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ABSTRACT: Polyanion dispersants stabilize aqueous dispersions of hydro-
philic (native) inorganic oxide particles, including pigments currently used in
paints, which are used at an annual scale of 3 million metric tons. While
obtaining stable aqueous dispersions of hydrophobically modified particles
has been desired for the promise of improved film performance and water
barrier properties, it has until now required either prohibitively complex
polyanions, which represent a departure from conventional dispersants, or
multistep syntheses based on hybrid-material constructs. Here, we
demonstrate the aqueous dispersion of alkylsilane-capped inorganic oxide
pigments with conventional polycarboxylate dispersants, such as carbox-
ymethylcellulose (CMC) and polyacrylate, as well as a commercial anionic
copolymer. Contact-angle measurements demonstrate that the hydrophobically modified pigments retain significant hydro-
phobic character even after adsorbing polyanion dispersants. CMC adsorption isotherms demonstrate 92% greater polyanion
loading on trimethylsilyl modified hydrophobic particles relative to native oxide at pH 8. However, consistent with prior
literature, hydrophobically modified silica particles adsorb polyanions very weakly under these conditions. These data suggest
that Lewis acidic heteroatoms such as Al3+ sites on the pigment surface are necessary for polyanion adsorption. The adsorbed
polyanions increase the dispersion stability and zeta potential of the particles. Based on particle sedimentation under centrifugal
force, the hydrophobically modified pigments possess greater dispersion stability with polyanions than the corresponding
native hydroxylated particles. The polyanions also assist in the aqueous wetting of the hydrophobic particles, facilitating the
transition from a dry powder into an aqueous dispersion of primary particles using less agitation than the native hydroxylated
pigment. The application of aqueous dispersions of hydrophobically modified oxide particles to waterborne coatings leads to
films that display lower water uptake at high relative humidities and greater hydrophilic stain resistances. This improved film
performance with hydrophobically modified pigments is the result of better association between latex polymer and pigment in
the dry film.

■ INTRODUCTION
Inorganic oxide particles are used as pigments to provide opacity
and color in many materials, such as architectural coatings.
Controlling the dispersion of inorganic pigments is essential
in paints because pigment aggregation decreases opacity, gloss,
and barrier properties. Many commercial paint formulations use
excesses of pigment to overcome the loss of opacity caused by
pigment aggregation,1−4 which contributes to titanium dioxide
pigments alone accounting for 15 million metric tons of CO2
emissions per year.5,6 Poly(carboxylic acid)s possessing estab-
lished polymer backbones (i.e., cellulose and acrylate)
have emerged as essential technologies for minimizing pigment
aggregation in applications such as waterborne paints and

coatings. Many literature studies have established that these
polyanions adsorb on hydrophilic pigment surfaces, which leads
to pigment dispersion through both steric and electrostatic
stabilization.5,7−9 However, to date, there has been no demon-
stration of dispersion of hydrophobically modified pigments
using such polyanions, in a manner that retains hydrophobi-
city of the dispersed particle, and this represents a fundamental
advance of this article. Indeed, in the past, attempts to disperse
hydrophobically modified inorganic oxide particles, such as
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organosilane-capped silica, with the same polyanions have
uniformly failed.10,11

The ability to disperse hydrophobic pigment particles with
conventional polyanion dispersants offers new opportunities in
paints and coatings for improving performance. Poor association
at the inorganic pigment−organic polymer interface is known
to limit the mechanical and water-barrier properties of paint
films.12,13 Hydrophobic modification of inorganic oxide surfaces
is a versatile approach to improving association at inorganic−
organic interfaces.14 For instance, hydrophobic chemisorbed
monolayers can render glass water-repellent,15 influence
interfacial interactions in chromatographic separations,16,17 and
improve the adhesion of organic polymers to oxide surfaces.18,19

The improved dispersion of hydrophobically modified oxide
particles in hydrophobic organic−polymer films has been utilized
in pigmented plastics20 and bulk heterojunction solar cells.21

Water penetration in porous solids is also inhibited by hydro-
phobic modification.22,23 A long-term trend in coating materials
has been the shift from organic to aqueous formulations to
minimize the health and environmental impact of volatile organic
compounds.24,25 While hydrophobically modified pigments have
many potential advantages for improving paint-film performance
as discussed above, in the past, the challenge of wetting and
dispersing these particles in water could only be overcome
through elaborate synthetic modification of the polyanion or
pigment surface. This has in turn limited the use of hydrophobi-
cally modified pigments in waterborne coatings.
This article uses unmodified polycarboxylates to obtain stable

aqueous dispersions of hydrophobically modified titanium dioxide
pigments. Commercial titanium dioxide pigments were hydro-
phobically modified with dimethylalkylsilane monolayers and
dispersed using conventional unmodified polycarboxylatesthe
same ones that are used to disperse hydrophilic pigment particles
and that failed to disperse hydrophobically modified inorganic
oxide particles in the past (vide supra). We investigated
carboxymethylcellulose adsorption and the contact angles on the
hydrophobically modified particles to better understand the
fundamental advance in hydrophobically modified particle
dispersion using polyanions. We also demonstrate the preparation
of waterborne paints possessing improved water-barrier properties
and hydrophilic stain resistance using aqueous dispersions
consisting of hydrophobically modified particles.

■ EXPERIMENTAL SECTION
Synthesis. Ti-Pure R-706 (R706) was provided by DuPont. The

particles are a rutile titanium dioxide pigment encapsulated by an∼5 nm

aluminosilicate surface treatment that consist of on a weight basis, 93%
TiO2, 2.5% Al2O3, and 3% SiO2,

26 as shown in Figure 1 and Figure S1.
Aluminosilicate surface treatments are commonly applied to titanium
dioxide pigments to minimize their photoactivity and tune their
dispersion behavior in water.20 Under optimal dispersion conditions
(0.25 mM pH 8 aqueous HEPES buffer), the hydrodynamic diameter
of R706 as measured by dynamic light scattering on a Malvern
Nano-Zetasizer was 327 ± 3 nm. R706 possesses a low surface area of
12.8 m2/g and modest internal microporosity that is localized in the
aluminosilicate surface treatment.20

All other reagents were obtained from commercial sources. The
polyanions investigated were sodium carboxymethylcellulose (NaCMC,
MW = 90 000), sodium polyacrylate (MW = 15 000), and Tamol 1124,
which is a commercial low molecular weight hydrophilic copolymer
dispersant containing carboxylic acid groups.

Dynamic vapor sorption (DVS) measurements of the powders were
carried out using a DVS analyzer with temperature and humidity control
(Surface Measurement Systems, UK). The powders were placed into a
glass sample pan and attached to the weight balance of the DVS. The
samples were first dried at 120 °C for 1 h to remove the moisture from
the sample and determine its dry mass, M0. The samples were then
cooled down to 25 °C, equilibrated for 30 min, and then humidified by
holding it at 90% relative humidity (RH) for 6 h, followed by a
dehumidification step back to 0% RH. The mass change in each sample
due to vapor sorption/desorption, ΔM, was recorded every second
without any interruption between the steps. The change in the mass
is normalized by the dry mass to calculate the percent mass change,
ΔM/M0 × 100. The sample pans were cleaned with acetone, IPA, and
DI water and then air-dried before each experiment to eliminate any
sample residue.

For the synthesis of the alkylsilane-capped pigment materials, the
procedure is described below for R706 and in the Supporting
Information for R931. R706 was washed once by suspending 100 g in
200 mL of water, isolating the solid by centrifuging the suspension and
decanting the supernatant, and then air drying the solid. As illustrated in
Figure 2A, a series of materials were prepared as described below with
different dimethylalkylsilane monolayers, where the alkyl group on
the dimethyl-substituted silane consisted of either methyl (C1-R706),
butyl (C4-R706), octyl (C8-R706), or octadecyl group (C18-R706).
Maximum hydrophobicity was achieved by performing the capping
reaction on R706 that had been washed with water and air-dried at room
temperature, which promotes a surface with a high density of native
hydroxyl groups for maximum coverage of capping agents. These
hydrophobically modified particles are resistant to aqueous wetting. The
addition of 200 mg of the powder to 5 mL of water resulted in the solid
resting on the surface of the liquid, as shown in Figure 2B. The C4-R706,
C8-R706, and C18-R706 materials formed a more densely packed
mass on the surface with a reduced surface area when contacting water.
This qualitative observation is consistent with the hydrophobicity trends
of alkylthiol monolayers on gold, which achieve maximum hydro-
phobicity with alkyl chains of five carbons or greater.27 Surface-area

Figure 1. (A) Schematic of the rutile TiO2 core and the ∼5 nm aluminosilicate shell on R706. (B) TEM micrograph of R706 particles.
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measurements were performed on a Micrometrics ASAP 2020 instru-
ment. Samples were degassed at 110 °C, and nitrogen adsorption−
desorption isotherms were measured at 77 K. As expected, the surface
area of the particles decreased after alkylchlorosilane treatment because
the capping groups limit access to internal micropores. The magnitude
of this decrease was commensurate with the size of the silane (i.e. larger
silane resulted in greater decrease).
C1-R706. In dry glassware under argon, 12 g of R706 was treated first

with chlorotrimethylsilane (10 mL, Aldrich) followed by hexamethyl-
disilazane (15 mL, Aldrich). The suspension was sonicated for 1 min
and stirred at 120 °C under reflux for 18 h. After cooling to room
temperature, the solid was isolated by centrifugation (10 min at
14 000 rpm) and subsequently washed by redispersing via sonication
and vortexing in 75 mL of acetone (twice), methanol (once), and water
(twice). The solid was dried on a freeze-dryer and ground with a mortar
and pestle, yielding a fine white powder that was resistant to wetting.
Yield = 11.15 g. BET surface area = 11.0 m2/g.
C4-R706. This material was synthesized following the procedure for

C1-R706 on a 4 g scale, substituting butyldimethylchlorosilane (10 mL,
Aldrich) and anhydrous pyridine (1 mL, Aldrich). Yield = 3.6596 g. BET
surface area = 9.0 m2/g.
C8-R706. This material was synthesized following the procedure for

C1-R706 on a 12 g scale, substituting octyldimethylchlorosilane (25 mL,
Aldrich) and anhydrous pyridine (2 mL, Aldrich). Yield = 11.5343 g.
BET surface area = 9.1 m2/g.
C18-R706. This material was synthesized following the procedure for

C1-R706 on a 12 g scale, substituting octyldecyldimethylchlorosilane
(4.1 g, Aldrich), anhydrous pyridine (2 mL, Aldrich), and toluene
(25 mL). Yield = 11.76 g. BET surface area = 6.0 m2/g.
SiO2. Stöber silica particles were prepared based on literature

precedent28 via a modified procedure. Concentrated ammonium
hydroxide (41.4 mL) was mixed with 532 mL of anhydrous ethanol
under vigorous stirring. Tetraethoxy orthosilicate (120 mmol, 26.8 mL)
was added, and the reaction was left to stir for 18 h. The solids were
isolated by centrifugation at 14 000 rpm and washed in 75mL of ethanol
(four times) and water (twice) by redispersing via sonication and
vortexing. The solid was dried on a freeze-dryer and ground with a
mortar and pestle. Yield = 7.975 g.DLS average particle size = 226± 5 nm.
BET surface area = 19.3 m2/g.
C1-SiO2.This material was synthesized by the procedure for C1-R706

on a 3.17 g scale. Yield = 2.94 g. DLS average particle size = 211± 3 nm.
BET surface area = 17.1 m2/g.
Electrokinetic Measurements. Electrokinetic measurements were

performed on a Malvern Nano-Zetasizer in a high-concentration zeta
cell. All liquid solvents were filtered through a 0.2 μm syringe filter prior

to making dispersions. The electrokinetic pH profile of the particles was
measured on 0.00023 vol % (0.01 mg/mL) suspension of the particles
in 0.1 M aqueous sodium chloride. The pH was adjusted to the desired
value with sodium hydroxide or hydrochloric acid. Samples were
sonicated for 15 min prior to the zeta potential measurement.

For the change in the zeta potential with adsorbed CMC, aqueous
0.1 M NaCl solutions at pH 8 with 2.3 vol % solids were combined
with varying amounts of CMC. These suspensions were diluted 100-fold
with deionized water and dispersed by vortexing and sonicating for at
least 10 min. Each data point represents the average of at least four
measurements.

Dispersion Stability Measurements. The dispersion stability of
the particles was assessed by examining particle sedimentation under
centrifugal force. The 0.025 vol % (1 mg/mL) suspensions of the R706
materials were prepared from stock solutions, dispersed by vortexing
and sonication for 5 min in an Elmasonic S10-H sonicator, and then
equilibrated by stirring for 18 h. After equilibration, the samples were
sonicated for another 5 min. Dynamic light scattering verified the
dispersion contained primary particles and not aggregates at this point.
1.3 mL of the stock solution was transferred to a 1.5 mL Eppendorf tube
and centrifuged at 1500g for 90 s. 700 μL of the supernatant was carefully
transferred to a cuvette. The light transmittance at 310 nmwas measured
on a SpectraMax M2 UV−vis absorption spectrometer.

Carboxymethyl Cellulose Adsorption Isotherms. Aqueous
1 wt % NaCMC stock solutions were prepared using either 1 M
NaOH or HCl to adjust the pH to 5, 6.5, and 8. For R706 and TMS-
R706 samples, 3.5 vol % (150 mg/mL) stock suspensions in deionized
water were adjusted to the appropriate pH with 1 M NaOH or HCl to
account for changes in the pH upon dilution. Samples with 1.5 mL total
volume and 2.4 vol % solids were prepared by adding 1 mL of the stock
suspension, 150 μL of 1 M NaCl, and the appropriate amounts of
water and NaCMC stock solutions. The SiO2 samples were weighed
individually and prewet with ethanol (50 μL per 100 mg) and then
mixed with 150 μL 1 M NaCl and the appropriate amount of water,
1 M NaOH or 1 M HCl, and CMC stock solutions to yield a 1.5 mL
sample volume. The samples were thoroughly sonicated and vortexed
to a homogeneous dispersion and then placed on a mechanical
shaker overnight. The amount of adsorbed CMC was determined via
a depletion method by quantifying the amount of residual CMC
remaining in the liquid phase of the samples using the DuBois hydrolytic
assay.29 The supernatant of the sample after sedimenting the solid by
centrifugation (298 μL); phenol (7 μL of an 80 wt % aqueous solution)
and water (298 μL) were combined in a 2 mL vial, and concentrated
sulfuric acid (745.5 μL) was carefully added. The vial was sealed,
inverted three times to mix evenly, and placed on the benchtop.
After 20 min, the visible absorption of the sample at 490 nm was
measured on a SpectraMax M2 UV−vis absorption spectrometer. The
amount of CMC in solution was then calculated by referencing a
calibration curve.

Capillary Rise Experiments. The hydrophobicity of the particles
was assessed through the capillary rise of aqueous solutions in packed
beds of the materials. The 1.5 mm capillary tubes were plugged at one
end with ∼0.5 cm of packed cotton and then packed uniformly by (1)
tapping the open end of the tube into the appropriate dry powdered
material, (2) packing the column by inverting the tube and tapping the
closed end on the benchtop, then further tamping the powder with a
thin glass rod that fit inside the capillary, and (3) repeating steps 1 and 2
to reach a packed column height of 4 cm or greater. Care was taken to
ensure consistent column packing with no observable voids in the
material. The capillary was then immersed in an aqueous solution of
2.5 mM bromthymol blue at pH 8 such that only the cotton plug was
below the surface of the liquid. Control experiments reveal the dye does
not adsorb onto the R706 or C1-R706 surface. The capillary rise height
was measured over time with a ruler. The liquid height in the solution
continued to rise over 3 days of equilibration.

The height that water rises over time in a packed powder capillary (h)
is dependent on the contact angle of the solid (θ), as described
by Washburn’s equation (1) for the early stages of infiltration when
gravity is negligible, where R is the capillary radius between particles,

Figure 2. (A) Hydrophobic modification of an oxide surface by
treatment with dimethylalkylchlorosilane reagents. Incomplete capping
of the surface hydroxyl groups is expected due to the steric bulk of the
silanes. (B) Highlight of the hydrophilic or hydrophobic surface
chemistry of R706 and the alkylsilane-modified R706 materials,
respectively. 200 mg of the powder was added to 5 mL of water. The
hydroxyl-rich R706 readily penetrates the surface of the water while the
alkylsilane-capped R706 materials do not wet spontaneously in water.
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η is the solution viscosity, γlv is the liquid−vapor surface tension, and
t is time.

γ θ
η

=h
Rt cos

2
lv

(1)

The contact angles of R706 samples with different surface modifications
can be directly compared based on their capillary rise heights because
R should not vary significantly between materials given the minor
thickness of the alkylsilane monolayer and adsorbed polymer relative to
the effective hydrodynamic radius between the particles. The relative
hydrophobicity of the modified particles relative to R706 was related via
their capillary rise height using a simple ratio derived from eq 1:

θ
θ

=
h

h

cos

cos

2
particle
2

R706

particle

R706 (2)

Particle Redispersion. The ease of obtaining a stable dispersion of
hydrophobic particles in the presence of polyanions was assessed by
examining sedimentation of the particles after providing minimal
mechanical agitation to the suspension. 6−9 mg of solid was added to
a 15 mL conical tube. The appropriate amounts of water, buffer, and
polymer were gently added to provide a 0.025 vol % (1 mg/mL) particle
suspension. The suspension was vortexed for 15 s, sonicated for 30 s,
and shaken by hand. 1.3 mL of the stock solution was transferred to a
1.5 mL Eppendorf tube, which was centrifuged at 1500g for 90 s. 700 μL
of the supernatant was carefully transferred to a cuvette. The light
transmittance at 310 nm was measured on a SpectraMax M2 UV−vis
absorption spectrometer.

■ RESULTS AND DISCUSSION
Alkylsilane Monolayers on R706. As a starting point for

understanding polyanion adsorption and dispersion of hydro-
phobically modified pigments, we first consider the structure
of the alkyldimethylsilane monolayers on the R706 surface.
Extensive studies of capping oxides with trimethylsilane have
shown that complete capping of all surface hydroxyl groups is
impossible due to steric constraints. Amorphous silica has up to
4.6 hydroxyl groups/nm2,30 while fully hydroxylated titania and
alumina can possess even higher hydroxyl group densities.31,32

Reliable estimates of trimethylsilane group coverage at the
maximum packing density range from 1 to 2/nm2.33−36

Therefore, uncapped surface hydroxyl groups should be present
on materials with alkyldimethylsilane monolayers in water, even
if the maximum surface coverage that is sterically possible was
achieved.
None of the hydrophobically modified R706 materials wet

spontaneously when added to water (Figure 2B), suggesting
their contact angle is over 90°. Dynamic water vapor sorption
analysis of C1-R706 shows no uptake of water from 90% relative
humidity nitrogen gas, as shown in Figure 4. These data clearly
demonstrate the hydrophobicity of C1-R706. In contrast, the
native R706 material wets spontaneously and adsorbs water
rapidly when humid nitrogen gas is passed over the dry powder.
A 0.94% increase in mass is observed over 5 h on R706, which
matches estimates for the amount of water needed to fill the
micropores and saturate the surface of the particle.
To gain greater insight into the structure and surface chemistry

of the dimethylalkylsilane monolayers on the R706 particles, the
electrokinetic behavior was measured in water as a function of
pH. R706 revealed an apparent isoelectric point (IEP) of pH 3.7
(Figure 3). Therefore, R706 possesses a negative surface charge
in the pH 5−8 conditions utilized in this work. On mixed oxide
surfaces, the IEP is influenced by the relative abundance of the
different surface species. The IEP for R706 demonstrates that
the surface is composed primarily of silica (IEP ∼ 2.5) and may

have some smaller surface fraction that comprises alumina
(IEP ∼ 7−9) and rutile titania (IEP ∼ 5.5).
Homogenous dispersions of the hydrophobically modified

R706 particles were obtained in water with the aid of sonication.
As shown in Figure 3, all of the hydrophobically modified
powders exhibit the same electrokinetic profile and IEP of
∼3.7 as the unmodified R706 particles. Previous investigations
on silica particles have also revealed identical electrokinetic
pH profiles for hydroxylated and trimethylsilane-capped
surfaces.37,38 The hydrophobically modified particles acquire
negative surface charge at elevated pH through the same
mechanism as the unmodified oxide particles, namely the
deprotonation of surface hydroxyl groups. The smaller number
of surface hydroxyl groups and the hydrophobic environment
around the remaining hydroxyls do not influence the zeta
potential. These data are a consequence of incomplete hydroxyl
group capping on the R706 particles during the dimethyl-
alkylsilane treatments. Also, the electrokinetic profiles demon-
strate the hydrophobically modified R706 particles to behave as
charged interfaces in water.

CMC Adsorption Isotherms. Stabilizing particle disper-
sions using polyanions requires adsorption of the polymer on
the particle surface. Once adsorbed, the polyanion provides
electrostatic stabilization by increasing the net negative charge
on the particle surface and steric stabilization from flexible loop
and tail regions in the strand that extend from the particle
surface.5,7−9 The adsorption of a representative polyanion,
carboxymethyl cellulose, was investigated on R706 and C1-R706
to establish the occurrence of the key pigment−polyanion
interactions needed to form a stable dispersion. The DuBois
assay was used to quantify CMC adsorption on the particle
surface by the depletion of CMC from solution.29

Steep type 1 behavior is evident on R706 and C1-R706 at
pH 5, 6.5, and 8, as shown in Figure 5. This strong adsorption is
typical for a high molecular weight polymer like CMC (MW =
90 000 g/mol). The geometric footprint of a CMC monomer
is roughly equivalent in size to the cellobiose monomer on
poly(1 → 4)β-glucan, which has a footprint of 0.8 nm2.39,40

For closely packed polymers via physisorption, monolayer cover-
age is achieved at 65% coverage, or 0.52 monomers/nm2.41

At pH 5, R706 and C1-R706 display comparable adsorp-
tion behavior, with saturation coverages of 0.86 ± 0.15 and

Figure 3. Plot of the zeta potential vs pH for unmodified and
hydrophobically modified R706 materials in 0.1 mM NaCl.
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0.84 ± 0.08 monomers/nm2, respectively, corresponding to
approximately 1.6 monolayers. This multilayer formation is
presumably mediated by associated cations and substantial
looping and tailing morphologies for the adsorbed CMC.42,43

The CMC loading decreases with increasing pH. At pH 6.5,
saturation coverage on R706 and C1-R706 is 0.37 ± 0.05 and
0.44 ± 0.07 monomers/nm2, which is equivalent within experi-
mental uncertainty. At pH 8, saturation coverage is 0.13 ± 0.02
and 0.25 ± 0.04 monomers/nm2 for R706 and C1-R706,
respectively. These data demonstrate higher adsorption
capacities for the hydrophobically modified pigment at higher
pH, when compared with the unmodified native oxide. Since the
IEPs of both materials are ∼3.7, the particles have a negative
surface charge at the investigated pH’s of 5, 6.5, and 8. CMC is
also negatively charged under these conditions. Over 90% of
the CMC carboxylates are deprotonated at pH 5, and complete
deprotonation is achieved above pH 6.44 CMC must therefore
overcome electrostatic repulsion from the pigment surfaces
for adsorption to occur. The greater CMC adsorption at lower
pH can be rationalized on the basis of decreased electrostatic
repulsion from fewer deprotonated hydroxyl groups on the
particle surface.
Although perhaps counterintuitive from an electrostatic per-

spective, polyanion adsorption on negatively charged particles
occurs on many oxide surfaces, including talc, hematite, titania,
and alumina.45−51 Polyanion loading also decreases in these
systems as the pH increases relative to the IEP of the particle.
In these systems, coordination of the polyanion to Lewis acid
sites on the oxide is thought to facilitate polyanion adsorption.
In particular, Al3+ sites have been reported to significantly
contribute to polyanion adsorption compared to Ti4+ at high
pH.52 The release of anions from the double layer also promotes
polyanion adsorption above the isoelectric point of the particle
through entropic effects. The work of Boisvert et al. suggests that
ion pairing interactions between the polyanions and M−OH2

+

sites on the particle surface can also facilitate polyanion
adsorption.52

Comparative CMC adsorption isotherms were also measured
on Stöber silica (SiO2) and trimethylsilyl-capped Stöber silica
(C1-SiO2) as controls. These materials possess isoelectric points
of ∼2.5, so they are also negatively charged in the investigated
pH range, as is R706. The R706 surface is composed primarily
of silica although some Lewis acidic Al3+ sites are also present on
the surface. Therefore, the SiO2 and C1-SiO2 particles provide
insights into CMC adsorption in the absence of Al3+ sites.
Consistent with previous studies,10,11,53−55 minimal CMC
adsorption occurs on the SiO2 and C1-SiO2 particles, with less
than 0.05 and 0.15 monomers/nm2 at pH 8 and 5, respectively,
even with large excesses of CMC in solution. The weak
adsorption on silica greatly contrasts the high CMC coverage
and affinity observed with R706 and C1-R706. These data
demonstrate two key points on polyanion−pigment interactions.
First, hydrophobicity alone is insufficient for strong polyanion
adsorption given the electrostatic repulsion between the
polyanion and particle surface. Hydrophobicity is instead a
secondary factor in polyanion adsorption. Second, Al3+ sites drive
CMC adsorption on R706 and C1-R706 because almost no
interaction is evident on silica, a surface that lacks such Lewis
acidic functionalities. On the hydrophobically modified pigment,
Lewis acidic sites on the inorganic surface underneath the
alkyldimethylsilane monolayers drive polyanion adsorption. In
summary, the silica controls above elucidate the crucial role of
acidic sites, such as Al3+, in driving polyanion adsorption on
hydrophobically modified oxide particles.
We envision two modes of polyanion interactions with

hydrophobically modified particles. First, a carboxylate on the
polyanion might interact directly with the Lewis acidic sites
through coordination. For the Al3+ sites to be accessible to a
carboxylate on the polyanion, this model assumes patches of
alkyldimethylsilane groups on the capped surface, which can
result from the random irreversible attachment of the silanes.
Alternatively, the carboxylate on the polyanion might interact
with the surface via ion-pairing with protonated hydroxyl groups
on Al3+ surface sites. Boisvert et al. have demonstrated that

Figure 4. Dynamic vapor sorption data for R706 (blue) and C1-R706 (red) plotted as the change in mass of the dry powders vs time in a dynamic
atmosphere that switches between 0% humidity dinitrogen and 90% humidity dinitrogen. The gray dashed line indicates a switch in the flowing gas.
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positively charged surface sites persist on Al3+ containing oxide
particles at pH 9.52 Therefore, protonated hydroxyl groups must
also be considered as possible adsorption sites for polyanions
on the hydrophobically modified R706 particles in the pH 5−8
range. For this ion-pairing model, one must consider that the
steric bulk of the alkyldimethylsilane monolayers must increase

the distance separating the paired ions relative to an uncapped
surface. Since the alkylsilane monolayers constitute low dielectric
media, the electrostatic attraction can remain high according to
Coulomb’s law. We believe that both mechanisms are feasible
and a combination of coordination and ion pairing may occur
in these systems. With either mechanism, we infer that fewer
sites are present on the hydrophobically modified surface for
polyanion attachment. Therefore, we expect the polyanions
on the hydrophobically modified particles to possess a greater
loop size.
At pH 8, the saturation CMC coverage on C1-R706 is almost

2 times greater than R706. We expect the higher loading is
achieved because the hydrophobic effect56 increases the affinity
of the polyanion for the surface. Since C1-R706 is hydrophobic,
the aqueous solvation shell should be weakly bound and
possesses an entropically unfavorable ordered structure. CMC
adsorption releases this water into bulk solution where it is less
ordered, which is thermodynamically preferred. In contrast, the
aqueous solvation shell around R706 will interact favorably
with the surface hydroxyl groups and not suffer the same entropic
penalty as a water layer on a hydrophobic surface. In support of
this finding, hydrophobic surface modification has also been
shown to increase the loading of polyvinylpyrrolidone on silica
and polyacrylamide derivatives on gold surfaces.57,58

C1-R706 exhibits increased CMC loading at pH 8, but not at
lower pH. We suspect this finding is a result of the low polyanion
surface coverage at high pH. The CMC adsorption energy can be
divided into components for electrostatic repulsion, attraction to
the inorganic surface, and the hydrophobic contribution. At low
pH, electrostatic repulsion is relatively low on both the hydro-
phobically modified and native R706 particles; therefore, the
attraction to the inorganic surface can dominate the adsorption,
leading to high coverage and little effect of hydrophobic capping.
At high pH, electrostatic repulsion is greater. Therefore, the
overall surface coverage is lower and the hydrophobic component
can exert a greater influence on CMC loading.
CMC adsorption on R706 and C1-R706 causes a concomitant

negative shift in the zeta potential of the particles, as shown in
Figure 6. The zeta potential decreases sharply by over 30 mV
under these conditions once the CMC saturation coverage is

Figure 5. CMC adsorption isotherms on R706, C1-R706, SiO2, and
C1-SiO2 at pH (A) 5, (B) 6.5, and (C) 8 in 0.1 M NaCl.

Figure 6. Change in the zeta potential of 100 mg/mL R706 and
C1-R706 with added NaCMC in aqueous 0.1 M NaCl at pH 8. The
samples were diluted 100-fold with deionized water for the measure-
ments. The plot parallels the high CMC affinity measured in the
adsorption isotherms.
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reached (as predicted by the adsorption isotherms). Excesses
of CMC do not influence the zeta potential of the particle. These
data suggest that adsorbed polyanions provide electrostatic
stabilization to dispersions of the pigments.
Stable Aqueous Dispersions of Hydrophobically

Modified Oxide Particles. Polycarboxylates are common
dispersants for paint pigments like R706.59 Given the strong
adsorption of CMC on C1-R706, the effect of polyanions on the
dispersion stability of the hydrophobically modified R706
particles was investigated by examining particle sedimenta-
tion of dilute suspensions under centrifugal force. The effect of
different polyanion types and concentrations on the dispersion
stability of R706 and C1-R706 in 0.25 mM pH 8 HEPES buffer
are displayed in Figure 7. Without any polyanion present, the

particles sediment readily, and the supernatant has high light
transmittance. In the presence of polyanions, the stability of the
particles is significantly enhanced as fewer particles sediment
under the applied centrifugal force.
The data for C1-R706 indicate that a hydrophobically modified

pigment can be dispersed by polyanions. In fact, the dispersion
stability is greater for C1-R706 than the native R706 in most
conditions. Improved dispersion stability was also observed in
unbuffered water, which demonstrates that the HEPES buffer
is not integral to the colloidal assembly (Figure S3). All three
polyanions show comparable enhancements in the particle

dispersion stability at 0.0005 wt % polyanion. The stabilization
is likely a result of greater surface charge and steric effects.5,7−9

The effect of different capping groups on the dispersion of
hydrophobically modified oxide particles with polyanion dis-
persants was investigated. Figure 8 displays the effect of CMC

and Tamol 1124 on R706 and the hydrophobically modified
derivatives. In 0.25 mM pH 8 aqueous HEPES buffer, all particles
exhibit improved dispersion stability with low concentrations
of polyanions. C1-R706 and C4-R706 possess the greatest
dispersion stability with both polyanions. Whitesides et al. have
shown that on densely packed self-assembled monolayers a five-
carbon chain is sufficient to mask underlying polar residues
on the surface.15,60 Since polyanions stabilize dispersions of
C8-R706 and C18-R706, the polymer must interact with Lewis
acidic sites on these surfaces. Therefore, we expect these mono-
layers are not densely packed. However, the lower dispersion
stability of C8-R706 and C18-R706 compared to C1-R706
and C4-R706 (Figure 5) implies that the longer chains inhibit
surface interactions to a limited extent. Nevertheless, these data
demonstrate that stable aqueous dispersions of hydrophobically
modified particles can be obtained with a variety of capping
groups. The generality to other hydrophobically modified oxide
particles is demonstrated with C1-R931 (Supporting Information).
R931 is a commercial titanium dioxide pigment with a thicker
aluminosilicate overlayer relative to R706. Using the conditions and
analysis described above, C1-R931 dispersions are also stabilized
by polyanions such as CMC and Tamol 1124 (Figure S4).
Homogenous suspensions of the C1-R706 and C4-R706

could also be obtained at higher concentrations of 19.8 vol %
(49.7 wt %) solids (Table S2), which is more relevant to the
higher pigment loadings of waterborne coating formulations,
using a dual asymmetric centrifuge to disperse the particles, as
described in the Supporting Information.

Impact of Adsorbed Polyanions on Particle Hydro-
phobicity. To understand how adsorbed polyanions influence
the surface chemistry of the hydrophobically modified pigments,
we investigated how adsorbed polyanions perturb the contact
angle of C1-R706. Polyanion−particle composites were prepared
by treating R706 and C1-R706 with CMC or Tamol 1124 and
then briefly washing the materials with water to remove excess
polyanion before isolating them as a dry powder (Supporting
Information). These materials exhibited comparable dispersion
stability to R706 andC1-R706 that weremixed in situ, confirming

Figure 7. Effect of polyanions at different concentrations on the
dispersion stability of 0.025% vol. suspensions of R706 and C1-R706
in 0.25 mM pH 8 aqueous HEPES buffer solutions based on the
transmittance at 310 nm through the supernatant after centrifugation at
1500 g for 90 s. Based on the lower light transmittance, the polyanions
decrease the sedimentation of the particles and improve the dispersion
stability.

Figure 8. Effect of polyanions on the dispersion stability of unmodified
and hydrophobically modified R706 materials based on the light
transmittance at 310 nm of a 0.025 vol % suspension in 0.25 mM pH 8
HEPES buffer after centrifugation for 90 s at 1500 g.
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the presence of the polyanion on the surface. The hydrophobicity
was assessed through capillary rise experiments.61 Dynamic
rise heights for different materials are listed in Table 1. Water
effectively does not rise in the C1-R706 capillary, which is
consistent with it being a nonwetting material. Thus, the contact
angle must be over 90°.
Greater capillary rise is observed in the R706−polyanion

composites than with R706 (Table 1), demonstrating the
adsorbed polyanions increase the hydrophilicity of the particles.
Interestingly, the capillary rise for the C1-R706−polyanion
composites is limited compared to the R706 materials. Greater
capillary rise is observed for the C1-R706−polyanion composites
than C1-R706, demonstrating that the adsorbed polyanions also
make the pigment surface more hydrophilic, though the effect
is modest. On the basis of these data, we hypothesized that the
C1-R706 polyanion composites retain appreciable hydro-
phobic character. This is supported by the lack of water uptake
during DVS measurements on C1-R706-CMC composites (see
Figure S6).
The contact angles of the modified particles were estimated

with eq 2 using a contact angle of 50° for R706, as displayed in
Table 1. This value falls within the range measured for many
SiO2, Al2O3, and TiO2 surfaces.

62−64 The contact angles for the
C1-R706 composites with CMC and Tamol 1124 are greater
than a typical oxide particle and substantially greater than the
R706−polyanion composites. This relative hydrophobicity of
the C1-R706 likely arises from the low surface coverage of the
polyanion. The amount of CMC adsorbed on C1-R706 cor-
responds 0.25 monomers/nm2, which corresponds to less than
50% of monolayer coverage at the jamming limit.41 The
magnitude of the change in the contact angle of R706 and
C1-R706 particles after polyanion adsorption is consistent with
literature examples. Beattie et al. found modest changes in the
contact angle of hydrophobically modified silica upon the
adsorption of polyacrylamide derivatives.58 Bremmel et al. also
found that the contact angle of talc decreased from 82° to
65−75° upon adsorbing different polysaccharides.65

Dispersing Hydrophobically Modified R706 Particles
in Water. Wetting and dispersing pigments is a crucial stage in
paint production that requires substantial mechanical agitation
and dispersants to achieve a suspension of primary pigment
particles.20 We assessed how polyanions facilitate the dispersion
of hydrophobically modified pigment particles in water. The
minimum agitation for transitioning C1-R706 from a dry powder
to a solution of dispersed particles at their primary particle size
was identified in a 0.025 vol % suspension in 0.25 mM pH 8
HEPES buffer with 0.0018 wt % polyanion. Dynamic light
scattering demonstrated that 15 s of vortexing followed by 30 s of
sonication provided a dispersion of primary particles. Suspen-
sions prepared via the minimum agitation conditions were then

centrifuged for 90 s at 1500 g to assess the state of the dispersion,
and the light transmittance through the supernatant is shown
in Figure 9. The hydrophobically modified particles exhibited
limited settling under the centrifugal force with polyanions
present. In contrast, the hydroxylated R706 material possessed
poor dispersion stability.
We interpret these data as an indication that the polyanions

facilitate the wetting and breaking apart of aggregates into
primary particles. We suspect this effect is more pronounced
on the hydrophobically modified R706 particles than the native
R706 because of the higher polyanion affinity, as shown in
Figure 5, and also faster polyanion adsorption on the alkyl-
dimethylsilane monolayers than a hydroxylated surface. Recently,
fast polymer adsorption on hydrophobic surfaces in water has also
been observed for polysaccharides on graphitic carbonmaterials.66,67

Impact of Hydrophobically Modified Pigments in
Coatings. We synthesized paint films using either R706 or
C1-R706 pigment dispersions stabilized with Tamol 1124
dispersant and the same latex binder used in the adsorption
experiments above (details of paint preparation are described in
the Supporting Information). To assess the water barrier pro-
perties, free-standing films were cast at 13.8% pigment volume
concentration (PVC, Table S3) by drying on release paper.
Dynamic vapor sorption measurements on these films reveal
substantially less water adsorbed in films formulated with C1-
R706 than R706 at relative humidities above 40% (see Figure S6
and Table S5). For example, the paint with R706 undergoes a
3.7% weight increase at 90% relative humidity, while the increase
with C1-R706 is only 2.9% (21.9% less than R706).
The water barrier properties were further assessed by

examining the hydrophilic stain resistance of 22.9% PVC films
that were cast using a latex applicator on laminated cards (see
Experimental Section and Table S4). Three conventional
hydrophilic stains consisting of coffee, grape juice, and ketchup
were applied to the films for 30 min and carefully removed with
a damp tissue. As shown in Figure 10, significantly less staining is
evident in the films comprising the hydrophobically modified
C1-R706 relative to unmodified R706. These DVS and
hydrophilic stain test data reveal that formulating paints with
polyanion stabilized dispersions of hydrophobically modified
pigments can result in film coatings with improved water barrier
and staining properties. These characteristics are consistent with

Table 1. Capillary Rise (h) of 2.5 mM Bromthymol Blue
Solution in 0.25 mM pH 8 Aqueous HEPES in Packed
Columns of the Dry Powders after 225 min and the Estimated
Contact Angle θ Assuming the Value for R706 Is 50°

material h (cm) θ (deg)

R706 1.56 ± 0.06 50
R706-CMC 1.81 ± 0.02 29 ± 6
R706-Tamol 1124 1.73 ± 0.11 38 ± 8
C1-R706 0.08 ± 0.0303 >90
C1-R706-CMC 0.32 ± 0.09 88 ± 1
C1-R706-Tamol 1124 0.26 ± 0.06 89 ± 1

Figure 9. Effect of polyanions on the ease of redispersing untreated and
hydrophobically modified R706 materials based on the light trans-
mittance at 310 nm of a 0.025 vol % suspension in 0.25 mM pH 8
HEPES buffer prepared by the minimum agitation conditions of 15 s of
vortexing and 30 s of sonication after centrifugation for 90 s at 1500 g.
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better association between latex polymer and pigment in the dry
paint film, when the pigment surface is hydrophobically modified
rather than a native oxide.

■ CONCLUSIONS
The challenge of wetting and dispersing hydrophobically modified
inorganic oxide particles in water with conventional polycarbox-
ylate dispersants in a manner that retains hydrophobicity has until
now prevented the use of hydrophobic pigment in waterborne
coatings. To the best our knowledge, this article presents the first
stable aqueous dispersions of hydrophobically modified oxide
particles using conventional, unmodified carboxylate-based
polyanion dispersants. Using CMC adsorption isotherms, we
demonstrated that polyanion adsorption on the hydrophobically
modified pigments critically depends on the presence of Lewis
acidic (such as Al3+) sites on the particle surface beneath the
alkylsilane monolayer. The low surface coverage of polyanion on
the pigment surface causes the particle to retain substantial
hydrophobic character when dispersed in water. This in turn
rationalizes the high water contact angles for the hydrophobically
modified pigment particles, even with adsorbed polyanions. With
polyanion dispersants, hydrophobically modified pigments
possess aqueous dispersion stability that is equal to or exceeds
that of the native-oxide particle. Advantageously, paint films
synthesized with hydrophobically modified pigments adsorb less
water and display improved hydrophilic stain resistance relative to
films consisting of native-oxide particles. The latter two character-
istics can be attributed to improved association at the pigment−
binder (polymer) interface in the dry film, upon hydrophobic
modification of the pigment surface.
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