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ABSTRACT: A new class of very stable and stimuli-responsive
nanolatexes based on copolymers of reactive and stimuli responsive
ionic liquid surfactants is synthesized by microemulsion polymer-
ization to yield dispersions of 22—30 nm diameter particles.
Aqueous coatings of these nanolatexes dry to form robust films that
exhibit stimuli-responsiveness to certain ion exchangeable anions.
The nature of the reactive ionic liquid surfactant monomers induces
an ion exchange capacity in the resulting copolymers and films.
Transparent films of such nanolatexes can be transformed into
opaque and porous films and membranes as a stimulus-response to
anion exchange. These nanolatexes are ionic nanogels that are

insensitive to Debye—Hiickel screening by an indifferent salt and exhibit very soft interparticle interactions, qualifying them as
ideal candidates as waterborne dispersing aids; in addition, these nanogels appear to be experimental examples of osmotic
nanospheres emanating from the theoretical development of osmotic brushes.

P orosity in coatings has been found useful in diverse
applications including anticorrosion treatments," antislig
coatings,2 perfumed coatings,3 and antireflective coatings.4_
Coating is generally done in order to preserve or protect a
substrate from environmental effects. Semipermeable coatings,
however, can provide barriers to certain components and fields
while allowing certain chemical components to easily pass, and
porosity in coatings can provide desired optical effects, changes
in interfacial adhesion, and a variety of flow and filtration
effects. Porosity in latex coatings involves exceeding the critical
pigment concentration,® using porous pigments,9 or otherwise
has included incorporation of some sort of poragen.>'°

In this study we follow the report of Yan and Texter of
nanolatexes derived from the ionic liquid surfactant acrylate,
ILBr with MMA (methylmethacrylate) comonomer, and that
exhibited colloidal stability in high salt."" Nanolatexes in this
system were prepared at the 0.07/0.07/0.86 ILBr/MMA //water
weight ratio composition. These latexes were about 40 nm in
diameter and were found to be very stable. By very stable we
mean that they appeared immune to coagulation by indifferent
salt (or by salt-induced shrinking of the Debye—Hiickel
screening layer) and were colloidally stable in 0.1 M NaBr,
wherein the Debye—Hiickel length is only 1 nm.'>"?
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Latexes generally maintain their stability through charge
repulsion.14 When the chemical environment changes, such as
with the introduction of an indifferent salt, the particles can lose
their stability; increasing solution ionic strength causes the
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electrical double layer of the stabilized latex particles to
compress. This shrinking reduces the energetic barrier to
aggregation and coagulation. The ILBr monomer consists of a
hydrophilic, cationic imidazolium headgroup and a hydro-
phobic tail tipped with acrylate. It was expected that the
polymerized nanolatex particles were primarily stabilized by the
cationic charge located near the surface. This preservation of
stability in the presence of high salt content suggested that
these nanolatex particles were sterically stabilized. These more
recently prepared nanolatex compositions were further tested in
aqueous solutions of stimuli-responsive anions to determine the
respective concentrations needed for destabilization. They were
also examined as film formers and to see if the resulting films
exhibited any of the interesting poration phenomena exhibited
by similarly composed gels.'"'

Nanolatex suspensions were prepared by microemulsion
polymerization'® of solutions initially formulated at nominally
2, 3, and 4% ILBr by weight (w/w) with MMA as a
comonomer at 2/3 the amount of ILBr. The detailed procedure
is given in the Supporting Information (SI) and yielded
nanolatex particles in the 20—30 nm size range as indicated by
dynamic light scattering measurements.'® TEM of the nano-
latexes are shown in the SI The small size is unusual'’ for
thermal polymerization, but is aided in this case by a small
amount of cross-linker we believe to be an N,N-bis-
(acryloylundecyl)imidazolium bromide impurity in the ILBr
synthesis (see SI).
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Aqueous NaBr solutions (3 mL) were prepared with
concentrations ranging from 0.1-1.0 M. About 0.7 mg of
total nanolatex solids were added to each of these solutions,
and turbidity was determined visually both immediately and 1 h
after addition of nanolatex. Turbidity measurements were then
made at 800 nm using a Jasco UV/vis spectrophotometer.
These turbidity measurements'® are illustrated in Figure 1. The
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Figure 1. Turbidity at 800 nm of dialyzed nanolatexes added to
aqueous NaBr after equilibration for 1 h. Nanolatexes formulated at
2% (blue triangle), 3% (purple square), and 4% (red circle) ILBr.

increasing turbidity with NaBr concentration is due to the
increasing rate of coagulation induced by bromide interacting
with the imidazolium cation and decreasing the effective
stabilization. The subsequent falloff in turbidity is due to the
aggregation being so substantial that the aggregates sedimented
to the bottom of the vial prior to our being able to measure the
turbidity. Similar measurements were made for Na,S, NaBF,,
and KPF; (see SI).

These visual and UV/vis estimates of the destabilization
concentrations are summarized in Table 1. We see that both

Table 1. Destabilization Concentrations for Nanolatexes in
Various Aqueous Salts for “4%” ILBr Nanolatexes

visual destabilization UV/vis destabilization

salt concentration (M) concentration (M)
NaBr 0.21 + 0.06 0.24 + 0.06
NaBF, 74 x 107 £ 3.7 X 10°° 94 x 107° £2.7 X 10°°
KPFq 35x10* + 1.8 x 10* 40 x 10* + 87 x 10°°
Na,$ 1.6 1.8

forms of estimation indicate these anions interact in the
following sequence of decreasing strength: PFs” > BF,” > Br >
S°. These interactions are founded in equilibrated binding to
the imidazoium ring."”™>* The range of destabilizing concen-
trations is 0.35 mM to 1.8 M, or about 4 orders of magnitude.
The ionic strength of 1 M Na,S is 3 M. These nanolatexes are
stable in such an ijonic strength, so we can conclude steric
stabilization dominates the stabilization mechanism. Only 0.35
mM KPF is destabilizing, and this is due to specific
interactions between the PF, anion and the imidazolium ring.

SEM was also used to study the formation of pores in a 4%
ILBr undialyzed nanolatex film treated with 0.1 M KPF, to
induce ion exchange, and thus local pore formation, presumably
through spinodal decomposition.’> The first film analyzed
(Figure 2) was cast in a PTFE mold, and the second film
(Figure 3) was made by drawing down the nanolatex on a glass
microscope slide (see SI for lower magnifications). The
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Figure 2. SEM images of 4% ILBr (undialyzed) nanolatex film, peeled
from a PTFE mold and treated with 0.1 M KPF, The top image
shows a region of the freeze fractured cross-sectional surface. The
lower image is a magnification of one of the pores shown in the top
image.

S$3400 15.0kV 11.4mm x3.70k SE 6/11/2008

Figure 3. SEM of 4% ILBr undialyzed nanolatex coating on a glass
slide before (a) and after (b) treatment with 0.1 M KPF; (c) SEM
image of film shaving fracture surface.

transparent film peeled from the PTFE mold became opaque
after overnight equilibration in aqueous KPF, suggesting the
formation of light scattering pores. Once rinsed, the film was
dried, submerged in liquid nitrogen, and freeze fractured to
produce a cross-sectional surface to analyze by SEM. The film
exhibited open-cell pore structures (Figure 2) on both outer
surfaces and across the entirety of the cross-sectional fracture
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surface, suggesting that the KPF4 solution was able to diffuse
throughout the thin film.

The film produced by drawing down a 4% ILBr nanolatex on
a glass slide was also equilibrated for several days in 0.1 M
KPFy, resulting in an opaque film (Figure 3). This film was
then immersed in liquid nitrogen while still attached to the
slide. Once frozen, shavings of the film were scraped by razor
blade and then freeze fractured. Similar to the cast film, open-
cell pore networks were observed on the outer surfaces as well
as throughout the cross-sectional fracture surface illustrated.

About 40 nanolatex films were prepared for some kinetic
experiments by coating a similarly polymerized 4% ILBr
dialyzed nanolatex dispersion at a 150 pm wet film thickness
on microscope slides. On drying overnight coalesced films
formed of about 10 ym thickness. On exposing one of these
samples to 0.1 M aqueous KPF, solution for another 24 h, the
film turned opaque and porous, was washed with DI water,
dried, and then peeled off of the slide substrate. The SEM in
Figure 4 shows many through-film pores about S ym diameter

Figure 4. Porous film peeled from microscope slide substrate.

and more, suggesting that ultimately the poration becomes
sufficiently substantial to weaken adhesion to the substrate.

Other of these slides were then exposed to aqueous 0.1 M
KPF for an interval varying from 1 min to 40 h. After exposure
the films were washed in DI water and dried. Their turbidity
was then measured at 800 nm by measuring the absorbance
relative to an uncoated microscope slide control in the
reference beam. This ILBr/MMA copolymer has no intrinsic
absorbance at 800 nm, so the apparent optical density is a good
measure of turbidity. The three series of sequential exposures
illustrated in Figure S show that there appears to be an
induction period of about 2—4 h where the turbidity increases
slowly. After this time the turbidity appears to increase more
rapidly over the 40 h test period. Because the turbidity appears
not to have saturated, we surmise that maximum poration is
achieved only at longer treatment times.

The change in lightness* (relative reflectance), dL, upon
poration was examined by preparing a series of dialyzed
nanolatex films on aluminum panels by an automatic draw
down applicator to produce a wet film thickness of 200 um.
The films were then allowed to dry and coalesce overnight.
They were then exposed to aqueous 0.1 M KPF, for various
time intervals, rinsed, and dried overnight again. The lightness
value for the first film which was exposed to KPF4 for 1 min
was used as a reference and changes in lightness for all the
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Figure S. Turbidity as a function of exposure time to aqueous 0.1 M
KPF; solution for ILBr latex films on glass. Each of the three symbol
types represents a distinct experimental series.

other films were determined against the first film. The lightness
values were obtained using a hand-held BYK Gardner Color-
guide (45°/0°). The results are presented in Figure 6 where it
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Figure 6. Lightness (dL) as a function of exposure time to aqueous 0.1
M KPF; solution for ILBr nanolatex films on aluminum substrate.

is seen that qualitatively different behavior is obtained by this
reflectance technique in comparison to the transmission
(turbidity) data of Figure S.

From Figures S and 6 we can conclude that the initial
poration is localized on the surface and that the proportion of
light scattered and transmitted forward (Figure S) into the
detector decreases only slightly over the 0—4 h exposure
interval, while the dL values indicate the light scattered
backward increases steadily over this same time interval and
longer. Both figures also suggest a break point in the respective
data in the 2—2.5 h interval. This combination of turbidity and
reflectance data is consistent with the main changes being
confined to the top surface of the coatings at early exposure
times. As poration increases with further exposure, the
transmittance steadily decreases, and the reflectance steadily
increases as the bulk film becomes more porous. The
reflectance appears to reach an asymptotic limiting value at
about 20—30 h exposure. The bulk poration appears still to be
increasing at 40 h exposure. SEM of various surfaces of these
samples peeled from the slides are given in the SI.

These films demonstrate that transparent coatings can be
produced from poly(ILBr/MMA) nanolatexes and transformed
into an opaque, porous state by treatment with aqueous KPFq.
These films also demonstrate the feasibility of creating porous
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membranes by painting stimuli-responsive nanolatexes on a
suitable substrate and then treating the film with a stimulus-
responsive anion (e.g,, BF,”, PF,, or N(CN),").

This poration behavior is nearly identical to that observed for
aqueous gels produced from the same monomers and treated
with the same anions. We previously found those lightly cross-
linked gels to be pinned for reversible spinodal decomposition.
In this coalesced nanolatex system, however, it is hard to
imagine intrinsic network structures larger than the 20—30 nm
nanolatexes. One possibility, speculatively speaking, may be the
interdigitated internanolatex chains forming a network of
interconnected “facets” “between” coalesced nanolatex particles
(see TEM in SI). While such a “network” reasonably extends
over the dimensions of the film, we cannot yet imagine how it
might set boundaries on pore dimensions.

Quite recently, Yuan and Antonietti** described a new family
of similarly sized nanolatexes (20—37 nm) polymerized from
aqueous micellar solutions of 1-vinyl-3-alkyl imidazolium
bromide surfactants (and ionic liquid monomers) with octyl
through octadecyl alkyl substituents and using a 1,4-butanediyl-
3,3"-bis-1-vinylimidazolium dibromide cross-linking agent.
Stable nanolatexes were obtained for the C;,, Cy,, C,4 and
C,g substituted monomers without the cross-linker and for the
C,4 Cig and C,g substituted monomers with 10 mol % cross-
linker. As an example, the nanolatex deriving from the C,
monomer with cross-linker was examined in aqueous KBr and
found to be unstable above 0.03 M aqueous. They contrasted
this behavior with the stability illustrated initially'' and noted
the structural differences and that the monomer ratios and
types may be responsible for the different salt sensitivities. Here
we show our nanolatexes stable at 6-fold this coagulation
concentration of 0.03 M, but these differences may very well
also be due to the high charge density on their latex backbone
homopolymers, as Yuan and Antonietti pointed out,** wherein
the cationic imidazolium groups are all adjacent to the
backbone. It will be interesting to discover if such nanolatexes
also are responsive to anions such as BE,", PF¢, and CF;SO5,
as are a variety of imidazolium-based polymerized ionic
liquids.”

In our nanolatexes, with a molar ratio of ILBr/MMA of about
1:2.6 used in the formulation, the charge density is depressed as
was pointed out,”* because MMA monomers may be randomly
interspersed among the ILBr monomers. Further, the
imidazolium bromide group is distal to the backbone. We
suspect our nanolatex copolymer chains are akin to osmotic
spheres,”>*® wherein the bromide counterions are osmotically
trapped within the nanolatex hydrogel particles. The aquated
and water swollen copolymer strands undergo very soft and
ionic liquid kinds of weak repulsive interactions upon collision
rather than a hard electrosteric interaction more typical of
nonhydrogel colloids. In support of this conjecture, we note
that the second ionic liquid polymer of an ionic liquid
monomer to be reported,””*® the polyILBF, homopolymer, is
not very water-soluble but forms an ionic liquid melt phase
above 30 °C.

Classical ionic-strength-induced coagulation does not rely
upon specific counterion interactions with the latex. We have
shown here that these nanolatexes are destabilized by 0.35 mM
PF;". This concentration is 300-fold more dilute than 0.1 M
Br. Additionally, our nanolatexes are stable in 1 M Na,S, which
exhibits an ionic strength of 3 M, 8600-fold higher than 0.35
mM PE,".
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These poly(ILBr/MMA) nanolatexes represent a new class
of very stable and soft ionic nanogels. These ionic nanogels
appear to be osmotic nanospheres that exhibit ionic strength
insensitivity.”>*>*° Pincus pointed out> that many colloid
applications could use stabilization that is not sensitive to
Debye—Hiickel screening effects. These nanogels exhibit this
positive characteristic and, in addition, have been shown to be
excellent stabilizers for waterborne nanocarbons.*' ~**

These anion-specific effects on imidazolium groups have
been observed in a number of studies focusing on various kinds
of supramolecular complexes,> >’ exchange resins,*® and
polymers aimed at developing anion sensors®” and quantitative
analyses.** A logical conclusion following from the anion-
sensitive stimuli responsiveness of imidazolium-containing
polymerized ionic liquids and the above-mentioned anion
sensing studies is that this stimuli responsiveness emanates
from anion-imidazolium ion pairing. Further, in a recent
study*' it was shown that the homopolymer of polyILBr
prepared by a heterogeneous ATRP process condenses upon
addition of KPF to form nanoparticles of polyILPF,. The K,
of the ILPF4 monomer was estimated as 6 (£2) X 1077 M, as
precipitated in water at room ternperature.18

To explain the insensitivity to conventional Debye—Hiickel
screening effects leading to indifferent electrolyte coagulation,
we at present rely upon the osmotic nanosphere structure
inferred above from the polymer brush literature. The
osmotically trapped counterions within the osmotic nano-
spheres have a local concentration of the order of 0.1 M or
greater (see SI). The exterior indifferent electrolyte will tend to
cause the osmotic spheres to swell (limited by extant cross-
linking) at low electrolyte and to condense at high electrolyte.
Such spheres interact softly and repulsively. Excess indifferent
electrolyte cannot markedly affect the osmotic sphere unless
interactions with the imidazolium ring are strong enough to
displace the Br". When such an interaction is strong, as in the
present case, the change from hygroscopic to hydrophobic
produces spinodal decomposition and the accompanying pore
formation.

We hasten to point out this study is not the first reported
case of colloidal stability being dictated by specific chemical
effects rather than by indifferent electrolyte. Phosphate and
sulfate have been shown to strongly adsorb to surface sites in
hematite* and aluminum oxide®’ dispersions, respectively.
These interactions strongly modify (decrease) the intrinsic
surface potential and lead to coagulation of particles.

Latex films devoid of poragens appear not to have been
associated with membrane formation previously. Here we have
bottom-up self-assembly™ to construct a film via an as yet
uncharacterized coalescence mechanism. Such stimuli-respon-
siveness, enabling switching from a gel state to a locally phase-
separated state, establishes nanolatex film formation and ion
exchanging with an appropriate anion as a two-step process to
coat macroscopic materials with nano, meso, and microscopi-
cally porous membranes.

We anticipate such nanogels will prove useful in fabricating
diverse membranes**¢ having porosity on different length
scales. Besides the intrinsic poration available from the films
demonstrated here, the use of such nanogels to infuse photonic
and related larger particle templates may result in new
manufacturing processes for diffusion and other membranes
for batteries and fuel cells.
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Synthesis, turbidity-salt effects, film formation, TEM, thermal
analysis, mechanical analysis, and SEM of porous films are
described. This material is available free of charge via the
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