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A new mechanism for regulating the stability of colloidal particles
has been discovered. Negligibly charged colloidal microspheres,
which flocculate when suspended alone in aqueous solution,
undergo a remarkable stabilizing transition upon the addition of a
critical volume fraction of highly charged nanoparticle species. Zeta
potential analysis revealed that these microspheres exhibited an
effective charge buildup in the presence of such species. Scanning
angle reflectometry measurements indicated, however, that these
nanoparticle species did not adsorb on the microspheres under the
experimental conditions of interest. It is therefore proposed that
highly charged nanoparticles segregate to regions near negligibly
charged microspheres because of their repulsive Coulombic inter-
actions in solution. This type of nanoparticle haloing provides a
previously unreported method for tailoring the behavior of com-
plex fluids.

Colloidal suspensions enjoy widespread use in applications
ranging from advanced materials to drug delivery. By tai-
loring interactions between colloidal particles, one can design
stable fluids, gels, or colloidal crystals needed for ceramics
processing (1), coating (2), direct write (3), photonic (4-9), and
pharmaceutical (10, 11) applications. Long range, attractive van
der Waals forces are ubiquitous and must be balanced by
Coulombic, steric, or other repulsive interactions to engineer the
desired degree of colloidal stability.

The self-organization of highly charged nanoparticles and
their influence on the behavior of complex fluids in which they
dwell has received scant attention. The traditional view is that
small particles or other species (e.g., polyelectrolyte, polymer, or
micelles) in solution can promote flocculation of stable colloidal
suspensions via an entropic depletion interaction (12-15). The
term “depletion” describes the exclusion of these smaller species
from the gap region between colloidal particles that arises when
their separation distance becomes less than the characteristic
depletant size. The resulting concentration gradient between the
gap region and bulk solution gives rise to an attractive force,
whose magnitude scales with the volume fraction of smaller
species, their charge, and the size ratio of large to small species
(12, 15, 16). However, emerging theoretical work (17-19) sug-
gests that charged species in solution may affect system stability
through other self-organizing pathways. For example, charged
nanoparticles have been predicted to segregate to regions sur-
rounding large uncharged colloids, especially in systems with high
size asymmetry and many more small to large spheres (18). This
segregation is driven solely by a Coulombic repulsion between
smaller species in solution and occurs simply because the larger
particles represent a big volume without charge. The key ques-
tion we wish to explore is whether this type of haloing process
can provide a mechanism for stabilizing colloidal species.

Here, we study the effects of highly charged nanoparticles on
the behavior of negligibly charged colloidal microsphere mix-
tures, which undergo a remarkable transition from a colloidal gel
— stable fluid — colloidal gel with increasing nanoparticle
additions. We attribute the stabilizing transition to nanoparticle
haloing around the microspheres, which serves to mitigate their
long range van der Waals attraction. The system stability is
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ultimately reversed at higher nanoparticle volume fractions,
where flocculation ensues because of entropic depletion forces
(12-15, 20-22). Our observations open up a yet unexplored
approach for stabilizing complex fluids.

Materials and Methods

Materials System. Uniform silica spheres (Geltech, Orlando, FL)
with an average radius, @micro, 0f 0.285 = 0.01 or 0.590 = 0.01 wm
and a density of 2.25 g/cm? served as the colloidal microspheres.
All experiments were carried out with the smaller microspheres
unless otherwise noted. Hydrous zirconia nanoparticles (Nyacol
Products, Ashland, MA) with an average radius, @nano, 0f 3 nm
(determined by x-ray scattering measurements), a reported
radius range (23) of 0.5-11 nm, and a density (24, 25) of 3.65
g/cm? served as nanoparticle species. Such species are supplied
in an acidic solution at a volumetric solids loading of 7.4%. Their
refractive index was determined to be 1.98 from refractometry
measurements (Abbe 3-L refractometer, Milton Ray, Rochester,
NY) carried out on suspensions of varying nanoparticle volume
fraction.

Sample Preparation. Concentrated suspensions were prepared by
first adding an appropriate volume fraction of silica micro-
spheres (Pmicro = 0.05-0.45) to deionized water. The suspensions
were stirred for ~18 h with three intermittent sonications
(model 550 sonic dismembrator) during the first 6 h. Nitric acid
(Fisher Scientific) was then added to adjust the suspension pH
to 1.5 = 0.1. The suspension was resonicated followed by the
addition of an appropriate volume fraction of nanoparticles
(¢nano = 1075-1072). After stirring several hours, the suspension
pH was readjusted to pH = 1.5 and sonicated a final time. Each
sonication step consisted of 5 pulsed minutes (1 s on/off) at
20 kHz.

Zeta Potential Analysis. Zeta potential ({) measurements (ESA
9800, Matec Applied Science, Northboro, MA) were carried out
on a concentrated silica suspension (¢micro = 0.1) as a function
of varying pH in the absence of nanoparticle additions. The silica
microspheres exhibited an isoelectric point at pH ~2.5 and a ¢
of roughly 1 mV at pH = 1.5. { measurements were also carried
out on diluted silica suspensions with an initial ¢micro = 0.001 and
varying nanoparticle volume fraction in solution. In this set of
experiments, we used an electrophoresis method (Laser Zee
Meter model 501, Pen Kem, Bedford Hills, NJ) in which the
microsphere mobility was directly observed as a function of
applied voltage. The nanoparticle { could not be directly mea-
sured by electrosonic amplitude or electrophoretic techniques
because of experimental limitations. Therefore, we estimated
the nanoparticle { to be on the order of 70 mV from their
reported effective charge Z°f determined from titration studies
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carried out by Peyre and coworkers (23), by using the approach
outlined in ref. 26.

Nanoparticle Adsorption Measurements. The interaction of nano-
particle species with the colloidal silica microspheres was inves-
tigated by using a chemical analysis technique, in which the
zirconium content, [Zr], in the supernatant solution was mea-
sured after microsphere sedimentation and compared with its
known initial (bulk) value, [Zrpyk], in solution. A series of binary
suspensions (Pmicro = 0.1 and varying ¢pano = 1075-1073) were
prepared and settled. Because of the effects of Brownian motion,
only nanoparticles associated with the microspheres were re-
moved from the supernatant solution during the sedimentation
process. The volume fraction of nanoparticles associated with
the settled microspheres was calculated from the difference of
the initial [Zryuk] and supernatant [Zr] values, as determined by
inductively coupled plasma analysis. In addition, scanning angle
reflectometry (27, 28) was carried out to probe the adsorption
behavior of nanoparticle species onto a model silica surface (i.e.,
an oxidized silicon wafer). Such experiments were conducted
under pH conditions of 1.5 and 4.0. The nanoparticle solution
was introduced into the experimental cell at = 15 min.

Phase Behavior of Microsphere-Nanoparticle Mixtures. The phase
behavior of binary mixtures of negligibly charged microspheres
and highly charged nanoparticles were studied by two ap-
proaches. First, concentrated mixtures (pmicro = 0.05-0.45 and
varying ¢nano) Were visually inspected during sedimentation. In
these experiments, a given volume of each suspension was placed
in a graduated cylinder, which was then capped to minimize
solvent loss. Initially, these samples were opaque because of the
scattering of visible light from the colloidal microspheres. As the
microspheres settled, a clear supernatant formed above the
sedimented region. A rich variety of phase behavior was ob-
served including the formation of colloidal gels that did or did
not densify further via sedimentation and a homogeneous
(binary) fluid that settled to form an iridescent colloidal crystal.
Second, the microsphere distribution in dilute mixtures (Pmicro =
0.001, @micro = 0.590 wm, and varying ¢nano) Was directly
observed via optical microscopy by using a Zeiss Axiovert 100
inverted microscope equipped with a 100X oil lens. The larger
microspheres were used in this experiment to provide enhanced
image clarity.

Results

Nanoparticle Interactions with Colloidal Microspheres. The { data
shown in Fig. 14 indicate that silica microspheres suspended
near their isoelectric point adopt an effective charge of ~65 mV
with increasing nanoparticle volume fraction in solution. This
plateau value, which occurs at ¢pano =~0.003, is in remarkable
agreement with the estimated ¢ of the decorating nanoparticle
species. Because the electrophoretic mobility of charged species
is size independent, the microspheres and nanoparticles must
move cooperatively to generate the observed charge buildup.
This type of microsphere—nanoparticle movement is further
supported by the data shown in Fig. 1B, which reflects the
difference in nanoparticle content in the bulk versus supernatant
solutions upon sedimentation of colloidal microspheres (and
associated nanoparticles) from such mixtures. The presence of a
significant fraction of nanoparticle species in the bulk solution,
even at the lowest nanoparticle concentrations studied, suggests
that strong nanoparticle adsorption is not likely. In fact, scanning
angle reflectometry measurements revealed no evidence of nano-
particle adsorption on an oxidized silicon surface exposed to a
nanoparticle solution (¢nano = 1073) at pH = 1.5 (see Fig. 24).
As a benchmark, we repeated these measurements at pH = 4,
well above the isoelectric point of silica. Under such conditions,
the silica surface is now negatively charged, whereas the nano-
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Fig. 1. (A) Semilog plot of microsphere zeta potential (¢) as a function of
nanoparticle volume fraction in pH 1.5 solution (émicro = 1073; dnano = 0-3 X
10-3) and (B) nanoparticle adsorption onsilica microspheres suspended in a pH
1.5 solution with ¢micro = 0.10 and varying nanoparticle volume fraction.
Chemical analysis of zirconium concentration, [Zr], in the supernatant solution
was carried out upon microsphere sedimentation. Asterisk in B denotes ex-
pected nanoparticle adsorption of 0.46 mg/m? at a nanoparticle concentra-
tion of 3650 mg/liter.

particles remain highly positively charged. A strong Coulombic
attraction therefore exists leading to the adsorption isotherm
shown in Fig. 2B.

Phase Behavior of Microsphere-Nanoparticle Mixtures. Fig. 34 de-
picts the phases observed for several mixtures of attractive
microspheres and repulsive nanoparticles with a size ratio of 95.
The data presented delineate three regions: (i) a colloidal gel
composed of silica microspheres at nanoparticle volume frac-
tions (dnano) below a lower critical value, ¢™C, (if) a homoge-
neous fluid composed of stabilized silica microspheres and
nanoparticles at intermediate nanoparticle volume fractions,
SYC = Pnano < $Y'C, and (iii) a colloidal gel composed of silica
microspheres at nanoparticle volume fractions (¢nano) above an
upper critical value, $U-C. In the absence of nanoparticle species
(¢nano = 0), the system began in a nonequilibrium state. Neg-
ligibly charged silica spheres underwent rapid flocculation
(<60 s) to yield a colloidal gel. At dmico < 0.35, weak gels
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Fig.2. Scanningangle reflectivity measurements of nanoparticle adsorption
onto an oxidized Si wafer exposed to a nanoparticle (¢nano = 1073 or an
equivalent concentration of 3650 mg/liter) in solution at pH = 1.5 (A) and
pH = 4.0 (B).

formed that settled quickly, producing a loose-packed sediment
and a clear supernatant. At ¢micro = 0.35, stronger gels formed
that could support their own mass and therefore did not undergo
further densification in response to gravitational forces. Upon
modest additions of nanoparticle species (0 < ¢nano < ¢p-C), the
system remained in a nonequilibrium (gel) state. The silica
microspheres flocculated to form a gel in coexistence with a
nanoparticle fluid phase. Above a lower critical volume fraction
(¢™C) of nanoparticle species, a dramatic change in stability was
observed. Many samples remained opaque for several days, until
individual silica microspheres slowly settled yielding an irides-
cent (29), colloidal crystal. Such samples, considered fully sta-
bilized, are denoted as the homogeneous fluid (F) phase in Fig.
3A4. Above the upper critical volume fraction (¢Y€) of nano-
particles, this dramatic change in stability was reversed. For ¢nano
= ¢UC, the silica microspheres again flocculated, yielding a gel
in coexistence with a nanoparticle fluid phase.
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Optical micrographs and accompanying schematic illustra-
tions of dilute microsphere—nanoparticle suspensions are de-
picted in Fig. 3B. These images illustrate the effect of nanopar-
ticle additions on the structure of microspheres in solution. For
Pnano < $C, the microspheres were found to flocculate into a
highly aggregated structure. For ¢ = ¢pano < ¢UC, the
microspheres were suspended as discrete particles in solution.
Finally, for ¢nume = ¢U'C, the microspheres were found to
flocculate into a less aggregated structure. The accompanying
schematic illustrations shown in Fig. 3 highlight the proposed
distribution of nanoparticles in solution.

In control experiments on microsphere—nanoparticle mixtures
with a larger size ratio of 197, both ¢ and ¢V were reduced
at a given microsphere volume fraction, ¢micro. Similar phase
behavior was observed, thus this stabilization mechanism ap-
pears to be general. For both mixtures, the initial microsphere
network (or gel) was completely disrupted at nanoparticle
additions above ¢™C, yielding individual microspheres sus-
pended in a homogeneous fluid, as shown in Fig. 3B. As a
hallmark of this stabilizing transition, the microspheres formed
colloidal crystals under gravity-driven sedimentation. At nano-
particle additions above ¢U-C, the microspheres reflocculated as
shown in Fig. 3B.

Discussion

We propose that this remarkable stabilizing transition at inter-
mediate nanoparticle volume fractions arises from a previously
unreported colloidal stabilization mechanism, i.e., nanoparticle
halo formation around the silica microspheres, whereas their
reflocculation stems from traditional entropic depletion inter-
actions. Here, we discuss evidence for these proposed mecha-
nisms as well as the implications of our observations on complex
fluid behavior.

Nanoparticle Haloing of Colloidal Microspheres. The segregation of
highly charged nanoparticles to regions near negligibly charged
colloidal microspheres has been predicted by the theoretical
work of Garibay-Alonso et al. (18). This type of self-organizing
process, which we refer to as nanoparticle haloing, can be driven
solely by repulsive interactions between such species in solution.
We expect, however, that this process would be further enhanced
by a weak attraction between the microspheres and nanopar-
ticles, such as may arise from long-range van der Waals or locally
induced electrostatic interactions (30).

The principal evidence for nanoparticle haloing around the
silica microspheres is presented in Figs. 1 and 2. The { data reveal
that the microspheres adopt a plateau value of ~65 mV as the
nanoparticle volume fraction in solution increases. This value is
in agreement with the estimated ¢ of the decorating nanoparticle
species. The concentration dependence of { on ¢nano likely arises
because nanoparticle haloing is regulated by two opposing
processes: one stemming from the Coulombic repulsion between
nanoparticles in the bulk solution (which drives their segrega-
tion) and the other stemming from a lateral Coulombic repulsion
between nanoparticles in the halo region (which ultimately limits
their distribution around the microspheres). The initial rise in {
with ¢nano reflects the buildup of charged nanoparticles in the
halo region, whereas the plateau in ¢ occurs at higher ¢nano
because of localized packing constraints that hinder additional
nanoparticles from associating with the microspheres. Although
this observed charge amplification could arise from nanoparticle
adsorption, there was little evidence for this under the experi-
mental conditions of interest. Assuming the data shown in Fig.
1B truly reflect nanoparticle adsorption, one would expect to
measure an adsorption of 0.46 mg/m? at pH = 1.5 and ¢pano =
1073 (which corresponds to a nanoparticle concentration in a
solution of 3,650 mg/liter in Fig. 1B) via scanning angle reflec-
tometry. Although this technique is clearly capable of resolving
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Fig. 3. (A) Phase diagram of mixtures of mutually attractive microspheres and repulsive nanoparticles (@micro = 0.285 um; anano = 3 Nm) at pH = 1.5. O, weak
colloidal gel and a nanoparticle fluid; ®, colloidal gel and nanoparticle fluid; m, homogeneous fluid; [J, samples that have separated into a homogenous fluid
and weak colloidal gel. Lower and upper dashed lines depict the experimentally observed lower ($-C) and upper (") critical concentrations of nanoparticles,
respectively. (B) Optical images and accompanying schematic illustrations of the phases in regions: (i) ¢nano < ¢&C, (if) € = Pnano < V'S, and (i) dnano = HUC.
Optical micrographs (scale bar = 5 um) correspond to samples prepared from dilute mixtures of larger microspheres (¢micro = 0.001; amicro = 0.590 um) and
nanoparticles. These conditions were selected to provide enhanced image clarity. Because of their size difference, only the microspheres are visible. The
accompanying illustrations highlight the proposed distribution of microspheres (in blue) and nanoparticles (in red) in solution (their number density and size

sphere

ratios are not drawn to scale).

nanoparticle adsorption of this magnitude (refer to Fig. 2B), we
find no evidence of such phenomena at pH 1.5. Collectively,
these data suggest only a weak interaction between the micro-
spheres and nanoparticles, i.e., the highly charged nanoparticles
residing near microsphere surfaces move cooperatively with the
microspheres to give rise to their effective charge buildup and
their reduction from the supernatant solution during micro-
sphere sedimentation, but they are not strongly adsorbed. The
origin of this weak interaction could stem solely from a Cou-
lombic “pressure” exerted on the haloing nanoparticle species
from their counterparts in the bulk solution or from a more
complex, localized interaction that may arise between these
highly charged species and the microspheres themselves.

Our observations provide a new method of generating charge
on primary colloidal particles that contrasts sharply with the
traditional approach of tailoring solvent pH well away from their
isoelectric point (31). For the proposed mechanism, we can
estimate the degree of nanoparticle segregation (or haloing)
near the silica microsphere surfaces from the data shown in Fig.
1. The microsphere zeta potential plateaus at ¢nano ~0.003 (i.e.,
a bulk nanoparticle concentration in solution of 10,950 mg/liter).
A curve fit of the data plotted in Fig. 1B yields an association of
~1 mg of nanoparticles/m? silica at this plateau concentration.
Here, these data are normalized by microsphere surface area
because the separation distance between the associated nano-
particles and the underlying microsphere surface is unknown.
The effective nanoparticle radius aes, which accounts for their
hard core radius and soft electrostatic double layer, is roughly
@nano + 3 nm, as determined from interparticle potential energy
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calculations by using the Derjaguin—-Landau—Verwey—Overbeek
theory (31). Assuming such species adopt a two-dimensional
cubic array whose center-to-center separation distance (2ac¢) is
governed by lateral (Coulombic) repulsive forces, we estimate a
maximum halo concentration of 2.9 mg of nanoparticles/m?
silica, close to the plateau value of ~1 mg of nanoparticles/m?
silica. Following this analysis, one finds that the predicted ¢-C
dependence on microsphere volume fraction (lower dashed line,
Fig. 34) is in good agreement with experimental observations.

Entropic Flocculation of Colloidal Microspheres. The origin of mi-
crosphere reflocculation at nanoparticle volume fractions above
¢UC is explained by the rigorous force-balance depletion model
developed by Walz and Sharma (16). Their model accounts for
intensified depletion interactions stemming from the presence of
highly charged species in solution. Flocculation of colloidal
systems generally requires an attractive interaction of a few kT
in magnitude. Piech and Walz have calculated an attractive
depletion potential of roughly —3 kT for our system when ¢nano
= 0.004 (M. Piech and J. Y. Walz, unpublished data). This value
corresponds to ¢U-€ depicted by the upper dashed line in Fig. 34,
which again is in good agreement with experimental observa-
tions. The traditional depletion mechanism can therefore only
account for the observed reflocculation, not the remarkable
stabilization at lower nanoparticle volume fractions.

Implications on Complex Fluid Behavior. Nanoparticle engineering

of colloidal stability is not limited to systems of low pH, such as
the one studied here. The salient feature of our approach is that

Tohver et al.



the colloidal microspheres are negligibly charged (be they sus-
pended near their isoelectric point or surface functionalized with
appropriate neutral groups), whereas the nanoparticles are
highly charged (either positively or negatively) under the pH
conditions of interest. Our observations therefore have broad
impact on complex fluid behavior. Nanoparticle species can
serve as multifunctional additives, providing the necessary sta-
bility for colloidal assembly as well as enhanced performance for
a given technological application (1, 32). As an example, we
observed that nanoparticle-stabilized silica microspheres assem-
bled into colloidal crystals under gravity-driven sedimentation.
Such systems may find application as templates for photonic
materials (6, 33, 34), where incorporation of nanoparticles of
high refractive index could yield enhanced dielectric contrast at
the colloid-solution interface. Nanoparticle-stabilized fluids
may also serve as inks for direct write technologies (3, 35) and
drug delivery materials (10, 11) as well as precursors for novel
coatings (36) and composites. Finally, nanoparticle agents may
play an important role in tailoring the stability and, hence, phase
transitions of complex biological fluids, e.g., protein-based sys-
tems (37-39).
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Conclusions. We have demonstrated a fundamentally new mech-
anism for regulating the effective charge and, hence, stability of
colloidal particles. We have shown that nanoparticle haloing,
which could be driven solely by highly repulsive interactions
between nanoparticles in solution, can generate a substantial {
on colloidal microspheres suspended near their isoelectric point.
For highly charged nanoparticles, this type of charge amplifica-
tion can occur at extremely low nanoparticle volume fractions
(<1073). This opens up a yet unexplored approach for achieving
stabilization of attractive systems. Such phenomena are likely to
be quite general and, thus, have important implications for
complex fluids and their technological applications.
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