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he forces between colloidal particles

play important roles in determining

the stability of colloidal suspensions.
Derjaguin—Landau—Verwey—Overbeek (DLVO)
theory, which considers the sum of the
London—van der Waals attraction and the
electrostatic repulsion between two parti-
cles, has been widely used to explain and
predict the stability of colloids in liquid
medium.' 3 The electrostatic repulsive in-
teraction between colloids is believed to
provide an energy barrier against particle
aggregation. However, DLVO theory fails in
explaining the superior stability of silica
colloids in aqueous suspensions under con-
ditions of high ionic strength where the
electrostatic forces are effectively screened.*®
Recent studies have shown that another
repulsive force, the solvation force, may
become dominant when the distance be-
tween silica surfaces drops in the range of
several nanometers.®'® While the physical
origin of this strong short-range force is still
under debate,'®'*'> it has been mostly
attributed to the formation of a thin rigid
layer of solvent molecules in the vicinity of
silica surfaces through hydrogen bonding.>'*'6"
According to this theory, a thicker solvation
layer and stronger interparticle solvation
force should develop for silica colloids in
solvents with stronger hydrogen-bonding
abilities. Yoon and Vivek studied the effects
of adding short-chain alcohols into aqueous
silica suspensions on the solvation force
between silica surfaces.'® They attributed
the decrease in solvation force to the de-
hydration of the silica surface with the addi-
tion of short-chain alcohols and claimed
that the solvation force may even disappear
in a 15% methanol aqueous solution. How-
ever, the argument that the replacement of
water with methanol results in the complete
disappearance of a solvation force con-
tradicts the hydrogen-bonding theory as
methanol may also participate in the hydro-
gen bonding network and contribute to the
solvation repulsions. Indeed, the solvation
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Derjaguin—Landau—Verwey—Overbeek (DLVO) theory fails in explaining the superior

stability of colloid particles in aqueous suspensions under conditions of high ionic strengths

where electrostatic forces are effectively screened.

Accumulating evidence shows that the

formation of a thin rigid layer of solvent molecules in the vicinity of a colloidal particle surface

provides an additional repulsive interaction when the interparticle distance is reduced to

several nanometers. The effective determination of the thickness of the solvation layer

however remains a challenge. Here, we demonstrate a simple yet powerful magnetophotonic

technique that can be used to study the thickness of the solvation layers formed on the

colloidal silica surface in various polar solvents. A relationship between the hydrogen-bonding

ability of the solvents and the thickness of solvation layer on colloidal silica surfaces has been

identified; this observation is found to be consistent with the previously proposed hydrogen-

bonding origin of the solvation force.
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force between silica surfaces was found to
exist in many nonaqueous solvents with
strong hydrogen-bonding ability.'® Further
systematic studies are apparently needed to
clarify the apparent contradictions existing
in literature.

While the fundamental understanding
of the colloidal interactions has been ad-
vanced with the realization of many force
measurement tools, most experiments were
carried out using involved techniques and
instrumentation, such as atomic force micros-
copy (AFM) or a surface force apparatus
(SFA).>% It would be a great advantage to
study the solvation force between colloidal
particles using simple techniques with easily
accessible setups. Bibette et al. developed a
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magnetic chaining technique to directly probe repul-
sive forces between colloidal particles in aqueous
suspensions.?' 2% Upon the application of an external
magnetic field, monodispersed emulsion droplets con-
taining superparamagnetic iron oxide nanocrystals
self-assemble into chain structures with a periodic
arrangement as driven by the force balance between
magnetic dipole—dipole attraction and different inter-
particle repulsions. As the distance between neighbor-
ing particles can be derived from the wavelength of the
optical diffraction of the periodic assemblies through
Braggs' law, different long-range and short-range re-
pulsive forces have been studied.?>***> Compared to
conventional techniques, this method allows simple
control over the interparticle distance, and thus the
force—distance law can be conveniently derived. How-
ever, the apparent drawbacks of the approach include
the lack of long-term stability of the structures from
emulsion droplets, and the complicated and time-
consuming steps needed for the fabrication of uniform
emulsion droplets due to the involvement of multiple
size-selection processes. More importantly, the surface
property of the droplet is determined by the surfac-
tants used, which complicates the application of the
technique for the study of many other short-range
interactions such as the solvation force.

Recently, we have extended this magneto-photonic
effect to the development of responsive photonic
structures with widely, rapidly and reversibly magneti-
cally tunable structural colors in the visible and near-
infrared spectrum by using nanostructured super-
paramagnetic magnetite (FesO,4) colloidal nanocrystal
clusters.?® Engineering the surface of the magnetic
colloids with a layer of silica (Fes0,@SiO,) through a
simple sol—gel process improves their compatibility
with many other nonaqueous solvents such as alkanol
solutions®” and UV curable resins.?®~> In this work, we
take advantage of the optical response of the core—
shell magnetic colloids under magnetic fields to study
the thickness of solvation layers formed when the
colloidal silica surface is covered by different solvents.
The key to the successful measurement of the thick-
ness of the solvation layer is the effective screening of
the electrostatic force so that the neighboring particles
interact with each other through the repulsion resulting
from the overlap of solvation layers, which balances the
magnetically induced attraction and forms ordered as-
semblies. The thickness of solvation layer can be then
estimated by using Bragg's law. A relationship between
the hydrogen-bonding ability of the solvents and the
thickness of solvation layer on Fe;0,@SiO, colloidal sur-
face has been identified, which is consistent with the
prior understanding of a hydrogen-bonding origin of the
solvation force. Compared to conventional complex
techniques, our magneto-photonic strategy represents
an easily accessible method with a simple and inexpen-
sive setup that produces consistent results.
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Figure 1. Typical TEM image of a Fe;0,@SiO, sample with
an average diameter of 175 nm (115 nm core diameter/
30 nm shell thickness).

RESULTS AND DISCUSSION

Monodisperse polyelectrolyte-capped superpara-
magnetic Fes0, colloidal nanocrystal clusters (CNCs)
were prepared through a one-pot high-temperature
precipitation reaction,>' then coated with a layer of
silica with controlled thickness through a sol—gel
process.?” After silica coating, the Fe;0,@Si0, core—
shell particles can be dispersed in water and many
nonaqueous polar solvents such as alcohols. As shown
in the transmission electron microscopy image in
Figure 1, the silica coating process improves the mono-
dispersity of the particles and yields more spherical
particles, facilitating more accurate measurements.
Figure 2 illustrates the basic principle in determining
the thickness of the solvation layer on the surface of
colloidal Fe;0,@SiO, particles. The Fe;0,@SiO, parti-
cles self-assemble into dynamic photonic chains in the
external magnetic field when the magnetically induced
dipole—dipole attraction is balanced with interparticle
repulsions. When the electrostatic force is effectively
screened, the solvation force between the Fe;0,@SiO,
surfaces dominates at the separation of a few nano-
meters, where the thin rigid solvation layer contacts, to
balance the magnetically induced interparticle attrac-
tion. The diffraction of the photonic chains follows the
Bragg's Law A = 2n(d + 2s) sin 0, where 1 is the dif-
fraction wavelength, n the refractive index of the sus-
pension, d the overall diameter of Fe;0,@SiO, parti-
cles, s the thickness of solvation layer, and the Bragg
angle, 6 = 90°.3%33 The diffraction wavelength (1) can
be measured using a spectrometer operated in reflec-
tance mode, and the diameter of Fe;0,@SiO, particles
can be identified by TEM while the refractive index of
the suspensions can be measured. Finally, the thick-
ness of the solvation layer (s) can be calculated using
Bragg's law.

In our earlier efforts to estimate solvation layer
thickness,?” we were not able to completely eliminate
the electrostatic repulsion and our values were not con-
sistent with those obtained using force measurement
techniques, although they seem to fit estimations
based on rheological arguments.3*3* It is well-known
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Figure 2. Schematic illustration of the magnetic assembly
strategy to determine the thickness of the solvation layer (s)
on the surface of Fe;0,@SiO, colloidal particles. In an
external magnetic field, the Fe;0,@SiO, particles self-
assemble into photonic chains along the magnetic field
and Bragg-diffracted visible light. When the electrostatic
force is effectively screened, the solvation layers contact
and produce a repulsive force to balance the magnetic
attraction between the colloids. The thickness of solvation
layer (s) can be calculated using the Bragg equation with the
effective refractive index (n), the diameter of colloids (d), and
the measured wavelength (1) of diffraction of the chains.

that the interaction range of electrostatic forces can be
characterized by the Debye length « ' = (ekgT/
2000NAe?)'"?, where € is the dielectric constant, Kg is
Boltzmann's constant, T is the absolute temperature,
Ny is Avogadro's number, e is the elementary charge,
and /is the ionic strength.>® When the ionic strength of
the water solution reaches 0.05 M, the electrostatic
force between silica surfaces could be effectively
screened and the solvation force starts to dominate
the interparticle repulsion.> On the other hand, as
reported by Grabbe and Horn, a repulsive force, domi-
nantat short ranges between silica surfaces in aqueous
solutions, is independent of NaCl concentrations up to
0.1 M.? Utilizing the difference in sensitivity to ionic
strength of the solution between the electrostatic
force and the solvation force, it is possible to
selectively screen the electrostatic force between
silica surfaces while keeping the solvation force
unaffected.

The Fe30,@Si0; particle dispersion in a 50% water—
ethanol (volume fraction) solution was chosen as a
model system to test the effect of electrolyte concen-
tration on the interparticle repulsive forces. Figure 3
shows the reflectance spectra of a sample with a
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Figure 3. Reflection spectra from a 50% water—ethanol
suspension of 208 nm (142 nm core diameter/33 nm shell
thickness) Fes0,@SiO, particles with the NaCl concentra-
tion of (a) 10 > mol/L, (b) 0.01 mol/L, and (c) 0.025 mol/L
in response to an external magnetic field with varying
strengths.

diameter of 208 nm (142 nm core diameter/33 nm
shell thickness) in response to different external mag-
netic fields. When the ionic strength is low, the long-
range electrostatic force dominates the repulsion be-
tween Fe;0,@SiO, particles so that the diffraction peak
can be widely tuned by enhancing the strength of the
magnetic field from 83 G to 164 G while the inter-
particle spacing decreases from ~90 to ~60 nm
(Figure 3a). When the concentration of NaCl increases
t0 0.01 M in a 50% water—ethanol mixture, the diffrac-
tion blue-shifts relative to the above case in the same
magnetic fields. The interparticle spacing only chan-
ged slightly from ~28 to ~24 nm (Figure 3b), indicat-
ing that the electrostatic force becomes much weaker
but still dominates the interparticle repulsion as evi-
denced by the relatively large interparticle spacing in
comparison to the typical thickness of solvation layers
(several nanometers). The decrease of the long-range
repulsion due to higher electrolyte concentration can
be accounted for by the classical DLVO theory as the
electrical double layers were compressed by the ab-
sorbed counterions. By further increasing the concen-
tration of NaCl to 0.025 M, the diffraction peak moved
to even shorter wavelengths (Figure 3c). Meanwhile,
both the diffraction peak position and the interparticle
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Figure 4. Optical microscope images showing the assembly
of 208 nm (142 nm core diameter/33 nm shell thickness)
Fe;0,@Si0O, particles dispersed in a 50% water—ethanol
suspension with NaCl concentration of 0.025 mol/L in a
liquid film sandwiched between two glass slides under
(a) no magnetic field, (b) magnetic field ~100 G parallel to
the viewing angle, and (c) magnetic field ~100 G perpendi-
cular to the viewing angle.

separation remained constant even as the magnetic
field changed from 83 to 164 G. The interparticle
spacing estimated using Bragg's equation was 6.6 nm,
close to the range in which the solvation force became
effective. The loss of tunability in diffraction wave-
length also indicates the dominant repulsion came
from the hard contact of the rigid solvation layer while
the effectively screened double-layer repulsion became
negligible. The diffraction peak finally disappeared due to
the aggregation of chains when the magnetic field was
further enhanced and the magnetic packing force be-
came effective.

To confirm the formation of chainlike structures
from Fe;0,@SiO, particles under the condition of
screened electrostatic forces, their assembly behavior
in response to the magnetic field was studied using
an optical microscope operated in dark-field mode.
Fe30,@SiO, particles were well-dispersed in the 50%
water—ethanol mixture with 0.025 M NaCl and cannot
be clearly imaged due to the Brownian motion (Figure 4a).
When a magnetic field of ca. 100 G was applied,
Fe30,@Si0, particles self-assembled into chains along
the magnetic field (Figure 4b,c). The dynamic chains
disappeared upon removal of the magnetic field with
no obvious aggregation observed. When the field
strength was increased to over 150 G, the chains
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Figure 5. The diffraction wavelengths and the correspond-
ing solvation layer thicknesses measured for different-sized
Fe30,@SiO, particles magnetically assembled in 50%
water—ethanol mixtures containing 0.025 mol/L NaCl.

started to aggregate, consistent with the results from
reflectance measurements. We also measured the solva-
tion layer thickness on other Fe30,@SiO, samples with
diameters of 175 nm (115 nm core diameter/30 nm
shell thickness), 186 nm (124 nm core diameter/32 nm
shell thickness), and 225 nm (149 nm core diameter/
38 nm shell thickness) in 50% water—ethanol mixtures
with 0.025 M NaCl. The reflectance spectra of all
samples showed a similar profile with no change of
diffraction wavelength in response to the variation of
magnetic fields within a certain strength range. More
importantly, the estimated thicknesses of the solvation
layers were found to be essentially the same for all of
the samples (Figure 5), which confirms the reliability of our
method, because according to the theory of hydrogen-
bonding on the origin of solvation layers, the thickness
of a solvation layer should be insensitive to the size of
particles.

The above results demonstrate that our strategy of
selectively screening the electrostatic force allows the
estimation of solvation layer thickness on the surface of
Fe30,@Si0, particles through their magneto-photonic
effect. Since the screening of the electrostatic force in
aqueous solutions has been previously studied, here
we demonstrate the application of the magneto-photonic
method for the purpose of studying the effects of add-
ing nonaqueous solvents on the thickness of the solva-
tion layer on the silica surface. First, we studied how the
solvation layer thickness changes upon the addition of
ethanol. As shown in Figure 6a, the solvation layer on
the surface of Fe;0,@SiO, particles was found to be
thickest in pure water (~ 4.4 nm), and the addition of
ethanol gradually contracted the solvation layer to a
minimum of ~2 nm. Yoon and Vivek attributed the
decrease in solvation layer to the dehydration of the
silica surface with the addition of short-chain alcohols.'®
However, we believe the replacement of water with
ethanol, which has relatively weaker hydrogen-bonding
ability, might interfere with the hydrogen-bonding
network so the overall rigid solvation layer would
become thinner. Accordingly, increased replacement
happens as the volume fraction of ethanol increases,
further decreasing the solvation layer. Another phenomenon
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Figure 6. (a) The dependence of the solvation layer thick-
ness (s) on the volume fraction of water, determined by the
magneto-photonic method using Fe;0,@SiO, particles. (b)
The dependence on concentration of NaCl required to
effectively screen the interparticle electrostatic force on
the volume fraction of water in water—ethanol mixtures.
The concentration of NaCl on the left side is defined as
moles of NaCl per volume of water—ethanol mixture while
the value on the right side is defined as moles of NaCl per
volume of water.

observed showed that the lowest concentration of
NaCl required to effectively screen the electrostatic
force follows a linear relationship with the volume
fraction of water, but interestingly the effective
concentration of NaCl in water was found to be
constant (Figure 6b). The lowest concentration of NaCl
for each solvent mixture is obtained through repetitive
measurements of the same Fe;0,@SiO, solution but
with increasing salt concentration until no change in
diffraction spectra under variable magnetic fields. To
estimate the solvation layer thickness in pure ethanol,
in which salts tend to exhibit poor solubility, we simply
added 2 uL of a 0.05 M NaCl aqueous solution into 1 mL
of a CNC ethanol solution and found the electrostatic
force can be readily screened.

Consistent with the theory that the solvation force
results from the formation of a thin layer of solvent
through hydrogen-bonding interactions, the addition
of ethanol to Fe;0,@SiO, aqueous suspensions re-
duces the thickness of the solvation layer by replacing
the water and interfering with the hydrogen-bonding
network. With the expectation that the variation in
hydrogen bonding abilities should result in changes in
thickness of the solvation layer, we also studied the
thickness change in different aqueous ethylene glycol
(EG) solutions and found, interestingly, that they
exhibit a different profile from the case of ethanol/
water mixtures, first shrinking and then expanding
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Figure 7. (Red) Plots of solvation layer thickness of Fe30,@-

SiO, particles in water/EG mixtures. (Black) The dependence

of the freezing point of water/EG mixtures on the volume

fraction EG, plotted using literature data. The dotted curve
represents the metastable freezing temperatures.

TABLE 1. Summary of Solvation Layer Thickness in Water
and Various Aqueous Mixtures

solvent molecular structure refractive index S (nm)
pure water H,0 13333 44
50% methanol (H;0H 1.3425 4.1
509% ethanol (,HsOH 1.3578 3.5
50% 2-propanol (CH;),CH—O0H 13658 2.6
50% EG HO—CH,CH,—0H 1.3858 19
50% DEG (HO—CH,CH,),0 1.3937 1.8
50% glycerol (HO—CH,),CH—OH 1.4084 18

with increasing EG concentration (Figure 7). The initial
drop below the 70% volume fraction can be explained
by the disruption of the solvation layer by replacing
water with EG, which has much weaker hydrogen-
bonding ability similar to the case of ethanol. However,
unlike the case of ethanol/water mixture, the thickness
of solvation layer increases when the EG concentration
increases to above 70%. This concentration depen-
dence is in fact consistent with the solid—liquid phase
equilibrium of the EG/water mixture which has been
plotted in the same graph by using data from
literature.3” 3 A minimum freezing point at ~70%
EG concentration indicates the most severe disruption
of the hydrogen-bonding network, which now also
leads to the thinnest solvation layer in the same
volume fraction. When the volume fraction of EG is
beyond 70%, the formation of the solvation layer might
be progressively dominated by increased hydrogen
bonding between EG molecules resulting in a slight
increase of the solvation layer thickness.

Finally, we compared the dispersions of Fe30,@SiO,
particles in aqueous solutions of other nonaqueous
solvents by keeping the volume fractions constant at
50%. Table 1 summarizes the results from different
mixtures. For simple alcohols with only one hydroxyl
group (R—OH), the thickness of solvation layer de-
creases with the increase of the chain length of the
R group. The thickness in a methanol—water mixture is
~4.1 nm, which is close to the value in pure water
(~4.4 nm). When the methyl group (CHz—) is replaced
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by an ethyl group (C,Hs—) or isopropyl group ((CHz),CH—),
the solvation layer shrinks to 3.5 and 2.6 nm, respec-
tively. Apparently, this trend is consistent with the
decrease of the hydrogen-bonding ability of alcohols
as their carbon chain lengths increase.’® Compared to
simple alcohols with relatively strong hydrogen bond-
ing abilities, the decrease in the thickness of solvation
layer is more obvious when using weak hydrogen
bonding solvents such as EG, diethylene glycol (DEG),
or glycerol. As a matter of fact, these solvent mixtures
have been widely used as antifreezing agents since the
mixture can severely disrupt hydrogen bonding and
thus greatly depress the freezing point of the system.
For example, the freezing point of 50% EG—water
mixture is —39 °C, which is lower than that of pure
water (0 °C) and pure EG (—13 °C). As expected, a more
severe disruption to the hydrogen bonding network by
the addition of EG to the solution to reach a 70%
volume fraction further reduces the freezing point to
below —51 °C, which is consistent with the observation
of the thinnest solvation layer at the same volume
fraction.

CONCLUSION

We report here a simple and easily accessible magneto-
photonic method to study the thickness of solvation
layer on colloidal silica surfaces in different polar
solvents. By exposing uniform Fes0,@SiO, colloidal

MATERIALS AND METHODS

Materials. Ethanol, anhydrous ferric chloride (FeClz), ammo-
nium hydroxide solution, tetraethyl orthosilicate (TEOS), glycerol,
ethylene glycol, isopropyl alcohol, methanol, and sodium hy-
droxide (NaOH) were purchased from Fisher Scientific. Poly-
acrylic acid (PAA, MW = 1800) and diethylene glycol (DEG) were
obtained from Sigma-Aldrich. Distilled water was used in all
experiments. All chemicals were directly used as received with-
out further treatment.

Synthesis of Fe;0,@Si0,. In a typical synthesis, a mixture of
4 mmol PAA, 0.4 mmol FeCls, and 17 mL of DEG was heated at
220 °C under nitrogen protection for 1 h. After injection of
1.75 mL of NaOH/DEG solution (2.5 mol/L), the solution was
further heated for 1 h at 220 °C, and then cooled down to room
temperature. Upon being cleaned with a mixture of water and
ethanol several times, Fes0, CNCs were dispersed in 3 mL of
water, mixed sequentially with 1 mL of ammonium hydroxide
solution, 20 mL of ethanol, and 200 L of TEOS under mechan-
ical stirring. After reacting for 40 min, the Fes0,@SiO, particles
were cleaned with ethanol for a few times and finally dispersed
in 3 mL of different solvents. The Fe;0,@SiO, particles were
washed three times before being transferred to a different
solvent.

Characterization. The morphology of the Fe;0,@SiO; colloids
was characterized using a Tecnai T12 transmission electron
microscope (TEM). The measurement of refractive indices of
the solvents at 589 nm was performed using an Abbe refracto-
meter. The UV—vis spectra were measured by a probe-type
Ocean Optics HR2000CG-UV—vis spectrophotometer in reflec-
tion mode with an integration time of 700 ms. A Zeiss AXIO
Imager optical microscope connected to a digital camera was
used to observe the in situ assembly of Fe;0,@SiO, colloids.
Magnets were placed underneath the sample stage and could
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particles dispersed in various solvents to a magnetic
field, they are attracted to close contact with one
another and self-align into 1D periodically arranged
photonic chains that diffract visible light consistent
with Bragg's Law. By successfully screening the elec-
trostatic force, the neighboring magnetic particles are
separated by the rigid solvation layer immobilized on
the silica surfaces, producing repulsive forces that
balance the magnetically induced dipole interparticle
attraction. The thicknesses of the solvation layers, as
estimated by calculating the interparticle separation
through the Bragg equation, were found to be con-
sistent with literature values obtained by other force
measurement methods.>'® The hydrogen bonding
ability of the solvents was found to be an important
factor that determines the thickness of the solvation
layer. When water was gradually replaced by alcohols
with relatively weaker hydrogen bonding abilities, the
hydrogen bonding network was interrupted, resulting
in thinner solvation layers, with the thickness of the
solvation layer decreasing more for alcohols with longer
carbon chains. We believe this magneto-photonic
method represents a simple yet very effective tool for
studying many types of short-range colloidal interac-
tions including not only the solvation forces between
various surfaces but also the steric effects which are
fundamentally critical to chemistry, biochemistry, and
pharmacology.

be manually moved vertically to change the magnet—sample
distance.
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