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ABSTRACT: A method to synthesize stable, raspberry-like nanoparticles
(NPs), using surface grafting of poly(glycidyl methacrylate) (PGMA) brushes
on a polystyrene (PS) core with varying grafting densities, is reported. A two-
step functionalization reaction of PGMA epoxide groups comprising an
amination step first using ethylene diamine and then followed by a
quaternization using glycidyltrimethylammonium chloride generates perma-
nently and positively charged polyelectrolyte brushes, which result in both steric
and electrostatic stabilization. The dispersion stability of the brush-bearing NPs
is dramatically improved compared to that of the pristine PS core in salt
solutions at ambient (25 °C) and elevated temperatures (60 °C). Additionally,
the grafted polyelectrolyte chains undergo a reversible swelling in the presence
of different ionic strength (IS) salts, which modulate the surface properties,
including roughness, stiffness, and adhesion. An atomic force microscope under
both dry and wet conditions was used to image conformational changes of the polyelectrolyte chains during the swelling and
deswelling transitions as well as to probe the nanomechanical properties by analyzing the corresponding force—sample separation
curves. The quaternized polyelectrolyte brushes undergo a conformational transition from a collapsed state to a swelled state in the
osmotic brush (OB) regime triggered by the osmotic gradient of mobile ions to the interior of the polymer chain. At IS ~ 1 M, the
brushes contract and the globules reform (salted brush state) as evidenced by an increase in the surface roughness and a reduction in
the adhesion of the brushes. Beyond IS ~ 1 M, quartz crystal microbalance with dissipation monitoring measurements show that salt
uptake continues to take place predominantly on the exterior surface of the brush since salt adsorption is not accompanied by a size
increase as measured by dynamic light scattering. The study adds new insights into our understanding of the behavior of NPs bearing
salt-responsive polyelectrolyte brushes with adaptive swelling thresholds that can ultimately modulate surface properties.

H INTRODUCTION other hand, steric stabilization can be realized by tethering
Stability of colloidal dispersions has been researched widely for polymer chains onto the particle surface. In that case,
a multitude of applications, including drug therapy,l Brownian collisions between particles result in both entropic
bioimaging,” oil recovery,” and geothermal energy production.” and enthalpic repulsions caused by the interpenetration and/or
A common strategy to counterbalance the van der Waals compression of approaching polymer chains.®* However, to
attraction leading to particle aggregation is to introduce achieve sufficient steric stabilization, the adsorbed ligands/
electrostatic or steric motifs that shield and, thléls, prevent the polymer layers must be well solvated in the solvent with a

particles from approaching close together.”® Electrostatic
stabilization results because of an electrical double layer
comprising an immobile Stern plane (counterions with a
charge opposite to the particle surface charge) and a diffuse
layer (a layer of mobile ions), which can be easily disrupted in
various electrolytes (i.e., in the presence of charge-screening
ions).” Hence, electrostatic stabilization strategies that work
well in salt-free environments become less effective in the
presence of even low ionic strength (IS) electrolytes. On the

minimum required thickness dictated by the particle size and
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Scheme 1. (1) Amination of Epoxide the Ring of PGMA Using EDA; (2) (a) Quaternization Reaction of PGMA-EDA with
GTMAC to Synthesize PGMA Brush; (b) Side Reaction with Neighboring PGMA Chains to Yield Interchain Bridges
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the magnitude of the Hamaker constant.” Ligand and polymer
solvation is significantly reduced in high IS concentrated brines
and high temperatures.'’ Another strategy, which combines
the two approaches described above, is accomplished by using
charged, extended polymer chains (polyelectrolyte brushes).
This last approach provides colloidal stabilization by
combining both electrostatic and steric repulsive forces.
Polymer brushes tethered onto various surfaces and/or
interfaces with specific functionalities have resulted in advances
not only in colloidal stabilization'" but also in drug delivery,"”
surface coatings,"’ implantable devices,"* soft robotics,"®

surfactancy,'®'” and sensing.'® By adopting multiple conforma-
tional states, the polymer brushes can be tuned to respond to
1920 i 2122

ions,

specific changes, including the type of solvents,
pH,** and temperature.””*> These different stimuli can trigger
rapid transitions and can control the structure and properties
of the polymer brushes, including entanﬁglements, hydration,
swelling, wetting, adhesion, and friction.”

Polymer-grafted nanoparticles (NPs) can be tuned to exhibit
desirable thermal and mechanical properties by tailoring the
chemistry, grafting density, and flexibility of the attached
chains.”” Choi et al.”® evaluated the mechanical properties of
polystyrene(PS)-poly(methyl methacrylate) brushes grafted on
silica particles and the transition from “hard-sphere-like” to
“polymer-like” mechanical behavior depending on the degree
of polymerization. Yang et al.'® developed responsive, single-
chain/colloid Janus particles based on poly(2-(2-
methoxyethoxy)ethyl methacrylate chains on Fe;O, NPs.
These chains can segregate at surfaces/interfaces like
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surfactants and can undergo amphiphilic/hydrophobic tran-
sitions with heating or using near-infrared irradiation. In
another study, Lotierzo et al. reported the synthesis of
anisotropic, Janus particles by cross-linking n-butyl methacry-
late cores with poly(methyl methacrylate-methacrylic acid)-
block-poly(n-butyl methacrylate) copolymer micelles and used
them as colloidal stabilizers for the emulsion polymerization of
styrene.29

Incorporating reactive functional sites within the polymer
brush architecture is of particular importance to modulate
properties and control performance. Examples include
monomers containing vinyl groups, epoxides, sulfates, and
amines. Glycidyl methacrylate (GMA) is such an example of a
functional monomer with reactive electrophilic carbons in a
strained 3-membered ring that can undergo ring-opening
reactions by various nucleophiles, including amines,”’ alco-
hols,>' azides,* carboxylic acids,®® thiols,”* and water.>®
Puretskiy and Ionov*® synthesized poly(glycidyl methacrylate)
(PGMA) grafted onto silica to yield “raspberry-like” particles
with a good stability and mechanical performance as well as a
coupling agent for ultrahydrophobic coatings.

In this study, we leverage the chemistry of PGMA to graft
polyelectrolyte brushes onto NP cores. Specifically, we report
the synthesis of raspberry-like NPs composed of latex PS cores
decorated with cationically charged PGMA brushes. The
synthesis is based on a two-step amination process of pendant
PGMA epoxide segments attached to PS cores (Scheme 1).
The first step is based on ethylene diamine (EDA)-assisted
ring-opening reaction of the GMA epoxide groups followed by
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the introduction of permanently charged, quaternary ammo-
nium groups using glycidyltrimethylammonium chloride
(GTMAC). The resulting pendant cationic moieties control
flocculation of the resulting colloidal suspensions, leading to
highly stable systems even at high-temperature/high-salinity
environments. The colloidal properties of the NPs and their
salt adsorption/swelling behavior in various electrolytes were
probed by dynamic light scattering (DLS), accelerated
dispersion stability, and quartz crystal microbalance (QCM)
measurements. The raspberry-like motifs of the brushes on the
NPs undergo morphological transitions in the presence of
various ion electrolytes, and the corresponding changes in
surface and nanomechanical properties (including roughness,
stiffness, and adhesion) were characterized by an atomic force
microscope equipped with a fluid cell. The colloidally stable
NP suspensions developed in this study can be potentially
deployed in a number of practical applications including those
in aggressive and demanding environments such as in oilfield
applications, where the NPs can be suspended and injected
with the seawater (SW). The NPs can serve as tracers or
delivery systems to alter interfacial progerties, and they can be
recovered ultimately upon production.””*

B MATERIALS AND METHODS

Materials. Styrene (>99%), Nile red (>97%), [2-(acryloyloxy)-
ethyl]trimethylammonium chloride solution (80 wt % in H,O)
(AOETMAC), divinylbenzene (DVB) (para and meta isomers)
(80%), EDA (>99%), GTMAC (>90%) and 2,2'-azobis(2-methyl-
propionamidine) dihydrochloride (granular, 97%) (VS0), sodium
chloride (NaCl) (99%), calcium chloride dihydrate (CaCl,-2H,0)
(98%), magnesium chloride hexahydrate (MgCl-6H,0) (99%),
sodium sulfate (Na,SO,) (99%), and sodium bicarbonate
(NaHCOs;) (99.7%) were all purchased from Sigma-Aldrich. GMA
(>95%) was purchased from TCI chemicals, and N-hexadecane
(99%) was purchased from Alfa Aesar. Cetyltrimethylammonium
bromide (CTAB) (>99%) was purchased from Amresco. A
regenerated cellulose dialysis tubing with 3.5k molecular-weight
cutoff (MWCO) was purchased from Thermo Fisher Scientific. All
chemicals were used as received without further purification. Stock
solutions of SW (IS~ 1.14 M) and high-salinity water (HSW) (IS~
2.5 M) (amounts listed in Table S1) were prepared and used to test
the colloidal stability of the various NP systems.

Synthesis of Fluorescent Poly(styrene), NP Cores. PS NP
cores were synthesized using free-radical, miniemulsion polymer-
ization with deionized (DI) water as the dispersion medium. For the
aqueous phase, 1.4 g of CTAB, 0.74 g of AOETMAC comonomer,
and 0.566 g of VS0 initiator were mixed in 400 mL of DI water. The
oil phase, comprising 3 mg of Nile red, 62 g of styrene, and 2 g of
hexadecane, was added to the aqueous phase, and the mixture was
sonicated with an ultrasonic probe (Branson SFX150) at S50%
amplitude of the sonicator power for 20 min to produce a seed, oil-in-
water emulsion stabilized by the cationic surfactant and comonomer.
Hexadecane is used to stabilize the emulsion seeds by creating an
osmotic pressure that prevents coalescence of oil droplets into a
macroemulsion by Ostwald ripening.*”*’ The mixture was heated at
70 °C for 24 h using continuous stirring under a N, flow to initiate
polymerization.

Grafting of PGMA Brushes to Synthesize PS-PGMA NPs
(521, S31, and S41). PGMA was grafted to the surface of the PS
cores using different molar ratios of PS to PGMA (i.e., 2:1, 3:1, and
4:1 corresponding to S21, S31, and S41, respectively) with DVB as a
cross-linker. In a typical grafting experiment, a stock mixture of GMA/
DVB containing 2.38/0.014 g, 3.1/0.019 g, or 4.7/0.028 g (for S41,
S31, and S21, respectively) was prepared. 1 mL of this mixture was
added to S0 g of the PS cores stock, and the solution was stirred
continuously at room temperature for 24 h to allow the monomer
mixture to diffuse into the particle cores. 0.045, 0.06, and 0.09 g of
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VS0 initiator (for S41, S31, and S21, respectively) were dissolved in §
mL DI water and added into the stirred solution, after which the
remaining GMA/DVB mixture was added in a dropwise fashion
(Fisherbrand Single Syringe Pump) at 2 mL/h. The mixture was
stirred at 500 rpm and allowed to react at 60 °C for 24 h.

Amination of PS-PGMA with EDA. 11.2 g of the resulting PS-
PGMA suspension was taken out of the stock solution to which 0.059,
0.777, and 1.134 g of EDA in 4 mL of DI water were added for S41,
S31, and S21, respectively, and the mixture was stirred at 350 rpm
while kept at SO °C for 48 h. EDA was added in excess (3X molar
concentration of GMA) to drive the reaction with the epoxide groups
to completion and form PGMA-EDA brushes on the surface of PS
NPs [PS-PGMA-EDA, Scheme 1(1)]. The resulting solution was then
dialyzed using 3.5k MWCO tubing to remove any residual EDA.

Quaternization Reaction to Synthesize S21+, S31+, and
S41+. After dialysis, the suspension of PGMA-EDA functionalized PS
NPs was sonicated for 30 min after which 3 mL of GTMAC in 3 mL
of DI water was added gradually and allowed to stir at 50 °C. In this
last step, the quaternary ammonium groups of GTMAC react with the
pendant amine groups of PGMA-EDA through a second epoxide ring
opening as shown in Scheme 1(2a). It is worth mentioning that the
pendant amine groups can also react with a neighboring PGMA
epoxide ring [Scheme 1(2b)]. After the reaction, the particle
suspensions were dialyzed using 3.5k MWCO tubing before further
characterization.

NP Characterization. The size and zeta potential (ZP) of the
NPs were measured using a DLS Zetasizer Nano 90 (Malvern
Panalytical). Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images were obtained by using a Zeiss
Gemini 500 SEM and an FEI Tecnai 12 BioTwin TEM, respectively.
Thermogravimetric analysis (TGA) of the PS core and PGMA-grafted
NPs used to estimate the PGMA content at different grafting ratios
was performed on a TA Instruments 5500 Thermogravimetric
Analyzer under a N, flow at a heating rate of S °C/min up to 700
°C. Fourier-transform infrared (FTIR) spectra were collected on a
Thermo Scientific FTIR spectrometer. AFM measurements were
conducted using a Bruker MultiMode 8-HR AFM.

LUMiSizer Dispersion Stability Analysis. The colloidal stability
of the NPs was tested using 0.1 and 0.5 wt % dispersions of the NPs in
single and mixed salt electrolytes. Aliquots of 0.45 uL of the different
dispersions were placed in the LUMiSizer cell and filled below the
meniscus height, which is estimated by the software to be ~105 mm.
Samples were centrifuged at 1000 rpm (117X gravitational
acceleration) for 50 min, and the transmission across the sample
was measured as a function of time in 10 s increments using light
illumination (870 nm). From these measurements, the separation
indices (SIs) at 25 and 60 °C were calculated as follows. Initially, at
time zero, to, the transmission through the sample is low because of
the presence of particles in the suspension. If the suspension is
colloidally stable, then no change in transmission is recorded with
time. For samples, where particle sedimentation takes place, the
transmission in the middle of the sample increases with time as the
particles sediment at the bottom of the cell, where the transmission
decreases.

QCM with Dissipation Monitoring. Salt sorption was quantified
using a Biolin Scientific Q-Sense instrument by measuring the
frequency shift (AF) and dissipation (AD) of samples deposited on
Au-coated QSX 301 quartz crystal sensors (Nanoscience Instru-
ments). The sensors were first UV/ozone treated for 10 min and
submerged for S min in a mixture of S:1:1 [DI water, ammonia
(25%), and hydrogen peroxide (30%)] heated to 70 °C followed by a
rinse with DI water and drying with N,. The sensors were then treated
with UV/ozone for 10 min before drop casting 100 uL of 0.05 wt % of
the sample suspension (filtered through a 0.45 ym syringe filter to
establish a uniform layer and remove any aggregates). At the
beginning of each measurement, DI water was injected first to
establish a stable baseline followed by continuous injection of
different electrolyte solutions until equilibration for at least 15 min
and before a final DI water wash. Shifts in AF and AD were collected
using the 3rd to 13th overtones. Since the films behave
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viscoelastically, the amount of salt adsorption in response to the
variation in IS of the electrolyte was calculated using the Kelvin—
Voigt model. Briefly, a shear stress applied to the film by the
oscillating crystal results in both elastic (spring) and viscous
(dashpot) contributions to the stress/strain relation, which can be
represented by eq 1*!

ou,(y, t) ov(y, t
00 | 00,0
d ) (1)

where y is the shear modulus of the film, 7 is the shear viscosity of the
film, and u, and v, represent the displacement and velocity in the x-
direction, respectively. Using the Taylor expansion, the film
viscoelastic properties [including viscosity, density, shear modulus,
and thickness (mass)] can be obtained by ﬁttin% the measured AF
and AD to eqs 3 and 4 at different overtones**
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In the above, p  and £, are the density and thickness of the quartz
crystal, respectively; p¢ and t; are the density and thickness of the film;
x is the inverse of the mechanical loss tangent; f and f, are the
measured and resonance frequencies, respectively; and J is the viscous
penetration depth. The Kelvin—Voigt viscoelastic parameters were
fitted to the collected frequency and dissipation data at various
overtones using Q-tools software (Biolin Scientific).

AFM Measurements. AFM was performed using the PeakForce
Tapping mode with a ScanAsyst-fluid nitride coated silicon tip (spring
constant of 0.7 N/m). The AFM tip was calibrated against a sapphire
standard to obtain its actual deflection sensitivity as well as the spring
constant and its radius that were used in the nanomechanical property
calculations. The deflection sensitivity was 21.54 nm/V using a single
ramp run (approach-retraction) with a spring constant of 0.516 N/m
using thermal tuning. These calibration parameters were entered in
NanoScope 6 software before each subsequent measurement. For the
sample preparation, a 0.05 wt % suspension of the particles was
filtered through a 0.45 um syringe filter, and a few drops were
deposited on a Si-wafer (p-type, purchased from Pure Wafer). Prior to
drop casting, the Si-wafers were submerged in an ethanol solution and
placed in an ultrasonic bath for 15 min (160 W) followed by washing
with DI water. For measurements in fluid environments, a liquid cell
was used, and a droplet of the corresponding liquid was added on the
sample surface as well as on the tip and allowed to equilibrate for 30
min. Force—separation curves were collected and analyzed. The
stiffness of the samples was calculated from the linear part of the
retrace curve, while the adhesion was obtained from the minima of the
same curve.**

B RESULTS AND DISCUSSION

The polyelectrolyte-grafted, raspberry-like NPs with different
grafting densities (S21+, S31+, and S41+) are synthesized
according to the following four steps: (1) synthesis of the PS
cores by emulsion polymerization of styrene; fluorescent dyes
to add imaging capabilities can be incorporated in this step, (2)
swelling of the PS cores using a mixture of GMA/DVB to
incorporate the brush precursor, followed by a polymerization
reaction to form PGMA. Since the resulting PGMA chains are
immiscible with PS, they phase-separate and form raspberry-
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like patches on the surface of the PS cores, (3) reaction of the
patches with EDA via ring opening of the epoxide groups of
PGMA, and (4) reaction of the amine groups with the glycidyl
trimethylammonium chloride (GTMAC) that leads to the
permanently charged, polyelectrolyte brushes grafted to the PS
particle surface.

The size of the PS cores obtained from DLS measurements
after the emulsion polymerization is ~91 nm with a {-potential
of +37 mV. The positive charge of the cores before grafting of
the polyelectrolyte brushes is due to the presence of CTAB
and the quaternary ammonium comonomer (AOETMAC),
which are added to facilitate the emulsion polymerization
reaction. For the next step, three different ratios of PS to GMA
were used to synthesize particles with different brush densities:
2:1, 3:1, and 4:1 referred to as S21, S31, and S41, respectively.
To generate the positively charged polyelectrolyte brushes, first
EDA and then GTMAC were added in the two subsequent
steps (Scheme 1). We note that in addition to the desired
reaction, the reactive epoxide groups can also undergo an
amine-induced ring opening by neighboring PGMA chains to
form bridges between the chains [Scheme 1(2b)].

The NP systems produced after different steps were
characterized by TEM, SEM, and AFM (Figure 1). The
microscopy images show relatively monodispersed particles for
both the core and PGMA functionalized particles. However,
the latter exhibit a rough surface with multiple lobes (in
contrast to the core particles, which possess a smooth surface;
Figure 1). FTIR spectroscopy (Figure S1) confirmed the
grafting of the PGMA brushes to the core NPs. The peak at
1723 cm™ is attributed to the presence of carbonyl groups due
to GMA. At the same time, the asymmetric stretch of the
epoxide ring at 942 cm™' disappears because of the ring-
opening reaction. In addition, the broad peak centered around
3395 cm™! is assigned to hydroxyl and possibly amine groups
(both the N—H and O—H stretching modes appear in this
wavelength range). TGA (Figure S2) reveals two clear thermal
decomposition regimes corresponding to the degradation of
the quaternized PGMA brushes (between 250 and 300 °C)
and the degradation of the PS cores (between 350 and 400
°C). The amount of the PGMA brushes is calculated at 11.5,
14.7, and 23 wt % for S41+, S31+, and S21+, respectively.

The size distribution and ZP for the core- and brush-grafted
NPs are shown in Figure S3 and summarized in Table 1. In all
systems, positively charged particles with an estimated brush
thickness of 12—20 nm in DI water (i.e., salt-free environment)
are obtained. As stated earlier, the PS cores do bear a positive
charge due to the presence of AOETMAC added as part of the
emulsion polymerization reaction. Despite the presence of the
positive charge, the PS cores aggregate quickly when
suspended in SW. In contrast, the polyelectrolyte-grafted
NPs increase in size but are stable in SW. As stated below in
detail, the brush charge and configuration depend on the
surrounding medium, particularly in the presence of charge-
screening ions. The presence of amine groups along the brush
backbone suggests that these NPs should be responsive to
changes in the pH (Scheme 2). The ZP measurements of the
particles at different pH show that the NPs stay positively
charged even above the pK, values of isolated EDA (~10.21
and 7.16). For example, the ZP at pH 12, where the two amine
groups are deprotonated, is ~+23 mV due to the presence of
the terminal quaternary ammonium groups.

Characterization of Colloidal Stability via Acceler-
ated Testing. We next probe the stability of the particles
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Figure 1. TEM, SEM, and AFM (in dry conditions) images for PS
core NPs and S31+ [PS-PGMA-EDA-Q+ (3:1) ratio] with the
corresponding size distribution obtained from TEM images.

suspended in SW using accelerated sedimentation tests. The
transmission profiles and corresponding SI were measured for
both the PS core and the polyelectrolyte-grafted particles in

SW at two temperatures (25 and 60 °C) before and after
amination (Figure S4). Note that as the particle suspension in
the cell is subjected to centrifugation, if stable, its transmission
remains unchanged with time over its entire length (and the SI
is ~0). In contrast, when the suspension is not stable, the
transmission increases with time at the top of the cell and
decreases at the bottom as the particles begin to sediment (the
SI is 1 for completely sedimented suspensions). The
transmission profile over time for a 0.5 wt % suspension of
the PS core changes with time, suggesting a low colloidal
stability. Similar behavior is observed for suspensions of PS-
PGMA NPs prior to amination and quaternization. Note that
the stability remains low for these systems, even at lower
particle concentrations. We hypothesize that the PGMA chains
on the surface prior to the amination and quaternization do
not provide sufficient steric stabilization probably due to their
relatively short length. The effect is exaggerated because of the
unfavorable mixing with water, which acts as a poor solvent for
PGMA. In contrast, to the previous systems, NP suspensions of
S41+, S31+, and S21+ show an excellent colloidal stability.
The SI decreases from 0.75 for the PS core to <0.004 and
<0.037 at 25 and 60 °C, respectively. Since the functionaliza-
tion of the brush consists of two steps (amination and
quaternization), an accelerated sedimentation test was
conducted for the particles decorated with brushes after
reaction with EDA but prior to quaternization (PS-PGMA-
EDA). The transmission profiles (Figure SS) are consistent
with an unstable suspension after only the amination step,
suggesting that the quaternization step is essential for colloidal
stability.

Swelling Behavior in Response to Varying ISs.
Polyelectrolyte chains are prone to swelling when suspended
in either a good solvent due to the favorable solvent—polymer
interactions that maximize the polymer—solvent contact area
or salt solutions as the osmotic pressure gradient can trigger
diffusion and absorption of counterions in the interior of the
brush.*> This swelling is counterbalanced by an elastic
retractive force due to the reduced entropy by the segmental
chain stretching that decreases the entropically accessible
configurations.””*” Capturing the swelling thresholds for the
grated polymer chains is desirable to modulate surface
properties, including roughness, stiffness, and adhesion.
Detailed size measurements in the presence of various
electrolytes (NaCl, Na,SO,, and MgCl,) were conducted
using suspensions of S31+ as a model system. All S31+
suspensions appear stable (low SI values) under these
conditions (Figure S6). As shown in Figure 2, the particle
size first increases with increasing IS due to the swelling, but

Table 1. Size and ZP Recorded for PS Core, PS-PGMA, and PS-PGMA-EDA-Q+ NPs in DI Water and SW at Different Molar

Ratios Using DLS”

sample (PS:PGMA ratio) PS core PS-PGMA PS-PGMA-EDA-Q+

size (nm) ZP (mV) size (nm) ZP (mV) size (nm) ZP (mV)
S41 (4:1) 91 + 8° +37 + 1.5° 94 + 4° +28 + 0.1° 114 + 10° +38 + 0.4°

4450 + 625° 139 + 5°
S31 (3:1) 107 + 13° +32 + 1.3° 125 + 6° +39 + 1.1°

147 + 1.2°

$21 (2:1) 116 + 2 +31 + 02" 131 + 9° +39 + 1.9°

151 + 3°

“See Supporting Information (Figure S3 for distribution plots). ®Measurement of NP suspension in DI water. “Measurement of NP suspension in

SW.
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Scheme 2. Protonation States of Isolated EDA at Equilibrium pK, Values of ~10.21 and 7.16
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Figure 2. (a) Brush-grafted NP size (S31+) obtained by light
scattering as a function of IS in individual salts (NaCl, Na,SO,, and
MgCl,) and (b) schematic representation of the configuration of the
polycationic brushes with increasing IS: (I) collapsed/globular brush,
(11) OB, and (III) SB.

the swelling is nonmonotonic consistent with the behavior
observed for most polyelectrolytes in salt solutions.*”** The
brush configuration can adopt three states (Figure 2b): (i)
collapsed (or pinned micelles) brush (CB), (ii) swollen,
osmotic brush (OB) driven by the osmotic gradient and
consequent salt diffusion in the interior of the brush, and (iii)
partially retracted state, also called the salted brush (SB)
regime, when ions are expelled from the brush interior due to
saturation/screening and multivalent counterion condensation
of two single-charged monomer units. In the latter state, ion
adsorption can still take place predominantly on the outer
surface of the brush.*”*° In the CB state, as demonstrated by
Zhulina and co-workers,”’ the equilibrium configuration is
driven by a balance of three contributing forces: (i) surface free
energy of the brush with the surrounding solvent (AF,,), (ii)
free energy associated with the elastic stretching of the
anchoring segments/legs (AF,,), and (iii) electrostatic free
energy of the charged monomer units (AF,.).

When there is no salt present, the polyelectrolyte chains
adopt a collapsed conformation (thickness of ~17 nm). As the
electrolyte IS increases from 0.01 to 1 M, the polyelectrolyte
chains undergo gradual swelling transitioning from the CB
state to the OB state. The transition from the collapsed state to
the swollen state results in a maximum increase of ~37 nm in
brush thickness for NaCl, Na,SO,, and MgCl, at concen-
trations between 0.01 and 0.3 M. After that, there is no more
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swelling (no increase in size). Finally, the size decreases as the
brushes begin to collapse at higher salt concentrations (IS =
1-2.5 M).

In the presence of salts, polyelectrolyte brushes can
experience different ion concentrations inside and outside
the chains, which results in an osmotic pressure difference. As
the IS of the medium outside the brushes increases, more and
more ions diffuse into the interior to reduce the ion
imbalance.””>® The extent of swelling depends on many
factors including the cross-linking density, the grafting ratio,
the chain length, and the hydrating power of the diffusing ions.
Since the hydrated SO,*” is larger (3.79 A) compared to CI™*
(3.32 A), a larger increase in the NP size is observed for that
system.”*™°® As the concentration of ions in the bulk
electrolyte approaches the concentration of ions within the
brush, chain contraction takes place due to the charge
screening/counterion saturation that induce local charge
inversion, which reduces the electrostatic repulsion between
like-charged units.”” Furthermore, in the case of multivalent
counterions (e.g,, SO,*7), electrostatic interactions can bridge
two single-charge monomer units.>® For this reason, the chain
contraction and particle size decrease are more pronounced for
sodium sulfate compared to those of the other salts up to 2.5
M. The DLS trends are consistent with AFM measurements
(Figure S7). The somewhat smaller size obtained by AFM
compared to the size obtained from light scattering (~10%
difference) is probably due to that DLS measurements are
performed in very dilute suspensions, while the AFM
measurements involve highly concentrated samples deposited
on a substrate, where swelling might be hindered by crowding
by neighboring particles.

QCM with dissipation monitoring (QCM-D) measurements
were used to quantify the salt adsorption in electrolytes of
various ISs and correlate with the swelling experiments
described above. Changes in frequency (AF) and dissipation
(AD) were recorded for NaCl (Figure S8), Na,SO,, MgCl,,
and SW. The transition from the CB conformation to the
swollen state is accompanied by viscous effects, as the swollen
flexible chains lead to higher energy dissipation. The proposed
flexible, extended brush configuration in the OB regime and in
the partially retracted SB regime shows increased dissipation,
as flexible chains are reported to couple poorly with the
resonant oscillations of the sensor.’” The salt adsorption is
reversible, as subsequent washes with DI water cause a reverse
pressure gradient, and salt ions begin to diffuse out of the
brush interior into the bulk water, as evidenced by the return
to the initial values of frequency and dissipation (Figure S8 a).
This reversible association is expected as counterions that are
in close proximity to the chains are electrostatically associated
rather than immobilized at specific sites.”’ It is worth noting
that a slight secondary adsorption is observed during the
washing process, which could be due to the hydration of the
patches as incorporated salt ions are switched with the solvent.

Starting with the simple monovalent salt NaCl, Figure 3
shows the reduction in frequency when the QCM was
immersed in various NaCl solutions. The areal mass was
obtained by fitting the data to the Kelvin—Voigt model. The
gradual increase in size in the OB state (stage II) is
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Figure 3. Experimentally measured and modeled frequency profiles from QCM-D with calculated areal mass as a function of time at different NaCl
ISs after stabilization in DI water: (a) 0.01, (b) 0.05, (c) 0.07, (d) 0.1, (e) 0.5, (f) 1, (g) 1.14, and (h) 2.5 M.

accompanied by a gradual increase in salt absorption (the areal
mass increases to ~3.9 ug/cm” at I ~ 0.5 M). As the brushes
on the NPs transition to SB or stage III, a decrease in salt
adsorption is observed due to the ion expulsion from the
interior of the brushes (the adsorbed mass decreases from 3.9
to 1.4 ug/cm?). After that, the salt adsorption increased back
to 3.9 ug/ cm?. In this stage, most of the ions are adsorbed
predominantly on the exterior of the brushes caused by
counterion saturation. In the case of SW (Figure S9a), the
amount of salt adsorbed was ~2.3 ug/ cmz, which is equal to
the amount adsorbed in the presence of NaCl at an equivalent
IS of ~1.14 M. Figure 4 summarizes the frequency and
dissipation profiles and the calculated areal masses for different
salts. For Na,SO, (Figures 4b and S9b), the maximum salt
uptake during the swelled state is ~8 pg/cm?® at I ~ 0.15 M.
The areal mass stays relatively constant (3.2—3.7 ug/cm?) for
solutions with ISs of 1.14—1.5 M, where the transition from
OB to SB takes place. Further increase in the adsorbed salt
reaching up to 4.9 pug/cm* at 2.5 M salt is attributed to
adsorption on the exterior of the brushes as they enter the SB
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state or stage III. Similar behavior is observed for MgCl, with a
maximum salt uptake of 8.8 ug/cm® in the OB regime,
followed by a reduction in the salt adsorption during the
transition to the SB regime. At a low salt concentration on the
other hand, and as the brushes become swollen, the amount of
salt adsorbed differs depending on the character of the ions.
Higher salt adsorption is reported for Na,SO, and MgCl, in
comparison to NaCl in the OB state since monovalent salts,
such as NaCl, have a strong tendency to screen long-range
electrostatic interactions that drive more ions from the bulk
solution to the NP surface, compared to screening short-range
lateral correlation between the charged patches. Hence, this
screening diminishes the binding with the NPs resulting in
lower amounts of NaCl absorbed.®! During the SB regime,
external ion association is the same for all salt solutions, which
is lower compared with the amount of salt incorporated and
diffused within the network in the OB regime.

Surface topographical and nanomechanical properties before
and after grafting of the polyelectrolyte brushes as well as in
contact with different fluids were probed using AFM. In the
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Figure 4. (a) Changes in frequency, AF and dissipation, AD of S31+
after salt adsorption; (b) calculated areal mass adsorbed during
different regimes (the OB configuration is observed between 0.01 and
1 M, and the SB configuration is observed between 1 and 2.5 M) for
NaCl, Na,SO,, and MgCl, using the Kelvi—Voigt model. Dashed lines
are added as a guide to the eye.

experiment as the tip approaches and then retracts from the
sample, the force at different tip—sample separation is
measured.”> Stiffness can be calculated from the linear part
of the retrace part of the force—separation graph, while the
minimum in the retrace part of the graph corresponds to the
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adhesion between the AFM tip and the sample. Figures S and 6
summarize the nanomechanical response to an applied force as

a)
1.0 . , 4.0
0.8
% 0.6 L35
0.84
3.0 ] £ 3.0
E i 055
306' 1 \\ (:D-
@ N 208
2 . >
= 0.4 N =)
£ N L1.5
1) . Z
N L 1.0
0.24 S
\+ 0.5 L0.5
b) 00 r ' 0.0
74 L7
61 L6
5. -5
= Py
£ 4 4 B
g 3
m 3- -3\/
1.8
24 15 [, L2
11.2 ____-+"“
14 7 1
0 - - 0
Air DIW

150.0 nm 80.0 nm

Air DI water

Figure 5. (a) Quantitative nanomechanical (QNM) properties
(stiffness and adhesion) for the PS core; (b) roughness (root mean
square, R, and average values, R,) in air and in DI water using a
AFM-peak force tapping mode; and (c) corresponding images in dry
conditions (left) and in DI water (right).

well as the surface roughness of the core and polyelectrolyte-
grafted particles, respectively. The PS cores exhibit similar
stiffness in both dry and wet conditions; on the other hand,
adhesion in DI water is reduced compared to that under dry
conditions. The higher adhesion is expected as the presence of
humidity results in attractive capillary forces between the tip
and the dry sample, which is independent of the tip—sample
intrinsic interactions.”> The smooth surface of the pristine PS
core shown previously in the SEM images (Figure 1) results in
low roughness values (1.5 and 1.8 nm when dry and in DI
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Figure 6. (a) QNM properties (stiffness and adhesion) for the brush-
grafted NPs, $31+; (b) roughness (R, and R,) in air, DI water, SW (I
~ 1.14 M), and HSW (I ~ 2.5 M) using a AFM-peak force tapping
mode; and (c) corresponding images.

water, respectively). Raspberry-like globules are observed for
the brush-bearing NPs in both dry and DI water, which is
consistent with the SEM images and consistent with a
collapsed, “mushroom-like” brush structure. When the nano-
mechanical properties of the NPs are compared before and
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after grafting of the polyelectrolyte chains, the brush-bearing
NPs in the collapsed state show a decreased adhesive force
(from 3 nN for the PS core to 1.9 nN) for the brush-grafted
NPs in dry conditions; the corresponding values for the same
systems in DI water are 0.5 and 0.3 nN, respectively. In
addition, the stiffness of the brush-grafted NPs in the collapsed
state is similar to that of the core (~0.8 and 0.5 N/m in dry
and DI water, respectively). The presence of CBs increases the
surface roughness to 5.4 nm. Upon entering the end of the
swollen state in SW (I ~ 1.14 M) and exposure of the
underlying PS surface reduces adhesion to ~0.5 nN, which is
comparable to what was observed previously for the PS core.
Swelling and extension of the chains in lateral and normal
directions reduce the number of globules on the surface, which
lowers the surface roughness from 4.2 to 2.7 nm for the
brushes in the wet CB and OB regimes, respectively. The
brushes collapse back upon exposure to higher salt
concentrations (e.g., in the SB regime at high salt
concentration, the surface roughness increases slightly to 4.3
nm with a reduction in the adhesion and stiffness to 0.1 nN
and 0.3 N/m, respectively). This is due to the adsorption of
salt ions to the exterior of the brush and is consistent with
previous reports of decreased adhesion with increasing salt
concentration.* Table 2 summarizes the roughness and

Table 2. Summary of Roughness (Root Mean Square, R,),
Stiffness, and Adhesion for the PS Core and Brush-Bearing
NPs in Various Regimes”

roughness (R,) stiffness adhesion
system size (nm) (nm) (N/m) (nN)
PS core 91 + 8 1.8 + 04 0.6 + 0.2 05+02
S31+ (CB) 125+ 6 42405 05+01 0301
S31+ 147 + 1.2 2.7+ 0.8 0.4 + 0.1 0.5+ 0.2
(0B)
S31+ (SB) 156 + 15 43+ 08 03+01 01003

“All measurements are done in liquid environments (CB in DI water,
OB in SW, and SB in HSW).

nanomechanical properties for the pristine PS core and the
decorated NPs at the various regimes. The salt-induced
swelling and the corresponding nanomechanical response in
the presence of different salts (NaCl, Na,SO,, and MgCl,) are
shown in Figure 7, which is summarized from the distributions
in Figure S10. The ability to resist elastic compression and
deformation of the surface-grafted polyelectrolyte patches
depends on the charge density, typical to what is observed in
other pH and salt-responsive polymers.®”* As shown in Figure
7g, in the CB state, where the counterion concentration is low,
the patches are soft with a reported stiffness value of ~0.5 N/
m in DI water. Upon entering the OB regime in NaCl at 0.1 M,
chain swelling and ion diffusion increase the charge density
within the network and increase the stiffness to 0.6 N/m
similar to porous ladder-like structures.”” At the transition
region between OB and SB at 1 M, a reduction in the charge
density within the network by ion expulsion reduces the
stiffness to 0.2 N/m. As the IS increases to 2.5 M, the charge
density within the brush network drops, but the external salt
association retains its stiffness to 0.4 N/m. When the particles
are immersed in solutions with IS ~ 0.1—0.5 M, brush swelling
results in a smoother surface with gradual reduction in
roughness. The raspberry-like globules start reappearing at 2.5
M as the brush retracts coupled with a surface roughness
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Figure 7. QNM properties, roughness values for S31+, and the corresponding AFM images in (a,b) NaCl (0.1, 0.5, 1, and 2.5 M), (c,d) Na,SO,
(0.3, 1.5, 2.5, 3 M), and (e,f) MgCl, (0.3, 1.5, 2.5, 3 M); and (g) schematic of the AFM tip and the various conformational regimes (I) CB, (II)

OB, and (III) SB.

increase, which is more pronounced in NaCl compared to the
increase in roughness in other salts at an equivalent IS (i.e., SW
and 2.5 M Na,SO,). Similar trends are seen for sodium sulfate
in Figure 7¢,d, with gradual reduction in surface roughness in
the OB regime and retention of the globules in the SB regime.
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However, the larger size of SO,>” ions prevents the collapsed
coils from becoming fully restored. It is worth noting that the
low surface roughness is accompanied by a stronger adhesive
force and vice versa; hence, modulating swelling thresholds
allows for control of the NP surface properties.
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B CONCLUSIONS

Surface grafting of PGMA-based polyelectrolyte brushes on PS
cores dramatically increases the colloidal stability of the
particles especially at high-temperature and high-salinity
conditions. A seeded emulsion polymerization method is
used to synthesize the PS cores followed by swelling and
polymerization with GMA using DVB as a cross-linker. A two-
step amination process of the PGMA epoxide groups first with
EDA and then with trimethyl glycidyl ammonium chloride
leads to grafting of positively charged polyelectrolyte brushes
on the NP cores. The grafting density of the brushes is
controlled by varying the molar ratio of PS:PGMA (e.g., 2:1,
3:1, and 4:1 corresponding to S21+, S31+, and S41+,
respectively).

The size and colloidal stability of the different NP systems
were studied and correlated with salt adsorption measurements
by QCM-D and nanomechanical properties obtained by AFM
under both dry and wet conditions using a liquid cell. The size
and colloidal stability are consistent with the different structure
configurations proposed for polyelectrolyte brushes. In dry
conditions or when no salt is present (DI water), the brushes
adopt a collapsed, “mushroom-like” configuration (CB). The
addition of ions up to ~1 M swells the brushes, which enter
the OB regime. The swelling and salt uptake capacity depend
on the IS and the hydration ability of the ions. At high IS (1—
2.5 M), local charge saturation/condensation occurs, and ion
expulsion contracts, the brushes back into a collapsed
conformation (SB state), and the surface globules reappear.
QCM-D measurements are consistent with the above. A
gradual increase in salt adsorption is seen with the increasing
IS as the brushes move from the CB configuration to the OB
configuration, followed by a reduction in salt adsorption as the
brushes transition from the OB to SB states. When they reach
the SB state, the brushes collapse, but they continue to adsorb
ions predominantly on the exterior of the brushes. Salt
absorption on the surface increases the surface roughness and
decreases the adhesion of the samples with the AFM tip due to
the increased rigidity of the brush supported by the
surrounding salt ions. The information obtained from this
study further advances our understanding of the behavior of
salt-responsive brushes tethered on NP surfaces and will enable
advancements in various fields requiring stable colloidal
suspensions, especially in high-salt/high-temperature environ-
ments with adaptive swelling thresholds that can ultimately
control and modulate surface properties.
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