through the membrane containing 500-
35% brushes, as this membrane showed the largest response to
the presence of salt solution. We observed a dextran rejection
of 60% compared to 18% in pure water. This significant change
is a clear indication of reduced pore size.

Charge Rejection in HNP Membranes. Membranes
containing charged nanopores are in principle capable of salt
rejection by hindering the transport of co-ions due to
electrostatic repulsion.”® Utilizing this separation mechanism
in ultrafiltration membranes could offer advantages over
reverse osmosis membranes because it would require much
lower operating pressures to maintain high flux®” To evaluate
the ability of charged HNP membranes to reject salts, we
measured the permeation of three strong electrolytes (sodium
chloride, sulfate, and citrate) at different concentrations
through membranes made of HNPs with two different
compositions, 100-17% and S500-35%. The results of these
measurements are presented in Figure 6.
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Figure 6. Salt rejection as a function of feed salt concentration (blue
triangles: NaCl; green circles: Na;C¢H;O5; red squares: Na,SO,): (A)
500-35% membrane; (B) 100-17% membrane.

The highest observed salt rejection was in the range of 70—
80% for 1 mM salt solutions for both studied membranes, with
salt rejection increasing with increasing co-ion charge as
R(NaCl) < R(Na,SO,) < R(NayC4H0,). Overall, rejection is
surprisingly large, considering the relatively large pore size
compared to pores of 1—22 nm reported previously for
membranes with similar salt rejection.”’ "% In general, salt
rejection is based on electrostatic repulsion, which depends on
the pore charge and the Debye length of the electrolyte. For
aqueous solutions of electrolytes at 25 °C, we calculate Debye
lengths Ay of ~10 nm for 1 mM NaCl and Ap of ~1 nm for 10
mM citrate. As discussed above, pores in our HNP membranes
have diameters of 30—100 nm and thus significantly exceed the
Debye length, which would lead one to expect no substantial
salt rejection. On the other hand, we previously demonstrated
that the colloidal crystals of silica particles with relatively large
charged nanopores are also capable of salt rejection.”**”** For
instance, in one experiment, we fabricated colloidal crystals
composed of charged 440 nm silica spheres with pores of 68
nm diameter, as estimated based on a close-packed sphere
model. Salt diffusion through these crystals was reduced by
50% at an electrolyte concentration of 0.05 M, corresponding
to Ap of ~1.5 nm. Even if one assumes that electrolytes are
repelled up to a distance of A, ~5 nm away from the surface
(~7.5 nm, corresponding to the distance where the electro-
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static potential has decayed by 99%), a large cross-sectional
area of the pore is still available for unhindered transport of
charges. Thus, we speculated that the tortuous path through
the colloidal crystal and its high surface area contribute to the
observed electrostatic permselectivity. The HNP membranes
studied here might deliver enhanced charge rejection for
similar reasons.

Finally, we studied the salt rejection behavior of HNP
membranes (Figure 6) as a function of solute concentration.
We found that the membranes behaved differently depending
on the polymer length and composition: Although the 100-
17% HNP membranes showed similar charge rejection for all
co-ions and all salt concentrations, the 500-35% HNP
membranes displayed decreasing flux with increasing ion
concentration.

Rejection of charged species by charged membranes as a
function of salt concentration is often described using the
Donnan model.®® However, this model assumes that pores
have a straight geometry, that charge rejection occurs solely
because of the interactions between free salt ions and charges
on the membrane surface, and it neglects the effects of steric
hindrance.”* Thus, the Donnan model can only provide a
qualitative prediction of the behavior of HNP membranes.
Specifically, salt rejection in HNP membranes is expected to
increase with increasing co-ion charge, that is, R(NaCl) <
R(Na,SO,) < R(Na;C¢H;0,), and with increasing number of
sulfonic groups in the polymer chains due to increased charge
density, and to decrease with increasing electrolyte concen-
tration due to the screening of membrane charges by
counterions.

The HNP membranes prepared using long brushes with the
high number of charged groups (500-35%) follow this general
trend. Salt rejection decreases with increasing salt concen-
tration, and rejection of the trivalent co-ion is higher than that
of di- and monovalent ions. The observed change in rejection
of chloride and sulfate as a function of their concentration is
similar to those reported for commercial nanofiltration
membranes,”’ further supporting the notion that 500-35%
HNP membranes behave as typical charged nanofiltration
membranes.

On the other hand, the HNP membranes prepared using
shorter polymer brushes with the lower number of charged
groups (100-17%) showed a consistently high salt rejection
(around 70%) regardless of co-ion valence or salt concen-
tration. We hypothesize that, in this membrane, polymer
swelling compensates for charge screening. Indeed, as
discussed above, the short polymer brush undergoes significant
swelling inside the nanopores (two times larger than the long
polymer brush). This swelling should be accompanied by a
significant increase in the number of charges inside the pore,
which would compensate for the charge screening due to the
higher electrolyte concentration.

Interestingly, citrate rejection in the presence of dextran
improved significantly (R e ~81% as opposed to 62% for the
pure salt solution of equal concentration) in 500-35% HNP
membranes. This rejection enhancement can be explained in
terms of a competition between specific (salt) and nonspecific
(dextran) solutes to enter a pore: as the nonspecific solute
enters a pore, available pore volume decreases, restricting the
permeation of the salt through the nanopore.’
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B CONCLUSIONS

We have prepared novel nanoporous membranes by self-
assembly of “hairy” SNPs carrying polyelectrolyte copolymer
brushes. We showed that self-assembly can be controlled by
polymer length and charge, which affect the interactions
between the nanoparticles during membrane formation. We
found, both experimentally and by modeling the interactions
between the nanoparticles using MD simulations, that the
properties of the membranes depend critically on the
conformations of polymer chains inside the nanoconfined
spaces of the nanoparticle assembly. The polymer plays three
roles in the assembly and behavior of the membranes. First, it
acts as a molecular glue, providing mechanical stability to the
nanoparticle films. Second, the polymer chains extend to the
interstitial spaces between the particles, thus defining the
nanopore size. Finally, polymer chains introduce charged
groups into the nanopores, which, combined with the high
surface area and tortuosity of the nanopores, leads to high ion
rejection by the nanopores despite their relatively large size.
We also found that the polymer conformation responds to the
ionic strength of the solution in interesting ways: long polymer
brushes fill the nanopores and do not undergo significant
swelling because of nanoconfinement, whereas short polymer
brushes are able to swell two times more significantly. This
leads to an unusual dependence of the salt rejection on salt
concentrations because of the interplay of charge screening and
polymer swelling.

Hairy nanoparticle membranes are easily prepared by
assembly of accessible nanoscale building blocks, and their
pore size is readily controlled in a broad range by changing the
polymer length and silica core diameter. These membranes can
be prepared with thicknesses ranging from a few micrometers
to a few hundred micrometers and with a large surface area.
Polyelectrolyte HNP membranes combine a number of
favorable properties, including control of nanofiltration cutoff,
control of permeability via responsive behavior, high charge
rejection, high flux at low pressure, and tunable nanopore
surface chemistry. Our findings suggest that HNP membrane
may find applications in the areas of size- and charge-selective
separations, water desalination, and in preparation of
responsive membranes.
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