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ABSTRACT (olloidal particles are ubiquitous in biology and in everyday products

such as milk, cosmetics, lubricants, paints, or drugs. The stability and aggregation of

colloidal suspensions are of paramount importance in nature and in diverse

nanotechnological applications, including the fabrication of photonic materials and

scaffolds for biological assemblies, gene therapy, diagnostics, targeted drug delivery,
and molecular labeling. Electrolyte solutions have been extensively used to stabilize
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and direct the assembly of colloidal particles. In electrolytes, the effective electrostatic

interactions among the suspended colloids can be changed over various length scales by tuning the ionic concentration. However, a major limitation is gelation or

flocculation at high salt concentrations. This is explained by classical theories, which show that the electrostatic repulsion among charged colloids is significantly

reduced at high electrolyte concentrations. As a result, these screened colloidal particles are expected to aggregate due to short-range attractive interactions or

dispersion forces as the salt concentration increases. We discuss here a robust, tunable mechanism for colloidal stability by which large counterions prevent highly

charged nanoparticles from aggregating in salt solutions with concentrations up to 1 M. Large counterions are shown to generate a thicker ionic cloud in the

proximity of each charged colloid, which strengthens short-range repulsions among colloidal particles and also increases the corresponding renormalized

colloidal charge perceived at larger separation distances. These effects thus provide a reliable stabilization mechanism in a broad range of biological and synthetic

colloidal suspensions.
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olloidal suspensions are ubiquitous

in biological systems, with blood

being just one example. They are
also common in daily products such as milk,
cosmetics, lubricants, paints, and drugs.
Moreover, colloidal suspensions of charged
nanoparticles have important technological
and environmental science applications.
Recently, they have been shown to be ideal
for the fabrication of photonic materials and
scaffolds for biological assemblies, gene
therapy, diagnostics, targeted drug delivery,
and molecular labeling.' > One important
limitation often found in the use of colloidal
solutions is their propensity to aggregate
orflocculate. For this reason, a large number
of studies devoted to control the stability
of colloids in solution has emerged. In many
of these investigations, the solvent is often
assumed to be a continuum that mediates
the effective interactions among the solute
particles. It is thus very important to be able
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to compute the effective pair potential be-
tween the suspended nanoparticles in order
to control their assembly properties. Fur-
thermore, since in numerous biological and
industrial processes diverse degrees of
solubility are required at different stages,
a simple and effective tunable mechanism
for promoting or inhibiting aggregation
in colloidal suspensions, based on our cur-
rent theoretical understanding, is highly
desirable.

In charged colloidal suspensions, the
ionic strength of the electrolyte has been
widely used to disperse or drive the crystal-
lization of the suspended particles via elec-
trostatics. This mechanism is very appealing
because a large number of directed assem-
blies depend on the competition of short-
range attractions and long-range repulsions
among similar charged colloids. In addition,
long-range electrostatic interactions can
be tuned externally by controlling the ionic
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strength and composition of the electrolyte, thus
allowing to achieve specific structures in a wide variety
of biological and synthetic colloidal solutions.

Traditionally, the Derjaguin—Landau—Verwey—
Overbeek (DLVO) theory®” has been the standard
theoretical framework used to describe the stability
and coagulation regimes of colloidal solutions in elec-
trolytes. Nevertheless, the DLVO theory is based on the
linearized Poisson—Boltzmann (PB) equation of point-
like ions® which neglects ion correlations, excluded
volume of ions, polarization, and hydrophobic effects.
lon correlations and excluded volume effects®'° play
a fundamental role in interesting phenomena such
as like-charge attraction' ' and inversion of the elec-
trophoretic mobility.”® Polarization effects'* are very
relevant in the presence of dielectric discontinuities
and multivalent ions,’>"® and the coagulation proper-
ties of hydrophobic colloids may depend significantly
on the hydrophobicity or hydrophilicity of the support-
ing electrolyte."” Despite the limitations of the PB
approach, the DLVO theory is usually the first choice
to fit experimental results by simply replacing the
original bare charge with an effective charge of lower
magnitude.'® %° Several theories have been proposed
to calculate a priori the corresponding effective
charges.?' =2 However, these approaches need to be
modified when ion correlations and excluded volume
effects become relevant.

Excluded volume effects and ion correlations have
been extensively analyzed in the context of the pre-
cipitation and redissolution of polyelectrolytes as the
concentration of multivalent salt increases.?*~2® This
reentrant transition, which is also observed in DNA'"?”
and in proteins,?® is a function not only of the charge
of the macroions but also of the relative size of
counterions and co-ions, as shown by theory?*?® and
corroborated by simulations.>® Relative size effects of
counterions to co-ions can also occur in colloidal
suspensions in the presence of monovalent salts.3' 3
In particular, computer simulations and theoretical cal-
culations suggest that ion correlations and excluded
volume effects can induce a counterion-driven short-
range attraction between highly charged nano-
particles in concentrated size-asymmetric monovalent
electrolytes.3* Experimentally, this behavior as well
as charge inversion® can easily be masked by short-
range van der Waals attractive interactions that are
usually present at the nanoscale. In the presence of
large counterions and small co-ions at high electrolyte
concentrations, however, an enhanced short-range
repulsion between highly charged nanoparticles can
be inferred from simulations and theory in comparison
to the DLVO results.3* This possibility has profound
consequences in the physical properties of colloidal
dispersions, including an enhanced stabilization of
highly charged nanoparticles in concentrated salts,
which has been observed experimentally.®”
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The goal of this paper is to investigate how and
to what extent ion correlations and excluded volume
effects due to large counterions modify the stability
of highly charged colloids. To this end, we study the
role of the counterion size on the effective interactions
between charged nanoparticles in the same situations
where the classical DLVO theory predicts that short-
range van der Waals attractions overcome the highly
screened electrostatic repulsion between like-charged
colloids, thus inducing their coagulation. Larger coun-
terions are shown to enhance the stability of the
suspension by considerably increasing the effective
short-range repulsions between macroions. The me-
chanism behind this seems to be a less efficient elec-
trostatic shielding coming from the combination of
large counterions and small co-ions. This is confirmed
by the analysis of the renormalized macroion charges
and screening lengths that regulate the long-range
behavior of the macroion—macroion interaction. In
particular, these renormalized charges are coupled to
the short-range shielding of the bare macroion charge
via a set of exact general relations,>*° thereby pro-
pagating the details of the ionic distribution in the
vicinity of each macroion to large separation distances.

The present study is focused on interactions among
suspended charged nanoparticles. The mechanisms
described here, however, are more general and should
be applicable not only to this length scale but also to
larger highly charged colloids.*' ~*” Moreover, these
mechanisms may be fine-tuned by the right mixture of
counterion sizes in a multicomponent electrolyte solu-
tion, thus allowing tighter control of the colloidal
stability for a wide variety of liquid suspensions during
ongoing industrial and biotechnological processes.

MODEL SYSTEM

The influence of large counterions on the effective
interactions between highly charged colloids is studied
here by considering two spherical anionic hydrophilic
nanoparticles, of diameter dy; and constant surface
charge density, immersed in various 1:1 aqueous elec-
trolytes with different counterion to co-ion ratios.
In order to access computationally several salt concen-
trations and to minimize the number of system-specific
parameters, we use a coarse-grained approach based
on the primitive model. In this scheme, solvent mol-
ecules are replaced by a continuous medium, and the
nanoparticles and the ions are modeled as repulsive-
core spheres with point charges at their centers.
To study the effect of different size-asymmetric mono-
valent electrolytes at high salt concentrations, we
consider small Na cations and large tetraalkylammo-
nium cations with different hydrated radii as tetra-
methylammonium (TMA), tetraethylammonium (TEA),
and tetrabutylammonium (TBA) ions. Even though
tetraalkylammonium cations have hydrophobic consti-
tuents, note that there are experimental data suggesting
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that water molecules around them can form hydration
shells,*®>% which is the so-called hydrophobic hydra-
tion effect.’’2 These hydration shells may prevent the
direct contact of hydrophobic cations with charged
surfaces. In particular, Yakamata and Osawa have
shown using infrared spectra that the hydration shells
are tightly attached to these tetraalkylammonium ions
and that large electric fields are required to destroy the
corresponding hydration shells.>*** In addition, Inabe
et al. have shown that large hydrated TBA cations are
not tightly bound to negatively charged polar heads
of mercaptoundecanoic acid (MUA) ligands.>® This is
consistent with the hydrophilic character of charged
OH polar heads of MUA ligands>® and with a weak
electrostatic attraction between polar heads and TBA
cations due to their large hydrated size. These experi-
mental data suggest that short-range nonelectrostatic
attractions between hydrated tetraalkylammonium
cations and hydrophilic anionic nanoparticles should
be negligible in the absence of specific interactions.

The total effective interaction potential between the
nanoparticles is the sum of the corresponding electro-
static, repulsive-core, and van der Waals forces:

V(r) = Valr) + Vic(r) + Viu(n) Mm

where r is the center-to-center separation distance
between the two nanoparticles, as displayed in the
inset of Figure 2.

The components Vg (r) and V,(r) are calculated
directly by integrating numerically, from infinite up to
a position r, the total electrostatic and repulsive-core
forces exerted on each nanoparticle:

Vinlr) = / " Fan) dr @)

where xx stands for el or rc. The difference in the dielectric
properties of anionic nanoparticles and the aqueous
solvent produces polarization effects that can be ne-
glected in the presence of the monovalent ions and the
high surface charge density of the colloids studied here
(see the Supporting Information (SI) for further details).
Thus, the total electrostatic force over each nanoparticle
is determined by adding all the electrostatic pairwise
forces coming from the Coulombic pair potentials:

I
ﬂugl(") = szizj (3)

where z;and z; are the valences associated with particles
of species i and j, respectively. In this definition,
B = (kgT) ', where kg is the Boltzmann constant and
Tis the temperature of the system, I, = €*/(4meqeksT) is the
corresponding Bjerrum length, &, is the vacuum permit-
tivity, and ¢ is the dielectric constant of the background
medium. The total repulsive-core force over each nano-
particle, on the other hand, is calculated by adding all
forces associated with the repulsive-core pair potential
between a particle of species i and a particle of species j,
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Figure 1. Electrostatic plus repulsive-core component of
the potential of mean force between two anionic nano-
particles immersed in a 0.2 M (a) and a 1 M (b) monovalent
electrolyte. Empty symbols correspond to simulation re-
sults and filled symbols to liquid theory calculations using
the HNC approximation. Circles, squares, diamonds, and
triangles are associated with NaOH, TMAOH, TEAOH, and
TBAOH, respectively. The solid line is the potential of mean
force according to the DLVO theory.
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Figure 2. Stability ratio W that characterizes the colloidal
stability of anionic nanoparticles as a function of the electro-
lyte concentration. Circles, squares, diamonds, and triangles
correspond to simulation results using NaOH, TMAOH,
TEAOH, and TBAOH, respectively. The solid line is the DLVO
prediction.

separated by a distance r, which is modeled as follows:
a hard core ujj(r) = = for r = Aj; a shifted-truncated
Lennard-Jones potential

12 6
rc _ o _ o
Bui(n) = 4 (r — Aij> <r — AU) +1 @
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for Aj<r<A;+2"%g,and ujf(r) =0 forr = A;+ 2",
where Aj; = (d; + d))/2 — o is the hard-core diameter.
The parameter o regulates the hardness of the repulsive-
core interactions. In order to mimic the hard core
interaction characteristic of the primitive model, o was
set equal to 0.1 nm.

The electrostatic and repulsive-core components
of the effective potential between two nanoparticles
(corresponding to several electrolyte concentrations)
are then calculated from molecular dynamics (MD)
simulations®”® following the procedure described
above. This study is complemented with similar cal-
culations based on the results obtained from the
hypernetted chain (HNC) closure®*>9%° for the integral
equation theory (see the Sl for further details).

The attractive (van der Waals) interaction between
the two anionic nanoparticles is modeled here as

A 2a° 2a° 4ah + h?
Vuin = — =1 < )

"6 |aahim " (2a-+h)? (2a+h)?
(5)

where a = dy/2 is the radius of the nanoparticle,
h = (r — 2a) (see inset in Figure 2), and Ay = 3.25 X
10~ "°Jis an effective Hamaker constant. The numerical
value of this constant is consistent with the experi-
mental colloidal stability of highly charged mercap-
toundecanoic acid-capped gold nanoparticles in the
presence of high concentrations of NaOH*” (see also
the Sl for further details).

The implementation of the dressed ion theory®®
techniques to the analysis of the effective interaction
among spherical macroions immersed in a support-
ing electrolyte of small spherical ions predicts that
this interaction can always be written, when the con-
centration of such electrolyte is sufficiently low, as
the sum of a short-range term plus a long-range term
with the form of a screened electrostatic (Yukawa)
potential:3%4°

I exp( —nr)
Ete) r

BV = BV N+ Av’ (6
where E®, 7", and Ay are, respectively, the corre-
sponding effective permittivity, screening length, and
renormalized macroion charge. In the limit of infinite
macroion dilution, these parameters are directly de-
termined from the correlations among the smallions in
the bulk and their distribution around a single macro-
ion. Thus, computer simulations for these conditions
were also implemented in order to extract the corre-
sponding values of these parameters for a representa-
tive subset of scenarios, following a procedure based
on the general ideas of Ulander and Kjellander.®'
Indeed, the electrostatic component of the DLVO
potential, which is obtained from the linearized version
of the mean field PB equation, also fits the form given
by the Yukawa term in eq 6. Since the PB equation
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considers only point ions (thus neglecting ion correla-
tions and excluded volume effects), the resulting values
for the effective permittivity and screening length are
given by 59 = 1 and # = «p, respectively, where the
Debye length «p " is defined by

Ko® = Anly Y pzi )
7

In this last relation, p; and z; are, respectively, the
corresponding bulk densities and valences of the point
ions, which in our case correspond to the monovalent
cations and anions in the supporting electrolyte. From
the assumption of infinite macroion dilution and the
linearization of the PB equation, on the other hand,
comes the form

ADLYO _ exp(KDdM/Z)ZM @®

14 Kpdm/2

for the renormalized macroion charge. The standard
DLVO potential is then completed by considering that
V*(r) is given by the hard sphere potential Vis(r) = oo if
r < dy and zero otherwise,” plus a short-range van der
Waals attraction that, in our case, is taken to
be identical to the interaction in eq 5 to produce a
comparable model whose results can be contrasted to
the results obtained from the computer simulations.

The attractive and repulsive interactions among
colloids in solution determine the corresponding coa-
gulation rates or, alternatively, the stability of the
colloidal dispersion. In the von Smoluchowski kinetics,
the coagulation of colloidal particles is determined by
the number of collisions between particles and aggre-
gates assuming that two colloids cannot separate after
a collision. If only short-range attractions are present,
the number of collisions is determined by random
Brownian motion. In such a scenario, it is possible
to observe a rapid coagulation because there are
no energy barriers preventing the contact between
colliding particles. When energy barriers are present,
the collision rate can be reduced significantly, yielding
a slow coagulation.®%%3

In the presence of short-range van der Waals attrac-
tions, V(r), and hydrodynamic interactions, the steady-
state flux of equally sized single colloids toward a
central colloid that is also diffusing in Brownian motion

can be written as®*6°
_ 8mcoDoa
b = —= ) 9)
2? exp(BVyu(u) du
0
where
6u* +13u+2
Y = — 40 (10)

D, is the diffusion coefficient of a colloidal particle at
infinite dilution, ¢, is the number of colloidal particles
per unit volume, a is the radius of the colloidal particle,
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and u = (r — 2a)/a. Note that, in general, the viscous
drag experienced by two colloidal particles is not
independent of their separation distance due to hydro-
dynamic interactions. A correction proposed by Honig
et al. is included specifically via eq 10.

The coagulation rate between colliding charged
colloids could be greatly reduced if the electrostatic
repulsion due to the overlapping of the electrical
double layers is significant. In this situation, it is possi-
ble to compare the corresponding rate of slow coagu-
lation with that of rapid coagulation via the stability
ratio W defined as®*%°

2
o _ (u+2) a1

L[ e du
0

J /m rw exp(BV(u)) du
w== =20

with u = (r — 2a)/a. In this definition, the effective pair
potential used to describe the rapid coagulation is
given by the short-range attractive interaction Vi(r)
(see eq 5). In the slow coagulation case, the effective
pair potential, V(r) (see eq 1), includes the electrostatic
and repulsive-core effective interactions in addition to
the short-range attractive potential V(). The rapid and
slow coagulation rates can be measured experimen-
tally using optical techniques.®5~%8

In this study, the colloidal stability can be character-
ized by incorporating the effective pair potentials V(r)
obtained from the MD simulations and those obtained
from the DLVO theory described above into the stabi-
lity ratio W. According to the definition given in eq 11,
a value of the stability ratio W close to 1 indicates
flocculation, when the van der Waals potential over-
comes the repulsive effective interactions. Contrast-
ingly, large values of the stability ratio W indicate that
the repulsive energy barriers decrease significantly the
collision rate between charged colloids, maintaining
the colloidal suspension stable. The DLVO model is
employed here in a straightforward fashion, without
any attempt to include nonlinear effects by using
effective charges nor to improve it by adding short-
range contributions from the overlapping of the
condensation layers. As shown below, this model then
predicts highly screened electrostatic colloidal repul-
sions, which in turn yield a stability ratio W ~ 1 at high
enough electrolyte concentrations. Our simulation re-
sults for V(r), on the other hand, which include ion
correlations and excluded volume effects, describe a
more complex picture for the colloidal stability.

RESULTS AND DISCUSSION

The effects of the ionic size asymmetry in the sum of
the electrostatic and repulsive-core components of the
potential of mean force are displayed in Figure 1.
Several monovalent salts with the same anion but
different cation size (i.e., NaOH, TMAOH, TEAOH, and
TBAOH) were considered at two distinct electrolyte

TABLE 1. Parameter Values Used in the MD Simulations
and the Integral Equation Approach?

valence of each nanoparticle y=-—90
valence of cations 7 =+1
valence of anions 7z =-1
diameter of each nanoparticle dy =51nm
diameter of OH™ doy = 0.3 nm
diameter of Na™ vy = 0.5 nm
diameter of TMA™ drya = 0.7 nm
diameter of TEA™ drea = 0.8 nm
diameter of TBA™ drgpn = 1.0 nm
dielectric constant e=1785
temperature T=29%8K
Bjerrum length I, =0.714 nm

“lonic sizes of OH™, Na*, TMA™ (tetramethylammonium), TEA™ (tetraethyl-
ammonium), and TBA™ (tetrabutylammonium) were taken from refs 73—75.

concentrations (the physical parameters used in the
simulation and theoretical calculations are given in
Table 1). Here, we observe a strong repulsion between
the anionic nanoparticles that augments significantly
as a function of the ionic size of the cations. At the largest
electrolyte concentration the electrostatic screening in-
creases; nevertheless the repulsion due to electrostatic
and repulsive-core interactions is still important for large
cations.

The role of short-range interactions between the
anionic nanoparticles in the stability ratio W is dis-
played in Figure 2. In this figure we observe that,
according to our simulation results, anionic nanoparti-
cles coagulate for concentrations greater than 0.2 M in
the presence of the electrolyte with the smallest
counterions (NaOH). In contrast, the logarithm of the
stability ratio, log,o(W), is different from zero up to a
1 M concentration for the electrolytes with larger
counterions. Experimental researchers are usually
limited technically to measure stability ratios near the
critical concentration of coagulation. However, since
1954 it has been possible to measure experimentally
logqo(W) values as large as 5—6°° (or W values between
10° and 10°). Additionally, experimental values of
logqo(W) larger than 2 also have been reported in many
colloidal science textbooks and research articles.”%%7%7
According to our simulation data displayed in Figure 2,
the value of log;o(W) is approximately 0, 1, 4.6, and 11.8
for Na, TMA, TEA, and TBA cations, respectively, at the
highest salt concentration. Although a large log;o(W)
value is associated with the electrolyte with the largest
cation, notice that the stability ratios of the other cations
are measurable experimentally.”%%%°~7" The nonzero
values of log;o(W) suggest that the corresponding
colloidal solution should be stable, as it has been
observed indeed experimentally at analogous condi-
tions.>” Even though the stability ratio was not mea-
sured experimentally in that work,” it was observed
that an aqueous solution of highly charged anionic
nanoparticles coagulated at high electrolyte concen-
trations of NaOH, whereas the colloidal suspension
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remained stable in the presence of larger counterions
at salt concentrations as high as 1 M. This behavior
is consistent with the simulation data displayed in
Figure 2. It is also worthwhile mentioning that even
though the DLVO theory displays a behavior similar to
that shown by the salt with the smallest counterions
(NaOH) at high ionic concentrations, it deviates sig-
nificantly for lower electrolyte concentrations at the
same surface charge density if charge regulation
effects are neglected (not shown). This means that
the DLVO theory grossly overestimates the electro-
static repulsion between highly charged nanoparti-
cles, as previously reckoned.”?

The total effective interaction potentials obtained
via MD simulations ata 0.2 M concentration are plotted
in Figure 3a. Itis clear here that the interaction between
the nanoparticles in the presence of the electrolyte
with the smallest counterions (NaOH) is mainly attrac-
tive. Interestingly, the DLVO theory predicts a larger
repulsion than is observed in the presence of the NaOH
salt. In contrast, simulation results for the total interac-
tion potential in the presence of larger counterions
show a more repulsive interaction that increases its
strength as a function of the ionic size of counterions
(i.e, TMA, TEA, and TBA cations). A repulsive maximum
displayed by large counterions, absent in the NaOH
instance, thus enhances the colloidal stability of anion-
ic nanoparticles. In the inset of Figure 3a we also
display theoretical predictions based on the HNC
approximation, which also includes ion correlations
and excluded volume effects. The HNC theory agrees
in general with the simulation results, though it seems
to underestimate the electrostatic and repulsive-core
interactions.

The total effective interaction potentials at a 1 M
concentration are plotted in Figure 3b. In this instance,
we observe that for the salt with the smallest counter-
ions (as for the DLVO theory) the interaction potential
is negative for all separations of the nanoparticles,
which explains why the nanoparticles coagulate in this
regime. In contrast, simulation and HNC results still
display short-range repulsive interactions for larger
counterions, thus increasing the colloidal stability
of highly charged nanoparticles at high electrolyte
concentrations.

We can gain a deeper understanding of the origin
of the previous observations by analyzing the behavior
of the electrostatic (V¢ (r)) and repulsive-core (V,(r))
components of the interaction potential, which are
reported in Figure 4 for the cases corresponding to the
largest and smallest counterion sizes considered
here, at a concentration of 1 M. As we observe, the repulsive-
core interaction for the salt with the smallest counter-
ions (NaOH) is approximately three times larger than
the corresponding electrostatic repulsion at contact,
attesting that excluded volume and entropic effects
are quite important in this regime. Nevertheless, the
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Figure 3. Potential of mean force between two anionic
nanoparticles immersed in a 0.2 M (a) and a 1 M (b)
monovalent electrolyte. Empty symbols correspond to simu-
lation results, and filled symbols to liquid theory calculations
using the HNC approximation. Circles, squares, diamonds,
and triangles are associated with NaOH, TMAOH, TEAOH, and
TBAOH, respectively. The solid line is the potential of mean
force according to the DLVO theory.
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Figure 4. Electrostatic (Vg (r)) and repulsive-core (V,(r))
interaction potentials as a function of the distance between
two anionic nanoparticles in the presence of 1 M NaOH and
1 M TBAOH obtained via MD simulations.

net sum of these two components is not repulsive
enough in this case to overcome the van der Waals
attraction, as established in Figure 3b. In contrast, the
presence of the largest counterions (TBAOH) induces
an electrostatic repulsion near the contact that is
five times stronger than that displayed for the electro-
lyte with the smallest counterions (NaOH). Thus, the
enhanced colloidal stability in the presence of large
counterions and small co-ions is promoted mainly by a
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thicker Stern-like (condensation) layer that shields
the bare charge of the nanoparticles less efficiently
than in the case of smaller counterions at high surface
charge densities. In addition, the repulsive-core con-
tribution becomes stronger as the size of counterions
increases. The overall effect is the appearance of the
repulsive peak already shown in Figure 3b, which
reflects the fact that the electrostatic and repulsive-
core contributions surpass the van der Waals attraction
for larger counterions. This mechanism for preventing
charged colloids from aggregating at high electrolyte
concentrations is summarized in the scheme displayed
in the inset of Figure 4. In addition, since our monova-
lent ions are all hydrophilic, this mechanism is com-
plementary to the adsorption of large hydrophobic
anions to hydrophobic anionic particles, which makes
the charged suspension more stable.'” It is worth
mentioning here that even though Vg (r) and V,(r)
have been plotted as two different curves, the elec-
trostatic and excluded volume effects they describe
are coupled in a nontrivial manner, as it has been
extensively discussed for the primitive model.”5””
Further insight into the nature of the enhanced
electrostatic repulsion can be attained by looking also
at the effective parameters of the screened electro-
static component of the macroion—macroion poten-
tial, defined by eq 6. As mentioned above, the values
for these parameters are directly obtained from com-
plementary MD simulations of the electrolyte in the
bulk and around a single charged nanoparticle. For
the model system under consideration, it is found that
the functional form of eq 6 ceases to be valid for the
1 M electrolyte concentration (at which point the
system finds itself near or above the «-transition®"),
so only lower concentrations are discussed here. For
all the cases under consideration the effective permit-
tivity £5® ~ 1, and consequently the relevant param-
eters are the inverse screening length # and the
renormalized charge Ay. In Figure 5 are plotted, for
several salt concentrations, the ratio Ay/AR-"© for the
four counterion sizes considered (main panel), where
ARFYCis defined in eq 8, and the ratio 5/kp, for the cases
with the smallest (NaOH) and the largest (TBAOH)
counterions (inset). The first thing to notice is that both
ratios increase with increasing electrolyte concentra-
tion, and this is more noticeable when the counterion
size is larger. The results for 7/kp show clearly that the
Debye length becomes less reliable as an approxima-
tion for the screening length when the electrolyte con-
centration rises,*®¢' but the size of the counterion
seems to be of rather minor consequence. The results
for the renormalized charge, on the other hand, show
the huge impact that the counterion size has on
this parameter and how this effect is magnified when
the concentration grows. At the lowest ionic strength
discussed here, the values of Ay corresponding to the
four counterion sizes are almost identical and about
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Figure 5. Ratio of the long-range renormalized charge Ay
with respect to the corresponding DLVO renormalized charge
ARY© (main panel) and ratio of the inverse screening length 7
with respect to the inverse Debye length «p, (inset), as a func-
tion of the electrolyte concentration. Circles, squares, rhom-
buses, and triangles correspond to simulation results using
NaOH, TMAOH, TEAOH, and TBAOH, respectively.

one-half of the DLVO value. In contrast, for the highest
salt concentration presented in this figure, we have a
much larger dispersion in the values of the renorma-
lized charge, starting with Ay ~ AR™° for NaOH and
reaching up to Ay ~ 4AN-Y° for TBAOH. This trend
reinforces the stability of the suspended nanoparticles
against flocculation induced by the enhanced short-
range repulsions prompted by the larger counterions.

CONCLUDING REMARKS

We have shown here that ion correlations and
excluded volume effects can enhance the colloidal
stability of highly charged anionic nanoparticles in
the presence of large counterions at high electrolyte
concentrations. These results, obtained from detailed
computer simulations and standard liquid theory ap-
proaches, are in line with experimental results of colloi-
dal stability of highly charged anionic nanoparticles.>’”
On the other hand, the stability ratio W predicted by the
DLVO theory at high electrolyte concentrations displays
a good agreement with simulation results for the salt
with the smallest cation (NaOH).

The origin of the enhanced colloidal stability pro-
moted by large counterions and small co-ions can be
understood in terms of increased short-range electro-
static and steric repulsions arising from a swollen
Stern-like layer at high surface charge densities of the
nanoparticles. These effects are certainly not taken into
account in the classical PB theory. Furthermore, even
the integral equation HNC approach fails to account
for the full scope of this repulsive strengthening,
especially at concentrations below 0.2 M, where an
incorrectly large attraction is predicted, and lack of
convergence is eventually reached for sufficiently di-
lute systems. Thus, a proper description of the repul-
sive enhancements discussed here poses a theoretical
challenge that might perhaps be overcome with more
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sophisticated approaches, based on modified PB
theories,”® density functional approaches,”®~#2 or im-
proved integral equation schemes.®>~%”

In addition, we have demonstrated that increasing
the counterion size augments the renormalized charge
that regulates the long-range interaction among
macroions, an effect that is clearly more important as
the ionic concentration rises. This amplification of the
renormalized charge, due to the less efficient shielding

MATERIALS AND METHODS

Molecular Dynamics Simulations. Two identical nanoparticles
were located at fixed positions along one diagonal of a cubic
simulation box, symmetrically placed with respect to the center
of the cell, under periodic boundary conditions. Size-asymmetric
monovalent ions free to move were also placed inside the
simulation box. The charged particles fulfilled the electroneutral-
ity condition:

2z +2ZcNe+z N, +z_ N_ =0 (12)

where N, and N_ are, respectively, the number of bulk mono-
valent cations and anions, while z. and N_ are the corresponding
valence and number of monovalent counterions (which are in
this case identical to the cations) added to compensate the
charge of the two nanoparticles. The MD simulations were
performed using the LAMMPS package®’*® in the NVT ensemble
via a Nosé—Hoover thermostat®®*®° at a reduced temperature
T’ = kgT/e = 1, where € = kgT is the thermal energy. The time step
used was 0.047, where 7 is the reduced Lennard-Jones unit of
time. Long-range Coulombic interactions were handled properly
using Ewald sums. The total number of ions, N =N, + N_ + N,
used in simulations ranged from 3000 to 8000. Between 1 and 6
million MD time steps were used to thermalize the system. The
total repulsive-core and electrostatic forces acting over each
nanoparticle were sampled each 10 MD time steps (in a compro-
mise between efficiency and reduction of time correlations), and
between 26 and 52 million MD time steps were performed to
calculate the time average of the forces. Mean force curves for
several positions were generated for each electrolyte and then
integrated to obtain the corresponding potentials of mean force.

Complementary MD simulations of the electrolyte in bulk
and around one single charged nanoparticle were also per-
formed following a protocol similar to that described above. The
corresponding radial distribution functions were then used to
determine the asymptotic behavior of the total correlation
functions.

Screened Coulomb Parameters from Computer Simulations. The
Ornstein—Zernike (OZ) equations

hmn(ru) = Cmn(r12)+ zpp/ dFBCmp(r'IB)hpn(rBZ) (13)
P

define the direct correlation functions ¢,,,(r) in terms of the total
correlation functions h,,(r) = gmn(r) — 1. For charged systems,
each direct correlation function takes the form ¢,,(r) = Cion(r) —
loZmZz/1, where the term ¢;,,,(r) is the corresponding short-range
component. The main result of the dressed ion theory is that, for
sufficiently dilute solutions, the asymptotic behavior of h,,,,(r) is
necessarily of the form hm,(r) = —ly exp(—kr)z,z,/E*r, where k is
the global screening length, E* is the effective permittivity, and
7, is the renormalized charge of species m.3® These parameters
are determined by the full set of functions ¢;,,(k), which can
be garnered from the MD data following the general ideas
proposed by Ulander and Kjellander.®" In our implementation
of this approach the distribution functions obtained from the
simulations, g?,-im(r), are used as the_ core input for an ad hoc set
of closures defined by g;(r) = gj™(r) for r < Rj and g;(r) =
exp(&;(n)—puff(n) for r > Rj, where &i(r) = hy(r) — cj(r) and Rj; are,
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of the bare macroion charge by large counterions,
should be detectable in experiments that directly
measure the net interaction between two macroions
at sufficiently large separation distances.®® Further-
more, this enhanced long-range repulsion comple-
ments the increased short-range repulsion induced
by larger counterions, thus boosting the stability of
suspensions of highly charged nanoparticles in con-
centrated electrolyte solutions.

respectively, the corresponding indirect correlation functions
and cutoff distances. In the second part of our closure, the
affiliated bridge functions have been neglected. By choosing
sufficiently large cutoff distances, we make sure that the implicit
bridge functions become indeed negligible beyond those
distances,”’ so the ensuing error in the estimated parameters
turns out to be less than 5% (see the Sl for further details). In the
limit of infinite nanoparticle dilution considered here (i.e., py = 0),
the effective pair potential between macroions is given by
V(N = —In(gum(n). Consequently 7 = «, E°® = F*, and Ay = zy.
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