Langmuir

Article

pubs.acs.org/Langmuir

©2009 American Chemical Society

Cationic Comb Polymer Superdispersants for Colloidal
Silica Suspensions

Summer K. Rhodes,” Robert H. Lambeth,** Jaime Gonzales," Jeffrey S. Moore, ™ and
Jennifer A. Lewis*

TMaterials Sczence and Engineering Department, Frederick Seitz Materials Research Laboz atory and *Chemistry
Department and $The Beckman Institute for Advanced Science and Technology, and” Department of Molecular
and Cell Biology, University of Illinois, Urbana, Illinois 61801

Received January 23, 2009. Revised Manuscript Received March 26, 2009

We investigate the ability of a cationic comb polymer composed of a poly(trimethylammonium iodide ethyl
methacrylate) (PTMAM) backbone and uncharged poly(ethylene glycol) (PEG) teeth to stabilize aqueous silica
suspensions of varying ionic strength and pH. Both PTMAM-g-PEG and its homopolymer backbone, PTMAM, are
synthesized via reversible addition—fragmentation chain transfer followed by quaternization of the pendant amine
groups with methyl iodide. Through a combination of polymer adsorption, zeta potential, and sedimentation
measurements as well as confocal imaging of sediment structures, we find that PTMAM-g-PEG imparts stability over
a broad range of solution conditions, where pure PTMAM fails.

Introduction

Cationic polyelectrolytes, such as poly(dimethylaminoethyl
methacrylate) (PDMAM), are widely used as dispersants to
impart electrosteric stability to colloidal silica suspensions.'
PDMAM is a weak polyelectrolyte whose amine groups become
increasingly protonated with decreasing pH.>>~ However, when
functionalized with quaternary ammonium groups, it becomes a
strong polyelectrolyte that is fully ionized over a wide pH range.**

The difference in ionization behavior between the weak and
quaternized derivatives of PDMAM?®~'? have a marked effect on
their adsorption behavior on silica. Silica microspheres exhibit an
isoelectric point near pH ~ 2—3 and, hence, become more
negatively charged as the solution pH increases above this value.
The adsorption of nonquaternized PDMAM species onto silica
colloids first increases with pH and then decreases at even higher
pH values as the chains become weakly ionized. By contrast, poly
(trimethylammonium iodide ethyl methacrylate) (PTMAM), a
quaternized derivative of PDMAM, exhibits enhanced adsorp-
tion onto silica colloids with increasing pH.

Pure polyelectrolytes are often only effective at providing
colloidal stability within a narrow range of ionic strength and
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pH values.!' ™ For example, at high ionic strengths, counterions
effectively screen the charged groups present along the polyelec-
trolyte backbone, simultaneously leading to the collapse of
adsorbed chains on the colloid surfaces, and possibly even ion
bridging in the presence of multivalent species.'>'® Typically,
particle flocculation ensues under such conditions, since the
electrosteric barrier that provides stability is dramatically re-
duced."" In related work, Lewis and co-workers have shown
that anionic comb copolymers composed of a poly(acrylic acid)
(PAA) backbone with poly(ethylene oxide) (PEO) teeth are able
to stabilize colloidal suspensions, including both cementitious'”
and barium titanate'™!? systems, over a broad range of solution
conditions, where pure PAA fails. Based on their observations,
they proposed that the uncharged PEO teeth not only protect the
underlying polyelectrolyte backbone from ion bridging interac-
tions, the teeth also provide a robust steric barrier that resists
flocculation. To our knowledge, cationic analogues of these comb
polymers have yet to be explored as dispersants for colloidal
suspensions, such as silica or titania, whose isoelectric points
occur under acidic conditions.

Here, we investigate the ability of a cationic comb polymer
composed of a PTMAM backbone and uncharged PEG teeth to
stabilize aqueous silica suspensions of varying ionic strength and
pH. We compare these observations to those obtained for pure
PTMAM, which serves as a benchmark in this study. Through a
combination of polymer adsorption, zeta potential, sedimentation
measurements, and confocal imaging, we show that PTMAM-g-
PEG serves as a “superdispersant” that provides stability over
a broad range of solution conditions, in which PTMAM-coated
silica microspheres experience rapid flocculation. These cationic
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comb polymer dispersants may find potential application
in colloidal suspensions designed for photonic crystal assem-
bly,”* % inks for direct writing,”® drug delivery,** " or other
biomedical applications.”>***’ Furthermore, they provide a new
pathway for producing biphasic colloidal mixtures,*® in which
comb polymer and pure polyelectrolyte-coated microspheres are
combined under appropriate solution conditions.

Experimental Section

Polymer Synthesis. PTMAM-g-PEG and PTMAM disper-
sants are prepared by reversible addition—fragmentation chain
transfer (RAFT) polymerization followed by quaternization with
methyl iodide (Mel). PTMAM-g-PEG is produced from a feed-
stock consisting of a 7:1 molar ratio of DMAM monomer to
methacrylate-functionalized PEG (number average molecular
weight, M, = 2080). The polymer chains are isolated by dialysis
(M, cutoff = 10 kDa) against water for 72 h, followed by freeze-
drying. Their M}, is 30000 and 66000 g/mol for PTMAM and
PTMAM-g-PEG, respectively, as determined by gel permeation
chromatography (GPC). The amine groups present along the
PTMAM backbone are converted to quaternary ammonium ions
through methylation with Mel. Full synthetic details and char-
acterization are provided in the Supporting Information.

Polymer Solution Characterization. The radius of hydra-
tion (Ry,) of PTMAM-g-PEG and PTMAM is determined by
capillary viscometry using a Ubbelohde viscometer (model 9722-
MS53, Cannon Inst. Co., State College, PA) placed in a constant
temperature bath at 30 + 0.1 °C. Flow-time measurements are
carried out on dilute polymer solutions (~0.01—0.02 g/mL, pH 6)
of varying salt concentration (I mM to 1 M sodium chloride,
NaCl). The relative viscosities, 7., are measured at five different
polymer concentrations, ¢, where 7, is defined by the ratio of the
flow time of a given polymer solution to that of the pure solvent.
From these data, the intrinsic viscosity, [#], is given by

o = () m

as determined by extrapolation to ¢ = 0°' (e.g., see Figure S2 in
the Supporting Information). The radius of hydration is estimated

by
St

where M is the molecular weight of the polymer and N, is
Avogadro’s number.?' 3?
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Particle Synthesis. Monodisperse silica microspheres are
synthesized with fluorescent cores composed of fluorescein iso-
thiocyanate (FITC), following the procedure developed by van
Blaaderen and co-workers.>**> Each microsphere consists of
a 600 nm fluorescent silica core surrounded by a pure silica
shell with an overall diameter of 1.02 £+ 0.03 um, as measured
by scanning electron microscopy (Hitachi 4700, Tokyo, Japan).
These fluorescent silica microspheres have a density of 2.0 g/cm®
and a specific surface area of 3.46 & 0.04 m?/g, as determined by
helium pycnometry and nitrogen gas adsorption, respectively.

Suspension Preparation. Colloidal suspensions of varying
silica volume fraction (¢) are prepared by dispersing an appro-
priate amount of silica microspheres in an aqueous solution. Each
suspension is magnetically stirred and ultrasonicated for 5 min
using a 1 s on/off pulse sequence (F550 Sonic Dismembrator,
Fisher Scientific). The pH is then adjusted using 0.1 and 1.0 M
hydrochloric acid (HCI) or sodium hydroxide (NaOH) solutions.
Next, an appropriate amount of either PTMAM-g-PEG
or PTMAM is added to suspension from a 20 mg/mL stock
solution, and the pH is readjusted. Each suspension is stirred for
at least 10 min and then ultrasonicated, as described above,
followed by stirring for an additional 12 h prior to settling under
gravity. After sedimentation, the supernatant solution is decanted
to remove excess (nonadsorbed) polymer. Finally, the silica
microspheres are resuspended by adding an appropriate amount
of a pH-adjusted aqueous solution to obtain the desired ¢.

Polymer Adsorption Measurements. Colloidal silica sus-
pensions (¢ = 0.1, pH 6.0) are prepared with varying concentra-
tions of PTMAM-g-PEG or PTMAM ranging from 0 to 2.6 mg
polymer/m? of silica in solution. After these suspensions undergo
sedimentation, aliquots are taken from their supernatants and
analyzed using ultraviolet—visible (UV—vis) spectroscopy (Shi-
madzu 2401PC, Kyoto, Japan) and total organic carbon (TOC)
analysis (Phoenix 8000, Tekmar-Dohrmann, Mason, OH). The
total amount of polymer adsorbed onto the silica microspheres is
determined by subtracting the measured dispersant concentration
in solution from the known initial concentration of PTMAM-g-
PEG or PTMAM in solution.

Zeta Potential Measurements. The electrophoretic mobility
of bare, PTMAM-g-PEG-coated, and PTMAM-coated silica
microspheres is measured as a function of solution pH at
a polymer concentration of 2.5 mg/m?> of silica in solution.
Colloidal silica suspensions (¢ = 0.05) are prepared with
an initial pH of 6.0 and then adjusted to the desired pH of
3.0—8.5 using HCl or NaOH. The suspensions are then diluted
(¢ = 10~%)in water of the appropriate pH prior to measuring their
electrophoretic mobility using a Malvern Zetasizer 3000 instru-
ment (Worcestershire, U.K.). From these data, the zeta potential
is determined using the Henry equation (see the Supporting
Information).

Sedimentation Measurements. The sedimentation velocities
of silica suspensions (¢ = 0.02, pH 6.0) are first measured as
a function of dispersant concentration for both PTMAM-g-
PEG and PTMAM in the absence of salt additions. Next,
the sedimentation velocities of both systems (¢ = 0.02) pre-
pared with a dispersant concentration of 2.5 mg/m? of silica in
solution are measured as a function of varying salt concentration,
[NaCl] = 0—1 M and pH. Specifically, each suspension is placed
in a custom-designed cell and allowed to settle. The cells are
created by attaching a glass cylinder (8 cm tall with a 5 mm inner
diameter) to a no. 1 coverslip with silicon rubber. Images are
acquired by a digital camera at regular intervals to monitor the
interface between the clear supernatant and the opaque suspen-
sion. The measured sedimentation rate is normalized by U,,, which
corresponds to that of an individual silica microsphere.
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2 (py—p)a’s
Vo =5, ©)
where p; s the particle density, p is the density of water, « is the
particle radius, 7 is the viscosity of water, and g is the gravitational
constant.

Confocal Imaging. Colloidal suspensions of both PTMAM-
g-PEG- and PTMAM-coated silica microspheres (¢ = 0.02) are
prepared with a dispersant concentration of 2.5 mg/m? of silica in
solution and varying salt concentration (0 — 1 M NaCl) and
pH (4.0 — 10.0). Next, 0.5 mL of each suspension is immediately
transferred to the custom-designed cells described above.>” After
undergoing sedimentation for 72 h, confocal microscopy is used
to directly image their sediment structures by placing the samples
on the stage of an inverted optical microscope equipped with a
514 nm argon-ion laser source and a 63/1.32 NA oil lens (Leica,
SP2 Confocal Microscope, Wetzlar, Germany).

Results and Discussion

Polymer Synthesis and Characterization. The most attrac-
tive method for synthesizing the PTMAM-g-PEG comb polymer
involves random copolymerization of a chain-end functionalized
macromonomer with a low molecular weight monomer, as shown
schematically in Figure 1a.*® Using this method, the chain length
of the polymer backbone can be controlled by living radical
polymerization and the average spacing of the side chains can be
determined by evaluation of the reactivity ratio of the low
molecular weight monomer.*® Initially, the copolymerization
between DMAM and PEGMA was studied to determine whether
the charge neutral teeth could be incorporated randomly along
the polymer backbone. This involves determining the reactivity
ratio (1) of the low molecular weight monomer, DMAM, from a
Jaacks plot to determine r(k1/k1), which involves the use of a
large excess of one monomer relative to another. This method
allows for the assumption that all the propagating species in
solution are derived from a single monomer, enabling the copo-
lymer equation to be greatly simplified.*’

To determine r; for DMAM [M,] by the Jaacks method, the
consumption of both monomers is monitored as a function of
time in an uncontrolled free-radical copolymerization. A mono-
mer feedstock of 20:1 DMAM:PEGMA is used to satisfy the
assumption that all the propagating species in solution are derived
from DMAM. Kinetic evaluation of the polymerization by GPC
(Figure 1b) reveals a parallel decrease in the concentration of both
monomers and concurrent increase in the concentration of comb
polymer with time.*! A plot of the conversion of each monomer
with time indicates a slight preference for the consumption of
DMAM relative to PEGMA with time, as shown in Figure lc.
A double logarithmic plot was constructed from which a linear
relationship is observed between log(DMAM],/[DMAM],) and
log((PEGMA]y/[PEGMA],) (Figure 1lc). The slope of the line
gives a value of 1.24 for r, indicating a nearly random polymer-
ization with a slight preference for consumption of DMAM
by DMAM-derived chain ends.

To gain control over the polymerization, reversible addition—
fragmentation chain transfer (RAFT) is employed. It was
previously shown that selectivity of propagating radicals is
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Figure 1. (a) Schematic of RAFT-mediated copolymerization of
DMAM and PEGMA and homopolymerization of DMAM, (b)
gel permeation chromatography of DMAM and PEGMA prior to
reaction and after two and four hours of reaction, where peaks
denoted by 1—4 correspond to the growing polymer, polystyrene
standard, PEGMA, and DMAEMA, respectively, and (c) Jaacks
plots of PEGMA (®) and DMAEMA (O) as a function of time
(left) and a double logarithmic plot of log((DMAM]y/[DMAMY])
and log([PEGMA]y/[PEGMA)) (right). [Note: Dashed lines guide
the eye.]

independent of the polymerization mechanism, suggesting
the reactivity ratio r; should hold true when going from an
uncontrolled polymerization to a controlled polymerization
by RAFT.* A large-scale polymerization was conducted,
which yielded 134 g of the comb polymer and 48 g of homo-
polymer.

The pendant tertiary amine functionality along the polymer
backbone is subsequently quaternized with excess methyl iodide
(Mel) to form a strong cationic polyelectrolyte. This reaction is
evaluated by "H NMR to confirm the quantitative conversion of
tertiary amines to ammonium salts (see Figure S1 in the Support-
ing Information). DMAM is reacted with excess Mel to produce
trimethylammonium iodide methacrylate (TMAM) to serve as a
model compound for comparison. Prior to reaction with Mel, the
methyl groups bound to the amine are observed at 2.18 ppm in
both the DMAMA monomer and the copolymer. After reaction

DOT: 10.1021/1a9003092 6789
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with Mel, the signal at 2.18 ppm is absent in both the model
compound and the copolymer, indicating quantitative conver-
sion. Interestingly, the resonance assigned to the ammonium
methyl groups is shifted downfield in the polymer relative to the
model compound.

Polymer Solution Behavior. The PTMAM-based disper-
sants are fully charged from pH 3 to 9 based on titration data
(not shown). We find that the radius of hydration, Ry, of
PTMAM-g-PEG and PTMAM is approximately 12 and 8.3
nm, respectively, at the lowest salt concentration of 1 mM
evaluated (Figure 2). Under these conditions, the charged poly-
mer chains are expected to adopt an extended conformation in
solution. When the salt concentration is increased to 10 mM, the
Ry, of both species decreases sharply to values of 10.4 and 6.6 nm,
respectively, as the charge groups along their cationic backbones
are increasingly screened. At even higher salt concentrations, the
PTMAM-g-PEG and PTMAM chains undergo further collapse
to final sizes of 9.0 and 4.7 nm, respectively, at 1 M salt. When the
R, of PTMAM-g-PEG and PTMAM is normalized by their
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Figure 2. Plot of the radius of hydration (R,) of PTMAM-g-PEG
(®) and PTMAM (O) in dilute solution (2 wt %, pH 6.0) as a
function of salt concentration. [Note: Dashed lines guide the eye.]
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respective values at 1 mM salt, one finds that their size is reduced
approximately 30% and 40%, respectively, at the highest salt
concentrations probed. Both polymers undergo a similar size
reduction, which suggests that the relatively short PEG teeth do
not significantly hinder the conformational changes of the
PTMAM backbone induced at high ionic strengths.

Polymer Adsorption Behavior. Both PTMAM-g-PEG and
PTMAM strongly adsorb onto oppositely charged silica micro-
spheres leading to their pronounced charge reversal, as shown
in Figure 3. As the polymer concentration in solution increases,
there is a sharp rise in the extent of adsorption of both poly-
mers followed by the onset of a plateau at values of 1.41 and
0.66 mg/m> for PTMAM-g-PEG and PTMAM, respectively
(Figure 3a). Note, the polymer concentrations reported in
Figures 3a and 4a relate the polymer mass to the total colloid
surface area in solution, thereby allowing direct comparison to be
made between experiments carried out at different ¢. The marked
difference in plateau coverage for these polymers is attributed
primarily to the presence or absence of PEG teeth, since the actual
number of cationic groups in each adlayer is nearly identical, that
is, 2.5 x 10" and 2.3 x 10'8/m* for PTMAM-g-PEG and
PTMAM, respectively.

In the absence of either dispersant, the bare silica microspheres
possess an isoelectric point at approximately pH 3. The micro-
spheres become more negatively charged as the pH is raised above
this value (see Figure 3b). Under the experimental conditions of
interest (pH 6), the silica microspheres exhibit a zeta potential
of =50 mV. Upon suspending the silica microspheres in polymer
solutions composed of 2.5 mg/m?, they become fully coated with
either PTMAM-g-PEG or PTMAM. The presence of the cationic
adlayer increases the zeta potential of the coated silica micro-
spheres by ca. 60—80 mV over the entire pH range explored,
shifting their isoelectric point to a value near pH 8. Hence, the
PTMAM-g-PEG and PTMAM-coated silica microspheres
are positively charged at a pH of 6 with respective zeta potentials
of 20—40 mV.

Colloidal Suspension Stability. The stability of silica micro-
spheres as a function of dispersant concentration is investigated
by measuring the sedimentation rates of dilute suspensions
(¢ = 0.02) (Figure 4a). Bare silica microspheres are stable at
pH 6 and, thus, settle individually (U/U, ~ 1). When the

b) 8o
60
40
20

Zeta Potential (mV)

Figure 3. (a) Adsorption behavior of PTMAM-g-PEG (®) and PTMAM (O) on oppositely charged silica microspheres in aqueous
suspensions (¢ = 0.1, pH 6) of varying dispersant concentration, where the solid line denotes the theoretical curve corresponding
to 100% adsorption, and (b) zeta potential of bare (W), PTMAM-g-PEG-coated (®), and PTMAM (O)-coated silica microspheres as
a function of pH for dilute aqueous suspensions (¢ = 10 °) with a polymer concentration of 2.5 mg/m? of silica in solution. [Note: Dashed

lines guide the eye.]
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Figure 4. (a) Normalized settling rate of PTMAM-g-PEG-coated (®) and PTMAM (O)-coated silica microspheres in aqueous suspensions
(¢ = 0.02, pH = 6.0) as a function of polymer concentration at 0 mM salt (left plot) or as a function of increasing salt concentration at a
normalized polymer concentration of 2.5 mg/m? of silica in solution (right plot), and (b) confocal images (x—y scans) of representative
sediment structures assembled from the latter suspensions. [Note: Dashed lines guide the eye; scale bar = 5 um for all images.]

oppositely charged PTMAM-g-PEG and PTMAM species ad-
sorb onto the silica microspheres at modest concentrations, they
diminish the electrostatic repulsion between particles, leading to a
pronounced rise in the observed sedimentation rates. The highest
sedimentation rates, which occur at normalized polymer concen-
trations in solution of 0.4—0.7 mg/m?, are roughly 15—20 times
greater than those of individual silica microspheres. As the
polymer concentration is further increased, the sedimentation
rates decrease. Ultimately, when the normalized polymer con-
centration exceeds approximately 1.5 mg/m? the silica micro-
spheres settle individually, signifying that full stabilization has
been achieved.

The effect of ionic strength on the stability of PTMAM-g-
PEG-coated and PTMAM-coated silica suspensions is studied
to probe the role of dispersant architecture. In the absence of
salt additions, each system is stable and the dispersant-coated
silica microspheres settle individually. Hence, at low ionic
strength, both dispersants impart electrosteric stability to the
silica microsphere suspensions. At higher ionic strengths, the
charged backbone of each dispersant becomes increasingly
screened, and only PTMAM-¢g-PEG remains able to confer

Langmuir 2009, 25(12), 6787-6792

suspension stability. In fact, silica microspheres coated with
PTMAM-g-PEG exhibit low sedimentation rates, which are
nominally equivalent to those observed for individual micro-
spheres, over the entire range of salt concentrations studied
(0—1 M salt), as shown in Figure 4a. We attribute the observed
stabilization to the presence of the charge-neutral PEG teeth
along the PTMAM backbone, which continue to provide a steric
barrier even as the electrostatic contribution is diminished. By
contrast, PTMAM-coated silica microspheres exhibit a pro-
nounced rise in their sedimentation rates when the salt concentra-
tion exceeds ~30 mM.

To further probe the influence of dispersant architecture on
suspension stability, confocal microscopy is used to directly image
the sediment structures formed in each system as a function of salt
concentration. In the absence of added salt, both PTMAM-g-
PEG-coated (green microspheres) and PTMAM-coated (red
microspheres) colloids are stable and assemble into dense, ordered
structures upon sedimentation, as shown in Figure 4b. This
morphology persists, even at the highest ionic strengths
investigated for silica microspheres coated with PTMAM-g-
PEG species. By contrast, PTMAM-coated silica microspheres
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Figure 5. Normalized settling rates of PTMAM-g-PEG-coated (®) and PTMAM (O)-coated silica microspheres in aqueous suspensions
(¢ = 0.02, polymer concentration of 2.5 mg/m? of silica in solution) as a function of pH and accompanying confocal images (x—y scans)
of representative sediment structures assembled at pH 4, 8, and 10 for systems prepared at (a) 0 mM and (b) 600 mM NaCl. [Note: Dashed
lines guide the eye; scale bar = 5 um for all images; and images obtained at pH 6 are shown in Figure 4.]

undergo flocculation at high ionic strengths, resulting in an open,
gel network that consists of dense clusters and large voids. The
structural evolution observed for each system as a function of
ionic strength is consistent with their sedimentation behavior, as
described above.

We studied the stability of PTMAM-g-PEG and PTMAM-
coated silica suspensions under varying pH conditions to further
evaluate dispersant effectiveness. In the absence of salt additions,
both systems are stable over a pH range from 4 to 8, as shown in
Figure 5a. At pH 10, only silica microspheres coated with
PTMAM-g-PEG remain stable and exhibit U/U, ~ 1. By con-
trast, PTMAM-coated silica microspheres rapidly flocculate at
pH 10, leading to an order of magnitude higher sedimentation
rate. Representative confocal images obtained on their sediment
structures reveal that all samples assemble into dense, ordered
structures at low ionic strengths over the entire pH range probed,
with the exception of the PTMAM-coated silica microspheres at
pH 10, which forms an open, gel network that consists of dense
clusters and large voids.

Finally, we investigated the stability of PTMAM-g-PEG-
coated and PTMAM-coated silica suspensions under varying
pH conditions at high ionic strengths (i.e., 600 mM salt). Over
the full range of solution conditions tested, PTMAM-g-PEG-
coated silica microspheres remained stable and settled individu-
ally under gravity to produce dense, ordered structures, whereas
the PTMAM-coated silica microspheres exhibited pronounced
flocculation, leading to an open gel-like structure and sedimenta-
tion rates that are two orders of magnitude higher than those of
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their stable counterparts (Figure 5b). Our observations confirm
that comb polymers are effective “superdispersants” that impart
stability over a broad range of solution conditions, where pure
polyelectrolyte species fail.

Conclusions

We have shown that dispersant architecture dramatically
influences the ability of cationic polyelectrolytes to impart stabi-
lity to silica suspensions of varying ionic strength and pH.
Dispersants that possess a comb polymer architecture composed
of a cationic backbone and charge-neutral teeth are able to bestow
stability to colloidal silica suspensions over a broad range of
solution conditions. These “superdispersants” may find potential
application in suspensions designed for colloidal crystallization,
biphasic inks for direct-write assembly, drug delivery, or other
biomedical applications.
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