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ABSTRACT
The polymerizable ionic liquid surfactant, 1-(2-acryloyloxyundecyl)-3methylimidiazloium bromide (IL-Br) was synthesized. The ternary phase diagram of the ILBr/MMA/water system was constructed at 25 and 60 °C. Several microemulsion
polymerizations were carried out, yielding materials that ranged from latexes, which formed
transparent films upon drying, to solid rods. These materials were analyzed by various
methods. Latex stability in several salt solutions was tested. Homopolymers and copolymers
of IL-Br and MMA were produced by bulk and solution thermal polymerization. Bulk
polymerized materials were insoluble in several solvents, suggesting light cross-linking.
Solution polymers were soluble in DMF and were analyzed by SEC to determine molecular
weight. An IL-Br/MMA/water microemulsion and subsequent polymerized wafer were
analyzed by small angle neutron scattering, exhibiting similar length scales before and after
polymerization. Ion exchange between Br- and PF6- in IL-Br resulted in the formation of
open-cell porous structures in several of these materials, which was confirmed by SEM.
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Chapter 1
Introduction
Ionic liquids (ILs) are organic salts that are liquids at or below 100 °C. The low
vapor pressure and thermal stability of these liquids has led to a great deal of investigation
into their use as a viable, environmentally friendly alternative to organic solvents in organic
synthesis.1,2 They have proven to be efficient solvents for polymerization,3 as well as
inorganic nanoparticle synthesis.4 Other applications utilizing ionic liquids have included
dye-sensitized solar cells,5 capacitors,6 and rechargeable Li ion batteries.7
Increasing interest in ionic liquids and their applications can be attributed to the wide
variety of ion pairs available, as each different pair possesses different physical properties.
Typically, ionic liquids are prepared as quaternary ammonium or cyclic amine salts.8 Cyclic
amine salts can consist of cationic imidazolium, pyridinium, pyrrolidinium, and piperidinium
groups. Recently, other cationic groups have received attention, such as phosphonium and
sulfonium ions. A wide variety of inorganic and organic anions can be paired with these
tetraalkylammonium and cyclic amine cations.9 While the selection of a cation/anion pair
significantly determines the physical properties of a given ionic liquid, alkyl chain length is
also a very important factor.
Ionic liquids that combine a polar head group with a long alkyl chain can exhibit
amphiphilic behavior, acting as surfactants in solution. Jungnickel et al. studied the effect of
alkyl chain length in 1-alkyl-3-methylimidazolium ionic liquids on their critical micelle
concentrations (CMC) in aqueous solution.10 A homologous series of the imidazolium ILs
was prepared with varying alkyl chain lengths, ranging from C4 – C18, while keeping the Clcounterion constant. They found that the CMC decreased as alkyl chain length increased,

with no CMC detected for C4 and C6 chains. This was a result of increasing hydrophobicity
of the ILs with increasing alkyl chain length. As the chains begin to impart greater
hydrophobicity, they are faster to preferentially orient at the air/water interface, with the
alkyl chains extending towards the air and the hydrophilic head group towards the aqueous
phase. As the surface becomes saturated with a surfactant monolayer, continued addition of
surfactant molecules will result in the formation of micelles in solution. The formation of
micelles in solution by 1-alkyl-3-methylimidazolium ILs of suitable alkyl chain lengths
allows them to be used as surfactants in the preparation of microemulsions.
Microemulsions are thermodynamically stable, optically isotropic solutions that
typically contain oil, water, surfactant, and sometimes a co-surfactant.11 The surfactant or
mixture of surfactants serves to stabilize the immiscible oil and water phases.
Microemulsions are transparent because the micelles, with diameters on the order of 10 – 150
nm, are too small to scatter much visible light. While microemulsions appear to be single
phase solutions macroscopically, they can exhibit a variety of structures on the microscopic
level.12 These structures can include water-in-oil (w/o) micelles, oil-in-water (o/w) micelles,
micelle clusters, and bicontinuous structures. Conductivity and NMR self-diffusion
measurements have been used to probe the transitions between these microstructures.
Bicontinuous microemulsions consist of continuous oil and water phases, separated by a
surfactant monolayer.13 These microemulsions can be polymerized to yield a variety of
materials.
Chieng et al. polymerized bicontinuous microemulsions containing methyl
methacrylate (MMA) and water, stabilized by n-alkyltrimethylammonium bromides of
varying alkyl chain lengths and 2-hydroxyethyl methacrylate (HEMA) co-surfactant.14
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Ethylene glycol dimethacrylate was used as cross-linker in these systems to improve
mechanical strength and reduce gelation time, quickly establishing a polymer network that
preserves the microstructure of the bicontinuous microemulsion. Weight fractions of all
components were held constant while varying the cationic surfactant alkyl chain length.
Globular structures ranging from 20 – 200 nm were found for the system stabilized with C12
surfactant, as well as pores of 20 – 100 nm in diameter. Increasing the surfactant chain
length to C14 yielded oval-shaped structures of approximately 200 – 500 nm in diameter, with
pores of 20 – 300 nm. Finally, the materials polymerized from the system containing C16
alkyl chain length cationic surfactant showed worm-like microstructures and pores of 20 –
1000 nm. This showed that increasing alkyl chain length of the surfactant generally
increased average pore size in the polymerized materials. The group suggested that these
pores were occupied by water trapped between microstructure aggregates.
Surfactants are not necessarily limited to stabilization alone in microemulsions.
Polymerizable surfactants have been used in a variety of applications to obtain materials not
possible with traditional surfactants.15 These reactive surfactants contain a polar head group,
as well as a hydrophobic tail, which is capped with a polymerizable group. Xu and Chen
investigated the emulsion copolymerization of butyl methacrylate with anionic sulfonate
surfactants containing an acrylate end group on chains of varying length, resulting in
particles ranging from 18-33 nm in diameter.16
Conventional ILs have been studied as components in microemulsions.17,18 However,
IL surfactants can also be prepared with reactive groups. Yan and Texter used a
polymerizable imidazolium IL surfactant in the microemulsion polymerization of a ternary
system including MMA and water.19 The reactive, acrylate-functionalized IL, 1-(2-
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acryloyloxyundecyl)-3-methylimidazolium bromide (IL-Br), was synthesized and
characterized by various methods. The CMC of IL-Br was reported to be 15.35 mM at 24 °C
by pendant drop method. A partial ternary phase diagram of the IL-Br/MMA/water system
was constructed at 24 and 60 °C, showing the boundary points between microemulsion and
emulsion domains. A transparent gel from microemulsion polymerization of ILBr/MMA/water (0.15/0.10/0.75) was produced and subjected to ion exchange by immersion
in aqueous 0.1 M KPF6. This involved the exchange of Br- and PF6- ions in the imidazolium
head group, converting the IL from a hydrophilic to a hydrophobic molecule. This change in
aqueous solubility resulted in the formation of open-cell pore structures. The main goal of
the present study was to build off of this previous work by producing new materials and
characterizing them by various methods. Efforts included the confirmation of earlier
observations as well as refinement of earlier results and methods when necessary.
Bordi et al. used conductivity measurements to detect microstructural transitions in
w/o microemulsions of AOT/n-decane/water.20 They studied the effect of temperature and
water content on the conductivity of the system. The region far below the transition from
micelles to percolating clusters of micelles was described as containing individual water
droplets stabilized by surfactant in a non-conducting oil phase. A sudden large increase in
conductivity was attributed to these micelles coming together in the form of clusters,
facilitating charge transport between the droplets.
Hellgren et al. used polymerizable surfactants in the preparation of latex paints.21
They state that the benefit of using polymerizable surfactants to produce such coatings is the
incorporation of the surfactant in the binder by covalent linkage. Conventional surfactants
remain in the film after coalescence, but tend to migrate to the film surface since they are not
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covalently attached to the binder they stabilized prior to film formation. This creates
localized areas of increased water sensitivity in the latex film. Dissolution and removal of
these areas by atmospheric moisture can leave a rough surface, negatively affecting gloss of
the film.
In the present study, the synthesis of IL-Br was updated to include purification steps
in the second reaction. The previous method did not include filtering the final product
through a neutral alumina column before isolating the solid. The ternary phase diagram of
the IL-Br/MMA/water system was constructed at 25 and 60 °C in order to determine the
boundary points between the single-phase microemulsion and two-phase emulsion domains.
Mapping these boundary points afforded the opportunity to choose compositions of interest
within the microemulsion regions. Three lines of composition were selected within the
single-phase microemulsion region of the phase diagram, labeled Series 1 – 3. Conductivity
titrations were carried out along the Series 1 and 3 lines of composition. The purpose of
these titrations was to attempt to detect transitions in microstructure by break points in the
plot of conductivity versus weight fraction of IL-Br/water solutions added to MMA stock
solutions. Several IL-Br/MMA/water microemulsion compositions were prepared across the
lines of Series 1 – 3 and polymerized in NMR tubes. The purpose of these polymerizations
was to investigate the properties of materials produced within the microemulsion domain of
the IL-Br/MMA/water system. The effect of ion exchange by treatment with aqueous 0.1 M
KPF6 was investigated in the Series 1 polymerized rods by SEM. Ion exchange was also
performed on the previously studied IL-Br/MMA/water (0.15/0.10/0.75) transparent gel for
confirmation of open-cell pore formation in the KPF6 treated gel. Microcalorimetry was used
to follow the heat involved in the polymerization of the gel. The bicontinuous nature of the
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IL-Br/MMA/water (0.15/0.10/0.75) microemulsion composition was probed by small angle
neutron scattering (SANS) after substituting D2O for water. The same composition was also
polymerized as a thin wafer within a demountable liquid FT-IR cell for SANS analysis. A
sample of this polymerized composition was ion exchanged in 0.1 M KPF6 and analyzed by
SEM. Latexes of varying IL-Br/MMA content were prepared and subjected to stability
testing in various aqueous salt solutions, including NaBr, NaBF4, and KPF6. Particle size
was analyzed by TEM and SEM. The latexes were also studied by DSC and TGA. Bulk ILBr/MMA homopolymers and copolymers of various ratios were prepared in NMR tubes by
thermal polymerization. Molecular weight analysis was performed on these samples, as well
as DSC and TGA studies. Solution polymerization of IL-Br/MMA compositions in DMF
was also investigated in hopes of preparing coatings and materials that could not be made
from the bulk polymerization process. Molecular weight analysis was performed on the
solution homopolymers and copolymers, along with DSC and TGA analysis.
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Chapter 2
Materials/Methods
2.1 Materials
Acryloyl chloride (96%), 11-bromoundecanol (98%), triethylamine (99.5%), 1methylimidazole (99%), and 2,6-di-tert-butyl-4-methylphenol (minimum 99% GC, powder)
were purchased from Aldrich.
The thermal initiators ammonium persulfate (APS, 98+%, ACS grade), benzoyl
peroxide (BPO, reagent grade, 97%), 2,2’-azobisisobutyronitrile (AIBN, 98%), and 2,2’azobis(2-methylpropionamidine) dihydrochloride (V-50, 97%) were also purchased from
Aldrich.
Methyl methacrylate (MMA, 99%, 10 – 100 ppm monomethyl ether hydroquinone
inhibitor added) was purchased from Aldrich. MEHQ inhibitor was removed by passing the
MMA through a column of basic aluminum oxide (activated, Brockmann I, standard grade, ~
150 mesh, 58 Å). Neutral aluminum oxide (activated, Brockmann I, standard grade, ~ 150
mesh, 58 Å) was used during the synthesis of IL-Br. Both were obtained from Aldrich.
Sodium bicarbonate, magnesium sulfate (anhydrous, reagent grade, ≥ 97%),
potassium chloride (≥ 99%), potassium hexafluorophosphate (KPF6, 98%), sodium
tetrafluoroborate (NaBF4, 98%), and sodium bromide (≥ 99%) were purchased from Aldrich.
Tetrahydrofuran (THF, anhydrous, ≥ 99.9%, inhibitor free), N,N-dimethylformamide
(DMF, 99%), and deuterium oxide (D2O, 99.9 atom % D) were obtained from Aldrich.
Methylene chloride (stabilized, HPLC grade) and diethyl ether were purchased from Fisher
Scientific. Chloroform-d (CDCl3, 99.8 atom % D) was purchased from Acros Organics.
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2.2 Methods
2.2.1 Synthesis of 11-bromoundecylacrylate
The intermediate compound, 11-bromoundecylacrylate, was prepared by the addition
of acryloyl chloride to 11-bromoundecanol in the presence of triethylamine. The reaction
was carried out under a nitrogen atmosphere by stirring for 2 days at room temperature. See
Chapter 3 for details.
2.2.2 Synthesis of 1-(2-acryloyloxyundecyl)-3-methylimidazolium bromide (IL-Br)
IL-Br was synthesized by stirring excess 1-methylimidazole with the 11bromoundecylacrylate intermediate for 2 days at 40 °C under a nitrogen atmosphere. See
Chapter 3 for details.
2.2.3 IL-Br/MMA/Water Phase Diagrams
Ternary phase diagrams of the IL-Br/MMA/water system were constructed at 25 and
60 °C. These diagrams show the boundary points between the single- and multi-phase
regions in this ternary surfactant/oil/water system. In this system, IL-Br is the surfactant and
MMA is the oil. The purpose of constructing these particular ternary phase diagrams was to
determine the boundary points between the single phase microemulsion and two phase
emulsion domains within the IL-Br/MMA/water system.
Boundary points were determined visually by titration in screw capped vials. A series
of IL-Br in water stock solutions ranging from 2.5 – 70% IL-Br by weight was prepared, as
well as stock solutions of IL-Br in MMA ranging from 10 – 20% IL-Br by weight. To
prepare IL-Br in MMA solutions, heating the mixture at 50 °C was necessary for the IL-Br to
go into solution. For the phase diagram at 25 °C, MMA was used as received. For the
diagram at 60 °C, 0.01% 2,6-di-tert-butyl-4-methylphenol by weight with respect to total
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monomer was added to inhibit thermal polymerization. Any one point on a ternary phase
diagram represents the concentrations of all three components in the system at that particular
point, on a weight percent basis in this case. For example, one compositional line of titration
could involve adding a given surfactant in water stock solution to the oil component, or
adding a surfactant in oil stock solution to water. Two general examples of this procedure
are shown in Figures 2-1 and 2-2. The first set of boundary points was found by titrating ILBr + water stocks with MMA. Small aliquots of MMA were added to a measured amount of
the respective IL-Br + water stock solution, with vigorous shaking after each addition.
Weight percent of the added MMA was calculated after each addition, and the appearance of
each composition after shaking was marked on the ternary phase diagram graph paper as
either clear or turbid at the proper MMA concentration. Once the addition of MMA resulted
in turbidity that remained after shaking, signaling the transition from a single-phase
microemulsion to a multi-phase emulsion, the titration was reversed. The respective IL-Br +
water stock was added to the sample in small increments, and the appearance of each
composition was recorded on the graph paper in the same manner. This continued until a
clear solution was obtained after shaking. If the weight percent of MMA present in the clear
solution differed from the weight percent of MMA present in the turbid sample by 1 weight
percent or less, the average of the two weight percent values was calculated and designated
as a boundary point. If the values differed by more than 1% by weight, the cycle was
repeated until the difference of MMA concentration between the clear and turbid samples fell
within the desired range. The weight percent of all three components in the sample at that
point in the IL-Br/MMA/water system was then calculated. This procedure was repeated for
each IL-Br + water stock solution. Additionally, MMA was titrated with some of the IL-Br +
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water stock solutions to see if a second boundary point could be determined on the same lines
of composition near the MMA corner of the diagram. Finally, IL-Br + MMA stock solutions
were added to water in the same manner to find the remaining boundary points.
Once a sufficient number of boundary points were available to construct a boundary
curve between the single and two phase regions, various stock solutions of constant IL-Br
weight percent were prepared and mixed in several ratios across the diagram to verify the
presence of the single phase domain up to 75% IL-Br by weight. Compositions greater than
75 % IL-Br by weight were not investigated.
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Figure 2-1. Line of titration extending from 20% IL-Br in water to MMA. Titration path
follows from left to right on the graph to find one boundary point, and from right to left to
find the second boundary point.
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Figure 2-2. Line of titration extending from 20% IL-Br in MMA to water. Titration path
follows from right to left on the graph.
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2.2.4 Conductivity
Conductivity measurements were carried out by titration along two lines of
composition within the IL-Br/MMA/water system to probe changes in microemulsion
microstructure. As the microstructure of the microemulsion changes, the conductive
properties will change as well. The measurements were performed with a Brinkmann
Conductometer E518 and an EA240 probe. The probe was calibrated with 0.1 M potassium
chloride solution. The lines of titration used in the conductivity experiments were chosen
from two of the paths used to prepare the three series of microemulsion rods discussed in
Chapter 5. The first line, Series 1, extended across the phase diagram at a constant IL-Br
concentration of 30% (w/w), with the variable being the weight ratio of MMA to water. The
second compositional line, Series 3, extended from the lower right MMA corner to 85%
(w/w) IL-Br in water. The cell constant of the conductivity probe was 2.6 cm-1 for the Series
1 measurements and 3.5 cm-1 for the Series 3 measurements.
Conductivity measurements across the Series 1 line were carried out by preparing
stock solutions of 30% (w/w) IL-Br in water and 30% (w/w) IL-Br in MMA. A portion of
the stock solution of 30% IL-Br in MMA was titrated with successive 50 µl aliquots of 30%
IL-Br in water stock solution in a vial under constant stirring at 25 °C. The conductivity was
recorded after addition of each aliquot. A smaller number of conductivity measurements
were also taken by adding 100 µl aliquots of the 30% IL-Br in MMA stock solution to a
portion of the 30% IL-Br in water stock solution. Conductivity measurements along the
Series 3 compositional line involved titrating MMA with a 85% IL-Br in water stock
solution.
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2.2.5 IL-Br/MMA/Water Rod Polymerization
Various IL-Br/MMA/water compositions were polymerized by thermal initiation at
60 °C in 5 mm ID NMR tubes, located along three composition lines within the
microemulsion domain in the IL-Br/MMA/water ternary system. Stock solutions of IL-Br in
water, as well as IL-Br in MMA, were prepared for each line of polymerization. The IL-Br
in MMA solutions contained 0.5% 2,2’-azobisisobutyronitrile (AIBN) initiator by weight
with respect to total monomer. The aqueous IL-Br stocks contained ammonium persulfate
(APS) initiator on an equivalent molar basis to the AIBN content of the IL-Br in MMA
stocks, resulting in a concentration of 0.7% APS by weight with respect to total monomer.
This step was taken due to solubility issues with AIBN in the aqueous IL-Br solutions. In
each instance, the respective stock solutions were combined in a screw capped culture tube
and thoroughly mixed on a vortex shaker before addition to the NMR tubes. All
compositions were polymerized at 60 °C for 8 hours in a temperature controlled glycol/water
bath (Haake K20/DC3). The polymerized rods were removed from the NMR tubes by
scoring the glass and breaking the tubes. Care was taken to remove any remaining glass
from the surface of the rods.
2.2.6 IL-Br/MMA Bulk Copolymer Rod Preparation
Bulk copolymerization of various IL-Br/MMA compositions was carried out in 5 mm
diameter NMR tubes to produce small rods. The copolymer series contained 0-100% IL-Br
(w/w), with the balance containing MMA. All rods were prepared by thermal
polymerization, using 0.5% AIBN initiator by weight with respect to total monomer. See
Chapter 7 for details.
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2.2.7 IL-Br/MMA Solution Copolymerization
A series of IL-Br/MMA copolymers, consisting of the same weight percent
compositions used in the bulk polymerization, was prepared by solution thermal
polymerization in DMF. AIBN initiator was used at 0.5% (w/w) in each sample.
2.2.8 Fisher-Johns Melting Point Determination
A small amount of IL-Br was placed between two 18 mm diameter circular cover
slides (Fisher Scientific) and positioned on the Fisher-Johns heating block. The sample was
heated and monitored through the attached magnifying glass until melting was observed.
Temperature was monitored by a thermometer that was connected to the heating block
assembly.
2.2.9 Capillary Melting Point Determination
A small amount of IL-Br was introduced into a 1.5 x 90 mm Pyrex melting point
capillary tube by inverting the tube and tapping it against the IL-Br sample. The bottom of
the capillary tube was then tapped lightly to allow the IL-Br to settle at the bottom. The
capillary tube was then inserted into the oil bath of a Uni-Melt Capillary Melting Point
Apparatus (Thomas Scientific). The heating rate was controlled by adjusting the heating
dial, which was set at 2. Temperature was monitored by a backlit thermometer suspended in
the stirring oil bath. Sample melting was monitored through a magnifying glass attached to
the instrument in front of the oil bath viewing window.
2.2.10 Differential Scanning Calorimetry (DSC)
DSC analysis was performed on a TA Instruments DSC Q2000. Samples were
encapsulated in Tzero Aluminum pans, using either Tzero Standard Aluminum or Tzero
Hermetic Aluminum lids (TA Instruments), depending on sample properties. Solid samples
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with little to no water or solvent content were encapsulated using Tzero Standard Aluminum
lids to ensure optimal contact between the sample and the bottom of the pan after crimping.
Liquid samples, or solid samples which contained an appreciable amount of water or solvent,
were encapsulated using Tzero Hermetic Aluminum lids. Hermetic lids are capable of
handling the increase in internal pressure brought about by water or solvent evaporation at
elevated temperatures.
DSC analysis was used to determine the melting point of IL-Br monomer, as well as
the Tg of the various IL-Br/MMA bulk and solution copolymers and IL-Br/MMA/water
materials produced by microemulsion polymerization. All samples were analyzed by a
heat/cool/heat cycle in which the sample was initially heated and held isothermally for 5 min
at a temperature believed to be above the Tg in order to erase the previous thermal history of
the given sample. The samples were then cooled to the desired minimum temperature and
held isothermally for 5 – 10 min before heating again to the desired maximum temperature.
All reported transitions were obtained from the second heating portion of the cycle.
2.2.11 Proton Nuclear Magnetic Resonance (1H NMR)
1

H NMR structural analysis of 11-bromoundecylacrylate and IL-Br was performed on

a JEOL 400 MHz NMR. Samples were prepared by dissolving 15 mg of analyte in CDCl3 in
a 5 mm O.D. NMR tube.
2.2.12 Thermogravimetric Analysis (TGA)
TGA analysis was performed on a TA Instruments TGA Q500. Samples were placed
in aluminum DSC pans (TA Instruments), which in turn were placed in platinum TGA pans.
Samples were heated from room temperature to 525°C at 10 or 20°C/min.
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2.2.13 Microcalorimetry
Microcalorimetry was performed on a Setaram C80 microcalorimeter. The purpose
of the microcalorimetry study was to characterize the microemulsion polymerization of ILBr/MMA/water (0.15/0.10/0.75 by weight). The microcalorimeter sample cell contained the
aforementioned microemulsion composition, along with 0.5% by weight with respect to total
monomer of AIBN initiator and a 3 cm long cylindrical PTFE insert with 1 cm diameter.
This PTFE insert was necessary to reduce the volume of microemulsion sample in the cell to
a volume that did not evolve excessive heat during polymerization. An initial sample run
without the insert resulted in heat flow detector saturation, which caused peak clipping in the
plot of heat flow versus time, rendering proper peak integration impossible. The reference
cell contained an equivalent amount of the same microemulsion formulation without initiator
and a PTFE insert identical to the one placed in the sample cell. The two cells were heated
from room temperature to 60°C at a rate of 3°C/min and held isothermally at 60°C for 12
hours. The enthalpy of polymerization was calculated by integrating the exothermic curve
seen in the plot of heat flow versus time produced by the software.
2.2.14 Small Angle Neutron Scattering (SANS)
SANS analysis of IL-Br/MMA/D2O wafers was performed by Dr. Kirt Page at the
National Institute of Standards and Technology, Gaithersburg, MD. Wafers were produced
by microemulsion polymerization within a demountable FT-IR liquid cell (Pike
Technologies, # 162-1100). The cell configuration used for wafer polymerization is
schematically represented in Figure 2-3.
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Figure 2-3. Schematic diagram of the demountable FT-IR liquid cell used to polymerize ILBr/MMA/D2O wafer for SANS analysis.

2.2.15 Molecular Weight Determination of IL-Br/MMA Copolymers
Molecular weight analysis of various IL-Br/MMA copolymer materials by size
exclusion chromatography (SEC) was performed by Dr. Thomas Mourey and Lisa Slater at
Eastman Kodak Company, Rochester, NY.
2.2.16 Dynamic Mechanical Analysis (DMA)
DMA analysis of IL-Br/MMA bulk homopolymer and copolymer rods was carried
out on a TA Instruments DMA Q800, using a dual cantilever clamp (# 984048.901).
Analysis of IL-Br/MMA latex films was performed using a thin film clamp (# 984016.901).
2.2.17 Scanning Electron Microscopy (SEM)
SEM analysis of IL-Br/MMA/water polymerized rods was performed on a Hitachi S3400N scanning electron microscope. All materials were sputter coated with gold on a
Denton Vacuum Desk IV Cold Sputter/Etch unit to reduce surface charging by the electron
beam.
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2.2.18 Transmission Electron Microscopy (TEM)
IL-Br/MMA latexes were analyzed on a JOEL-2010F TEM at the University of
Michigan, Ann Arbor, MI, by Dr. Zhiming Qiu. Two samples were prepared for each latex
formulation, one diluted 500 times and one diluted 1,000 times in water. The diluted samples
were then spotted on Formvar carbon coated 400 mesh copper TEM specimen grids
(Electron Microscopy Sciences, # FCF400-CV) and allowed to air dry overnight.
2.2.19 IL-Br/MMA Latex Preparation
Latexes of varying IL-Br/MMA weight ratios were prepared by thermal
polymerization. A stock solution of 60/40 (w/w) IL-Br/MMA, containing 0.5% AIBN by
weight with respect to total monomer, was diluted with the appropriate amounts of water in a
screw capped culture tube to prepare 25 ml compositions of 1 – 4% IL-Br content (w/w).
The samples were mixed thoroughly on a vortex shaker and placed in a temperature
controlled glycol/water bath at 60 °C overnight.
Portions of each IL-Br/MMA latex were dialyzed to remove unreacted monomer.
Dialysis involved placing approximately 1.5 ml of latex in a 7 cm length of regenerated
cellulose dialysis tubing (Fisher Scientific, # 21-152-7) with a molecular weight cutoff range
of 12,000 – 14,000 g/mol. The tubing was placed in a large beaker filled with deionized
water under constant stirring for three days at room temperature, exchanging with fresh
deionized water each day. The top of the beaker was covered with aluminum foil to prevent
water loss due to evaporation and to slow absorption of CO2.
Dialyzed latex samples were analyzed for solids content by weighing a known
volume of latex, delivered by Finnpipette, in an aluminum pan and drying to a constant
weight in an oven at 80 °C.
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2.2.20 IL-Br/MMA Latex Salt Stability
The stabilities of the various IL-Br/MMA latexes were studied by adding the dialyzed
latexes to a series of aqueous solutions with increasing salt content in order to find the
concentration of salt that caused the latexes to destabilize and precipitate. The three salts
used in the study were potassium hexafluorophosphate, sodium tetrafluoroborate, and sodium
bromide. The development of solution turbidity was followed both visually and by UV/Vis
analysis. Salt concentrations were varied logarithmically. Latex stability in potassium
hexafluorophosphate and sodium tetrafluoroborate was determined from 1 x 10-6 – 0.1 M salt
concentration, while stability in sodium bromide was tested from 0.1 – 1.0 M salt
concentration.
The stability tests were performed by adding 3.0 ml of the respective salt solutions to
screw-capped vials by volumetric pipette, followed by addition of a known volume of latex
by Finnpipette (Fisher Scientific). The amount of IL-Br/MMA latex added was determined
by solids analysis of the dialyzed latex samples and was adjusted to deliver 0.7 mg of total
solids to the various salt solutions. Latex solutions were added to the complete concentration
series in immediate succession for each salt. Photographs were taken of each solution series
for each latex composition immediately after latex addition, as well as after one hour of
equilibration at room temperature. Each solution series was then analyzed by UV/Vis at 800
nm to monitor turbidity by absorbance.
2.2.21 UV/Vis
UV/Vis analysis was performed on a Jasco V-530 UV/Vis Spectrophotometer in
fixed wavelength mode. Each IL-Br/MMA latex salt stability solution series was analyzed

20

for turbidity by taking absorbance readings at 800 nm. Plots were then constructed of
absorbance versus salt concentration for each latex composition.
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Chapter 3
Synthesis and Characterization of IL-Br
3.1 Synthesis of 11-bromoundecylacrylate
In the first step, 100 mmol (25.12 g) 11-bromoundecanol was dissolved in 100 ml
THF in a three-neck 500 ml round bottom flask in an ice bath under nitrogen atmosphere.
Triethylamine (120 mmol, 12.14 g, 20% excess) dissolved in 100 ml THF was added to the
stirred solution. Next, 120 mmol acryloyl chloride (9.7 ml, 20% excess) was added to 100
ml THF by syringe, which was then added dropwise to the stirring 11-bromoundecanol
solution over a period of 30 min by addition funnel. Once addition of acryloyl chloride was
completed, the ice bath was removed. Stirring continued under a nitrogen atmosphere at
room temperature for 48 hr.
After 48 hr of stirring, the white salt precipitate was removed by filtration. The light
yellow liquid filtrate was washed three times with 2% sodium bicarbonate in DI water
solution in a 500 ml separatory funnel. The washed filtrate was dried overnight over
anhydrous magnesium sulfate. The resulting filtrate was diluted with 100 ml methylene
chloride and passed through a gravity column containing approximately 0.75 inches of
neutral alumina. Solvents were removed by rotary evaporation at 45 °C. 11bromoundecylacrylate structure was confirmed by 1H NMR. 1H NMR (400 MHz, CDCl3, δ):
1.30 (m, 14H, -CH2(CH2)7CH2-), 1.65 (m, 2H, -OCH2CH2(CH2)7-), 1.85 (m, 2H, (CH2)7CH2CH2Br), 3.40 (t, 2H, -CH2CH2Br), 4.10 (t, 2H, -OCH2CH2(CH2)7-), 5.80 (1H,
CH2=CH-), 6.10 (1H, CH2=CH-), 6.40 (1H, CH2=CH-).
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3.2 Synthesis of IL-Br
11-Bromoundecylacrylate was stirred with a 20% molar excess of 1-methylimidazole
and 0.01% by weight 2,6-di-tert-butyl-4-methylphenol inhibitor at 40°C for 48 hr under
nitrogen atmosphere.
After 48 hr, the viscous, amber liquid was washed three times with diethyl ether in a
separatory funnel. The washed product was diluted with 100 ml of methylene chloride and
passed through a gravity column containing approximately 0.75 inches of neutral alumina.
This filtered solution was placed in a Petri dish to allow evaporation of methylene chloride at
room temperature. The resulting waxy, tan IL-Br solid was dried under vacuum at room
temperature, producing a white, powdery solid. A melting point of IL-Br was determined for
each batch. The IL-Br structure was confirmed by 1H NMR. 1H NMR (400 MHz, CDCl3,
δ): 1.30 (m, 14H, -CH2(CH2)CH2-), 1.65 (m, 2H, -OCH2CH2(CH2)7-), 1.85 (m, 2H,
(CH2)7CH2CH2N-), 4.10 (m, 2H, -OCH2CH2(CH2)7-), 4.10 (m, 3H, -N-CH3), 4.30 (t, 2H, CH2CH2N-), 5.80 (1H, CH2=CH-), 6.10 (1H, CH2=CH-), 6.40 (1H, CH2=CH-), 7.25 (d, 1H, NCHCHN-), 7.35 (d, 1H, -NCHCHN-), 10.60 (s, -NCHN-). The reaction scheme leading to
11-bromoundecylacrylate intermediate, and finally IL-Br, is shown in Figure 3-1.
3.3 Characterization
3.3.1 Determination of IL-Br Melting Point
Several methods were used to investigate the melting point of IL-Br, including
Fisher-Johns, capillary, and DSC. Initially, DSC analysis showed impurities present in the
final IL-Br product in the form of peak shoulders on the melting endotherm. In the synthesis
of 11-bromoundecylacrylate, the solution was passed through a neutral alumina column
before isolation of the final product. This procedure was not initially employed in the
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preparation of IL-Br. The average melting point of these early IL-Br batches was 40 ± 6 °C.
Once the neutral alumina column filtration step was added to the final step of the IL-Br
isolation, the peak shoulders on the DSC melting endotherm were no longer present. Further
evidence of increased IL-Br purity was observed in the appearance of the final product.
After initial isolation, IL-Br was a waxy, tan solid. Once diluted and passed through the
alumina column, the dried IL-Br product was a powdery, white solid.
The average melting point of IL-Br after introduction of neutral alumina column filtration
rose to 48 ± 4 °C.
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Figure 3-1. Reaction scheme of IL-Br. The first reaction involves the addition of acryloyl
chloride to 11-bromoundecanol to yield the 11-bromoundecylacrylate intermediate. The
second step involves the addition of 1-methylimidazole to yield IL-Br.

3.3.2 TGA Analysis of IL-Br
The thermal stability of IL-Br was investigated by TGA. The sample was heated
from 25 – 525 °C at a rate of 10 °C/min. As seen in Figure 3-2, decomposition of IL-Br
begins at approximately 200 °C and leaves a residue of 2% by weight. The hygroscopic
nature of IL-Br is evidenced by the presence of 5% water by weight, seen in the initial weight
loss from 25 – 100 °C. There were three distinct regions of decomposition seen in the TGA
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analysis of IL-Br. The first decomposition begins at approximately 200 °C. The second
decomposition takes place from 275 – 325 °C. The last region extends from 325 – 475 °C.
To investigate the third region of IL-Br decomposition, two of the starting materials were
analyzed. The first starting material, 11-bromoundecanol, is used in the synthesis of the ILBr intermediate. The second material, 1-methylimidazole, is stirred with the intermediate to
produce IL-Br. When the decomposition curves for the two starting materials are overlaid
with the decomposition curve for IL-Br, it is apparent that neither of the starting materials are
responsible for the third region seen in the final product as both have decomposed before 225
°C. The imidazole ring was previously considered to be the source of the residue, so this
suggested that the quaternization of 1-methylimidazole was the cause of the third
decomposition region. To explore this possibility, equimolar amounts of 1-methylimidazole
and 1-bromohexane were dissolved in methylene chloride and heated for 24 hr at 60 °C
under a nitrogen atmosphere to synthesize 1-hexyl-3-methylimidazolium bromide. This
compound is similar to IL-Br, with the undecylacrylate group replaced by a nonpolymerizable hexyl chain. The product was analyzed along with the starting materials and
the overlaid plot is shown in Figure 3-3. The initial weight loss before 200 °C is due to
residual methylene chloride. The first region of decomposition is from 275 – 330 °C and
residue is seen for the remainder of the heating profile. Neither of the starting materials
appear to be responsible for the residue seen in the product, as both decompose without
residue well before 200 °C. This provides further evidence that the quaternized imidazolium
group may contribute to the final decomposition region in IL-Br. Additionally, the first
region of decomposition seen in IL-Br does not exist in the decomposition of 1-hexyl-3-
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methylimidazolium bromide, suggesting that the region of IL-Br decomposition around 200
°C may be due to loss of the acrylate group, which is not present in the latter product.

Figure 3-2. TGA analysis of IL-Br, along with starting materials 11-bromoundecanol and 1methylimidazole. IL-Br weight loss at 100 °C is attributed to moisture present in the
hygroscopic solid. The starting materials do not contribute to the IL-Br residue seen beyond
325 °C.

26

Figure 3-3. TGA analysis of 1-hexyl-3-methylimidazolium bromide, along with starting
materials 1-bromohexane and 1-methylimidazole. The starting materials do not contribute to
the residue seen in the product, suggesting contribution from the quaternized imidazolium
group present in the product residue beyond 350 °C.
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Chapter 4
Phase Diagrams and Conductivity Measurements of IL-Br/MMA/Water
Ternary phase diagrams of the IL-Br/MMA/water system were constructed at 25 and
60 °C. Once the single phase and multi-phase domains were established, conductivity
measurements were performed by titration along two lines located in the ternary diagram.
4.1 Phase Diagrams of IL-Br/MMA/Water
To construct each phase diagram, the following IL-Br in water stock solutions were
prepared (w/w): 2.5%, 5%, 7.5%, 10%, 12.5%, 15%, 20%, 30%, 40%, 50%, 60%, and 70%
IL-Br. Stock solutions of IL-Br in MMA were also prepared to help round out the boundary
point curve. These compositions included 10%, 15%, and 20% IL-Br (w/w). Aqueous IL-Br
solutions were easily prepared, as IL-Br is soluble in water up to at least 85% (w/w).
However, IL-Br had to be heated above its melting point in order to go into solution with
MMA. The IL-Br + MMA solutions used for phase diagram mapping were briefly heated to
50 °C during preparation and remained stable after cooling to 25 °C. MMA was used as
received, inhibited against thermal polymerization.
The first set of titrations dealt with the solubilities of water and MMA in one another.
These solubilities were necessary to determine the two boundary points along the
water/MMA axis with no surfactant present. The boundary point of water in MMA was
found to be 1.1% (w/w) at 25 °C and 1.3% at 60 °C. The boundary point of MMA in water
was 2.0% (w/w) at 25 °C and 2.4% at 60 °C.
The next set of titrations involved the addition of MMA to the various IL-Br in water
stock solutions. Once the boundary points were determined from left to right titration across
the respective lines on the ternary diagram, the titrations were repeated in the opposite
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direction in order to efficiently gain two boundary points from one pair of solutions, as well
as to help round out the boundary point curve in the lower right MMA corner of the diagram.
The curves that were fit to the average boundary points formed a rough semi-circle that
stretched nearly the entire length of the water/MMA composition axis. The curves peaked
just below 30% IL-Br (w/w). These curves represent the boundary between the optically
isotropic microemulsion domain and the turbid multi-phase domains. The phase diagram is
shown in Figure 4-1, with the shaded region representing the microemulsion domain.
To complete the curve, titrations were performed by adding water to the IL-Br +
MMA stock solutions. These titrations were not performed in reverse, as the solutions were
only spaced by 5% (w/w) IL-Br concentration increments and would not yield good
resolution between points in the lower left water corner. These boundary points were
sufficiently mapped using the MMA into IL-Br + water titrations at low IL-Br
concentrations.
In order to verify that the visually transparent microemulsion domain extended
beyond IL-Br concentrations of 30% (w/w), stock solutions were prepared at 50%, 65%, and
75% IL-Br in both water and MMA. Each stock solution pair of constant IL-Br
concentration was combined in various ratios to yield compositions that stretched
horizontally across the range of the ternary diagram at each IL-Br concentration level. All
solutions remained transparent and stable, verifying that the microemulsion domain extended
to at least 75% IL-Br content (w/w) in water + MMA. Compositions above 75% constant ILBr concentration were not investigated. Therefore, a dashed line has been placed in the
diagram to denote this boundary.
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Figure 4-1. Ternary phase diagrams of IL-Br/MMA/water system at 25 and 60 °C. The
shaded area above the curves represents the visually transparent microemulsion region. The
black squares and solid line represents the boundary points and curve at 25 °C, with points at
60 °C represented by open circles and a dotted line. At 60 °C, the shaded region extends to
the dotted curve. The dashed line across 75% IL-Br concentration (w/w) represents the
upper limit of the microemulsion region studied.
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When comparing the boundary points at 25 and 60 °C, there is not a great deal of
change in the domains at elevated temperature. There is only a slight increase in the size of
the microemulsion domain below 30% IL-Br content (w/w) at 60 °C compared to the curve
at 25 °C.
4.2 Conductivity
Conductivity measurements were performed in duplicate along two compositional
lines of titration in the IL-Br/MMA/water ternary system in order to probe changes in
microstructure involving the transition of water-in-oil (w/o) reverse micelles to bicontinuous
regions of oil and water separated by a surfactant monolayer to oil-in-water (o/w) micellar
domains.
The conductivity titrations across the Series 1 compositional line (see Chapter 5 for
Series details), which extends across the phase diagram at a constant 30% IL-Br (w/w),
containing estimated breakpoints are shown in Figure 4-2. The first experiment missed
important conductivity behavior seen at very low concentrations of added water in the MMA
rich region of the IL-Br/MMA/water system. This was caused by adding too much IL-Br +
water stock initially. To successfully capture the first conductivity breakpoint, initial
additions of IL-Br + water stock should not cause an increase in conductivity from the
baseline conductivity value of the IL-Br + MMA stock. In the second experiment, the
volume of IL-Br + water stock added initially for each data point was reduced from 50 µl to
5 µl. The conductivity did not increase until addition of the fifth aliquot of IL-Br + water
stock, resulting in the first breakpoint seen at the IL-Br/MMA/water weight percent
composition of 30.0/0.30/69.7. Since reverse micelles should already have been present in
the 30% IL-Br in MMA stock solution at this point, this breakpoint is likely due to swelling
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of the reverse micelles with water. A second breakpoint was observed at an ILBr/MMA/water composition of 30.0/69.6/0.4, likely due to the formation of clusters of
reverse micelles. Further addition of IL-Br + water stock resulted in a third breakpoint at
30.0/69.2/0.8 in the IL-Br/MMA/water system. This breakpoint may signal the transition
from clusters of reverse water-swollen micelles to strings of these micelles. Subsequent
additions of IL-Br + water stock resulted in data points that began to overlap compositions
studied in the previous experiment. The remainder of the second titration experiment showed
too much variability in conductivity values when compared to the initial experiment, varying
by as much as 62%. For this reason, further breakpoints can not be confidently assigned.
This experiment should be repeated in the future to investigate reproducibility.
The titrations along the Series 3 compositional line within the IL-Br/MMA/water
system are shown in Figure 4-3. Similar to the repeat conductivity titration along the Series
1 compositional line, an effort was made to reduce the initial volumes of IL-Br + water stock
added to the MMA sample. Additionally, the initial volume of the MMA sample was
increased from 5 ml to 15 ml. These changes were not successful, as addition of the first
aliquot of IL-Br + water stock raised the baseline conductivity of the MMA sample by a
factor of 10. Subsequent additions of IL-Br + water stock resulted in conductivity values that
differed from the initial Series 3 conductivity titration on the order of 140%. Due to these
factors, no breakpoints were assigned. As with the Series 1 titrations, the Series 3 titrations
should be repeated in the future to investigate reproducibility issues.
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Figure 4-2. Conductivity titrations across the compositional line of constant 30% IL-Br
(w/w) in the IL-Br/MMA/water system, constructed by titrating a 30% IL-Br in MMA stock
solution with a 30% IL-Br in water stock solution. The data points from the first experiment
are represented by open circles, with the black circles representing data from the repeat
experiment.
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Figure 4-3. Conductivity titrations along the Series 3 compositional line in the ILBr/MMA/water system, performed by titrating MMA with a 85% IL-Br in water stock
solution. The data show too much variability in conductivity values between experiments to
confidently assign breakpoints.

34

Chapter 5
Polymerization and Characterization within IL-Br/MMA/Water System
The ternary phase diagram constructed for the IL-Br/MMA/water three component
system was constructed in order to map out the microemulsion and emulsion domains at 25
and 60 °C (see Chapter 4). Within the shaded region of the diagram, IL-Br/MMA/water
compositions form transparent and thermodynamically stable microemulsions.
5.1 Polymerization
To study the physical properties of materials prepared within the regions close to the
microemulsion/emulsion boundary curve, three lines of composition were selected. At
various points along these lines, the respective compositions were prepared in screw-capped
culture tubes and transferred to 0.5 mm diameter NMR tubes before being thermally
polymerized at 60 °C. Along with these rods, thin polymerized wafers of an ILBr/MMA/D2O (0.15/0.10/0.75 by weight) composition were prepared in a demountable IR
liquid cell. The location of each rod series within the IL-Br/MMA/water ternary phase
diagram can be seen in Figure 5-1.
Rod Series 1 was prepared by mixing stock solutions of 30% IL-Br (w/w) in water
and 30% IL-Br in MMA in various ratios to give eight rods spanning the line extending
between the two stock concentrations a constant 30% (w/w) IL-Br concentration with
varying ratios of water to MMA. APS initiator was dissolved at 0.7% (w/w), with respect to
total monomer weight, in the water portion of the IL-Br/water stock, while 0.5% AIBN was
dissolved in the MMA portion of the IL-Br/MMA stock. The APS initiator was added at an
equivalent molar ratio to AIBN used in the MMA based stock. Rod Series 1 extends
horizontally across the phase diagram, close to the peak of the boundary curve separating the
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microemulsion and emulsion regions. The weight percent compositions of each Series 1 rod
prior to polymerization are given in Table 5-1.

Figure 5-1. Ternary phase diagram at 25 and 60 °C of the IL-Br/MMA/water system
showing the location of Rod Series 1, 2, and 3. The solid line curve denotes the
microemulsion/emulsion boundary at 25 °C, with the dotted curve representing the same
boundary at 60 °C. The shaded region represents the single-phase microemulsion domain.

36

Table 5-1. Weight Percent Compositions of Poly IL-Br/PMMA/Water Rod Series 1
Sample ID

IL-Br Wt. %

MMA Wt. %

Water Wt. %

1_1

30.0

0.0

70.0

1_2

30.0

10.5

59.5

1_3

30.0

19.8

50.2

1_4

30.0

29.8

40.2

1_5

30.0

39.8

30.2

1_6

30.0

50.0

20.0

1_7

30.0

59.3

10.7

1_8

30.0

70.0

0.0

The line of compositions utilized for Rod Series 2 extended from the water corner
(100% water) to 60% IL-Br (w/w) in MMA. The stock solution of 60/40 IL-Br/MMA was
diluted with the appropriate amounts of water to produce the compositions shown in Table 52. AIBN was dissolved at 0.5% (w/w) with respect to total monomer weight in the MMA
portion of the stock solution. The Series 2 line intersected the Series 1 line at Rod 2_6,
which was identical to the composition of Rod 1_3, and ran along the left side of the
microemulsion/emulsion boundary curve. The compositions in this region of the phase
diagram are high in water content.
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Table 5-2. Weight Percent Compositions of Poly IL-Br/PMMA/Water Rod Series 2
Sample ID

IL-Br Wt. %

MMA Wt. %

Water Wt. %

2_1

5.1

3.4

91.5

2_2

9.5

6.4

84.1

2_3

15.0

10.0

75.0

2_4

20.1

13.4

66.5

2_5

25.3

16.9

57.8

2_6

30.0

19.8

50.2

2_7

34.5

23.0

42.5

The final line of polymerization, Rod Series 3, extended from the MMA corner
(100% MMA) to 85% IL-Br (w/w) in water. Similar to the preparation of Series 1, 0.5%
(w/w) AIBN initiator was dissolved in the MMA stock, while a molar equivalent of APS
initiator was dissolved in the 85/15 IL-Br/water stock. The IL-Br/water stock was diluted
with the appropriate amounts of MMA to prepare the Series 3 compositions shown in Table
5.3.
To produce the thin, microemulsion polymerized wafers, 1.5 g of IL-Br/MMA/D2O
(0.15/0.10/0.75 by weight) was prepared by dissolving IL-Br in D2O in a screw-capped vial,
followed by addition of MMA. Two azo thermal initiators, AIBN and V-50, were
investigated in these polymerizations. The inner chamber of the demountable liquid cell
consisted of two glass discs separated by a series of circular PTFE spacers of 1.0 in. internal
diameter, totaling 1.4 mm in thickness. An aluminum block with two Luer lock
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Table 5-3. Weight Percent Compositions of Poly IL-Br/PMMA/Water Rod Series 3
Sample ID

Wt. % IL-Br

Wt. % MMA

Wt. % Water

3_1

5.7

93.3

1.0

3_2

9.9

88.4

1.7

3_3

14.8

82.6

2.6

3_4

19.0

77.6

3.4

3_5

24.3

71.4

4.3

3_6

30.1

64.6

5.3

3_7

34.9

59.0

6.1

syringe ports was placed above the glass disc assembly. The upper glass disc contained two
drilled holes that aligned with these ports, allowing injection of the microemulsion
composition. Supplied plastic screw caps were used on the syringe ports to keep air from
entering the cell during polymerization. Two 1 ml syringes were attached to the assembly.
A 1 ml aliquot of the microemulsion was placed in a syringe affixed to one of the two ports
of the demountable liquid cell. Initially, the syringe attached to the second port remained
empty. The IR cell was placed on its side at an approximately 45° angle, with the syringe
containing the microemulsion positioned at the bottom of the assembly. The microemulsion
was slowly introduced into the cell, taking care to avoid air bubbles. The cell was filled until
the liquid level approached the hole in the upper glass disc corresponding to the second Luer
lock port. At this point, the microemulsion was slowly added until a very small pocket of air
was located directly below the upper drilled hole. Approximately 0.5 ml of the remaining
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microemulsion was then placed in the second syringe. Subsequent addition of
microemulsion from the first syringe usually resulted in the expulsion of the air bubble from
the cell into the second syringe. In preparations where this did not occur, multiple push/pull
cycles of the first syringe were successful in expelling air bubbles from the cell. Once the
cell was visually confirmed to be free of air bubbles, the demountable cell was placed in an
oven for approximately 16 hours at 60 °C.
5.2 Characterization
The rods polymerized along the Series 1 line ranged from a sticky gel (rod 1_1) to a
rigid rod (rod 1_8). The increased hardness was a result of decreasing water content and
increasing MMA content moving from left to right across the line of constant 30% IL-Br
content by weight. All rods had a slightly yellow color due to the presence of poly IL-Br.
The IL-Br monomer is golden yellow in liquid form. Rods 1_4, 1_5, and 1_6 were turbid
after polymerization, suggesting possible microphase separation within the rods.
The Series 1 rods were treated with aqueous 0.1 M KPF6 to see if the rods became
porous after ion exchange between the Br- counterion of poly IL-Br and PF6-. Previous work
on this project had shown such behavior for other IL-Br/MMA/water formulations. The
onset of opacity was noticed in the transparent rods, with the exception of rods 1_7 and 1_8,
after overnight equilibration in the aqueous KPF6 solution. After a few days of equilibration,
the rods had reached their maximum opacity. Rods 1_1 and 1_2 showed the greatest levels
of opacity, with a decrease in opacity seen as the rods progressed to higher levels of MMA
and lower levels of water. Rods 1_7 and 1_8 had only a very slight haze on the outer
surface, compared to the solid white appearance of rods 1_1 and 1_2. The comparison of the
Series 1 rods before and after treatment with 0.1 M KPF6 are shown in Figure 5-2.
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The compositions polymerized along the Series 2 line ranged from liquid (2_1) to a slightly
flexible rod (2_7). The weight ratio of IL-Br/MMA remained constant at 60/40 (w/w) in the
compositions before polymerization, but the water content decreased from sample 2_1 to rod
2_7. Sample 2_1 was a liquid after polymerization, exhibiting a blue tint, which suggested
the possibility of poly IL-Br/PMMA particle formation. It was later confirmed that particles
are formed in this region of the phase diagram, as latex compositions lying along the Series 2
line, with greater water content than sample 2_1, were prepared. These compositions are
discussed in detail in Chapter 6. Sample 2_2 was a sticky gel and could not easily be
removed from the NMR tube after breaking the glass. Sample 2_3 was a slightly more solid,

Figure 5-2. Photographs of Series 1 rods before (top) and after (bottom) treatment with
aqueous 0.1 M KPF6. Rods 1_1 through 1_8 are positioned in order from left to right.
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translucent gel, which was also difficult to separate from the broken NMR tube. Samples
2_4 – 2_7 were transparent, flexible rods. Flexibility decreased as water content decreased in
these samples.
The rods polymerized along Series 3 were all transparent and inflexible. These rods
had a constant IL-Br/water ratio of 85/15 (w/w) prior to polymerization, with decreasing
amounts of MMA moving from rod 3_1 – 3_7.
5.2.1 Thermogravimetric Analysis
The thermal stabilities of each rod series were analyzed by TGA. Each polymerized
sample was heated from 25 – 525 °C under nitrogen atmosphere, at a rate of 10 °C/min. All
compositions analyzed showed three distinct weight loss fractions: water, poly IL-Br, and
PMMA. This suggests block copolymerization between IL-Br and MMA.
Analysis of the rods in Series 1 is shown in Figure 5-3. Rod 2_1 shows an
approximate water weight loss of 64% by 100 °C, suggesting that some water was trapped
within the poly IL-Br gel during polymerization. Rods 1_2 – 1_5 show a consistent
difference of approximately 10% by weight between the pre- and post-polymerized water
content of the rods. At the same time, these rods show approximately 10% extra weight in
the PMMA decomposition region than expected. This suggests that approximately 10%
water by weight is encapsulated within the PMMA portions of these rods. Weight loss of
poly IL-Br, beginning around 275 °C, is consistent with the 30% weight fraction present
prior to polymerization.
Rod Series 2 shows similar behavior. The first composition, which was assumed to
contain poly IL-Br/PMMA particles, showed water loss very consistent with the prepolymerization weight fraction. Sample 2_2 has very consistent water loss as well.
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However, differences in weight fractions of water between pre- and post-polymerization
samples begin to appear with rod 2_3, which shows about 5% encapsulated water. Rods 2_4
– 2_7 show water encapsulation of about 10% by weight in the polymerized samples. As in
Series 1, the PMMA weight fraction was 10% higher than expected in the decomposition
curve beginning around 350 °C, suggesting that this is where the water is encapsulated. The
TGA results for Series 2 are shown in Figure 5-4.

Figure 5-3. TGA analysis of Series 1 rods, polymerized from IL-Br/MMA/water
microemulsion compositions along the line of constant 30% IL-Br (w/w) in the ILBr/MMA/water ternary phase diagram.
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Figure 5-4. TGA analysis of Series 2 rods, polymerized from IL-Br/MMA/water
microemulsion compositions along the line extending from 100% water to 60/40 ILBr/MMA (w/w) in the IL-Br/MMA/water ternary phase diagram.

Rod Series 3 did not show encapsulation of water. The weight loss fractions of both
poly IL-Br and PMMA were very consistent with the amounts present in the compositions
before polymerization (Figure 5-5).
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Figure 5-5. TGA analysis of Series 3 rods, polymerized from IL-Br/MMA/water
microemulsion compositions along the line extending from 100% MMA to 85/15 ILBr/water (w/w) in the IL-Br/MMA/water ternary phase diagram.

5.2.2 Differential Scanning Calorimetry
Rod Series 1 and 3 were analyzed by DSC in order to investigate the encapsulation of
water in Series 1 and to determine the Tg of each Series 3 rod. Both sets of rods were
subjected to a heat/cool/heat cycle. First, they were heated from 25 – 150 °C at a rate of 10
°C/min. Next, the samples were cooled at 5 °C/min to the minimum temperature. Rod

45

Series 1 was cooled to -50 °C, while Rod Series 3 was cooled to -90 °C. Finally, the samples
were heated to 150 °C at 10 °C/min. The second heating run was used for analysis.
DSC analysis of Series 1 rods showed depressed melting points for water in rods 1_3
– 1_5 (Figure 5-6). This further supports the presence of encapsulated water. The radii of
pore sizes present in these rods can be estimated by
r (nm) =

− 64.67
+ 0.57
∆Tm

where ∆Tm is the depressed melting point of water.22-24 Rod 1_3 showed a melting
endotherm at -0.55 °C, suggesting pore diameters of 236 nm. Two depressed melting points
were detected for rod 1_4. The depressed values, -10.4 and -0.82 °C, yield estimated pore
diameters of 14 and 159 nm, respectively. Rod 1_5 showed a depressed melting point at 0.97 °C, resulting from pores on the order of 134 nm in diameter.
Rod Series 3, polymerized within the region rich in MMA in the IL-Br/MMA/water
ternary phase diagram, displayed a decreasing trend in Tg values as the concentration of poly
IL-Br increased (Figure 5-7). These values are summarized in Table 5-4. The decreasing Tg
values can be attributed to the increased free volume and chain flexibility provided by
increasing levels of poly IL-Br. The presence of water, while not greater than 6.1% (w/w),
has a plasticizing effect in the rods, contributing to the decrease in Tg as well.
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Figure 5-6. DSC analysis of Series 1 poly IL-Br/PMMA/water rods, showing depressed
melting points of water for rods 1_3 – 1_5.
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Figure 5-7. DSC analysis of Series 3 poly IL-Br/PMMA/water rods. As poly IL-Br and
water weight fractions increase from rods 3_1 – 3_7, Tg values decrease.
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Table 5-4. Tg Values for
Poly IL-Br/PMMA/Water Rod Series 3
Sample ID

Tg (°C)

3_1

112.3

3_2

104.8

3_3

113.0

3_4

110.7

3_5

101.9

3_6

96.9

3_7

85.0

5.2.3 Microcalorimetry
Thermal polymerization of an IL-Br/MMA/water (0.15/0.10/0.75) microemulsion
was followed by microcalorimetry, which is very similar to DSC, only on a larger sample
scale. Whereas DSC uses sample sizes on the order of milligrams or microliters,
Microcalorimetry cells can accommodate samples on the multi-gram scale. An additional
benefit of the cells is the ability to assemble a membrane configuration, if desired, that allows
the separation of two or more components in order to follow their reaction immediately upon
breaking the membrane and mixing. For this study, the microemulsion was prepared in a
screw-capped vial and transferred to a single chamber cell. V-50 initiator was added to the
sample at 0.5% (w/w) with respect to total monomer. The reference cell contained an
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equivalent amount of microemulsion with no initiator. MMA was used as received, with
MEHQ inhibitor, in the reference microemulsion.
The initial experimental conditions resulted in excessive heat flow, resulting in
saturation of the detector. This caused clipping of the exothermic peak in the graph of heat
flow vs. time, giving a peak that could not be accurately integrated. To remedy this issue,
PTFE rods (d = 1 cm) were cut, 3 cm in length, and placed in the sample and reference cells
to reduce the volume of microemulsion necessary to perform the measurement. The reduced
microemulsion volumes resulted in acceptable heat flow levels, as shown in Figure 5-8. The
curve is representative of microemulsion polymerization and differs from the classic
emulsion three-stage curve.25 Integration of the exothermic peak gives the heat of
polymerization (∆Hp) for this microemulsion formulation, -54.4 kJ/mol. This total heat of
polymerization value has contributions from both MMA and IL-Br homopolymerization, as
well as their copolymerization. IL-Br homopolymerization was carried out in the
microcalorimeter in the same fashion. A 15% IL-Br in water solution was prepared with
0.5% V-50 initiator with respect to monomer and placed in the sample cell. An equivalent
amount of 15% IL-Br in water without added initiator was placed in the reference cell. The
sample was heated isothermally at 60 °C for 8 hr (Figure 5-9). Integration of the resulting
curve yielded a ∆Hp of -71.7 kJ/mol. This value is within the range of -67.0 to -81.8 kJ/mol
reported for various acrylate esters.26 A satisfactory model for determining the heat of
copolymerization of IL-Br and MMA could not be developed with the available data. There
is no molecular weight data for this polymerized IL-Br/MMA/water composition, leaving
two unknown variables in a single equation. The two unknowns are the molar concentration
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of IL-Br – MMA bonds and the heat of IL-Br/MMA copolymerization. Modeling this data
would be a good source of future investigation.

Figure 5-8. Microcalorimetry analysis of the polymerization of IL-Br/MMA/water
(0.15/0.10/0.75 by weight) microemulsion. Integration of the exothermic peak gives the total
heat of polymerization of -54.4 kJ/mol.
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Figure 5-9. Microcalorimetry analysis of the polymerization of a 15% IL-Br in water
solution. Integration of the curve yields a heat of polymerization of -71.7 kJ/mol for IL-Br.

5.2.4 Small Angle Neutron Scattering
SANS analysis of the 0.15/0.10/0.75 IL-Br/MMA/D2O microemulsion, as well as the
resulting polymerized thin wafer, was performed by Dr. Kirt Page at the National Institute of
Standards and Technology, Gaithersburg, MD. Deuterated water was used as a marker for
analysis due to the difference in scattering between hydrogen and deuterium. SANS analysis
is an effective means of determining domain lengths in bicontinuous microemulsions.27
These microemulsions consist of continuous phases of oil and water separated by surfactant
monolayers. Structures are probed by directing a neutron beam incident on a sample. This
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beam is scattered at different angles by the sample nuclei, resulting in a scattering pattern that
can be fit to one of many mathematical models. The Teubner-Strey model is commonly used
to fit SANS data for microemulsions and was used in this study. The resulting curves for the
microemulsion and subsequent polymer wafer are shown in Figure 5-10. The ILBr/MMA/D2O microemulsion scattering agreed well with the Teubner-Strey model. The
polymerized wafer showed deviations at lower Q (inverse length) values that merit further
study. The length scale is fairly well preserved between the microemulsion and the
polymerized wafer, differing by less than 10%. The correlation length of 50 Å represents the
average length of ordered bicontinuous domains, or the length between irregularly shaped
segments. The repeat distance of 78 Å denotes the average distance between the continuous
oil and water phases.

Figure 5-10. SANS analysis of IL-Br/MMA/D2O (0.15/0.10/0.75) microemulsion and
polymerized wafer, fit to the Teubner-Strey model.
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5.2.5 Scanning Electron Microscopy
SEM was used to confirm the presence of pores in the Series 1 rods, as well as the
poly IL-Br/PMMA/D2O (0.15/0.10/0.75) wafer, after ion exchange due to treatment with
aqueous 0.1 M KPF6. Previous work in this study had shown the presence of open cell
porous structures in poly IL-Br/PMMA materials after ion exchange between the Br- of IL-Br
and PF6-. Another objective was to investigate the turbidity in rods 1_4 – 1_6. Each sample
was frozen in liquid nitrogen and broken to produce a fresh fractured cross section for
observation. This was done to help preserve possible pores and other surface structures, as
opposed to cutting the samples with a blade, which can cause unwanted deformation of the
cross-sectional surface.
Rod 1_1 did not initially show any pores. The surface was slightly wrinkled, most
likely due to drying and shrinkage of the gel under the vacuum of the SEM. After treatment
with 0.1 M KPF6, an open cell pore structure was visible on the fracture surface. These pores
form due to the process of spinodal decomposition,28 brought about by the ion exchange from
Br- to PF6- in poly IL-Br. When poly IL-Br is exchanged to poly IL-PF6, it suddenly loses its
hydrophilicity. Since the ion exchange is carried out in aqueous solution, the polyIL/PMMA chains try to distance themselves from the water phase. The result is separation
into two phases, one continuous in polymer, and the other continuous in solvent, forming an
open-cell, interconnecting network of pores. The pores observed in rod 1_1 ranged from 140
nm to 3 µm. Rod 1_2 showed isolated regions of limited porosity prior to ion exchange,
ranging from 820 nm to 1.4 µm. Ion exchange yielded pores on the order of 500 nm to 8.0
µm, giving this rod the largest observed pores of Series 1. Rod 1_2 was the first rod to
incorporate MMA into the formulation (10.5% by weight) and represented the highest poly
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IL-Br ratio relative to MMA. The next sample, rod 1_3, also showed a mostly smooth
surface with wrinkling due to the vacuum. Treatment with 0.1 M KPF6 created a network of
pores with diameters ranging from 77 nm to 4.4 µm. Rod 1_4 did not initially show porosity;
however, the surface roughness was more severe than the previous rods and not due to
reduced pressure within the SEM. Distinct ripples protruded from the surface. Once ion
exchange was completed, pores were observed on the outer surface of the rod, as well as the
fracture surface. Pore sizes of 117 nm to 3.7 µm were recorded, with the pore diameters
decreasing as distance from the surface increased along the fracture surface. Selected SEM
images of rods 1_1 – 1_4 are shown in Figure 5-11. Rod 1_5 gave the first indications of the
microphase separation believed responsible for the opacity observed in the rods spanning the
middle portion of the polymerization line. The rods in this region were the closest to the
peak of the boundary curve between the microemulsion and emulsion domains in the ILBr/MMA/water phase diagram. The outer edges of rod 1_5 appeared to be smooth along the
fracture surface, with the center of the rod displaying a region of jagged structures reaching
out of the surface (Figure 5-12). Ion exchange resulted in pore formation located mostly at
the rod surface, with pore size rapidly decreasing with distance from the surface. The
observed pore diameters ranged from 30 nm to 5.0 µm. Rod 1_6 showed similar surface
inhomogeneity, with the central area of the rod fracture cross section containing jagged
structures radiating outward towards the edges of the rod. The outermost portions of the rod
interior were smooth. Unlike rod 1_5, the jagged center of rod 1_6 contained limited pores
on the surface of the structures, as seen in Figure 5-13. The pores observed at 21,000x
magnification were on the order of 45 nm in diameter. Treatment with aqueous KPF6 yielded
a very limited number of new pores, with those observed ranging from 30 nm to 2.2 µm.
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Rod 1_7 showed surface roughness as well, but it was not as dramatic as the two previous
rods in the series. There did not appear to be the same stark phase separation, which is
supported by the transparent visual appearance of the rod after polymerization. Pores were
not visible after ion exchange in images taken at 32,000x magnification. The final rod in
Series 1, rod 1_8, showed surface roughness similar to rod 1_7 but was also visually
transparent after polymerization. Ion exchange resulted in very isolated pockets of pores
ranging from 190 nm to 1.7 µm in diameter. SEM images of rods 1_7 and 1_8 are shown in
Figure 5-14.
A few trends were noticeable in the SEM analysis of the Series 1 rods. First, pore
sizes appeared to decrease as the weight fraction of poly IL-Br to PMMA decreased. This is
logical, as the ion exchange from poly IL-Br to poly IL-PF6 is the driving force behind the
local phase separation causing the pore formation. Another trend observed in the SEM
images is the decrease in overall pore density in the freeze-fractured cross sections. As the
weight fraction of PMMA increased, the depth of penetration of the pores from the outer
surfaces decreased. The isolated pockets of pores observed in the last rods of the series were
sparsely porated. In the lower PMMA weight fraction rods, pores were densely grouped and
in most cases covered the entire fracture surfaces observed.
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Figure 5-11. SEM images of Series 1_1 – 1_4 rods: (A) 1_1 initial, (B) 1_1 after ion
exchange, (C) 1_2 initial, (D) 1_2 after ion exchange, (E) 1_3 initial, (F) 1_3 after ion
exchange, (G) 1_4 initial, and (H) 1_4 after ion exchange.
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Figure 5-12. SEM images of Series 1_5 rod: (A) initial, (B) after ion exchange, (C)
transition from smooth outer edge to rough center before ion exchange, and (D) higher
magnification of rough interior surface features before ion exchange.
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Figure 5-13. SEM images of Series 1_6 rod: (A) initial, (B) after ion exchange, (C) jagged
structures in center of rod before ion exchange, and (D) higher magnification of pores on the
jagged center before ion exchange.
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Figure 5-14. SEM images of Series 1_7 and 1_8 rods: (A) 1_7 initial, (B) 1_7 after ion
exchange, (C) 1_8 initial, and (D) 1_8 after ion exchange.

Ion exchange also induced open cell pore structures in the thin IL-Br/MMA/D2O
polymerized wafer produced in a demountable IR liquid cell and treated with aqueous 0.1 M
KPF6 (Figure 5-15). Much larger pores were observed compared to the Series 1 poly ILBr/PMMA/water rods, with an observed diameter range of 530 nm – 22.0 µm. The
polymerized wafer was approximately 1.4 mm thick. This wafer also presented the clearest
example of open cell pore formation. A network of pores within pores was clearly visible.
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Figure 5-15. SEM image of the 0.15/0.10/0.75 IL-Br/MMA/D2O wafer polymerized in a
demountable IR liquid cell and treated with 0.1 M KPF6.
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Chapter 6
Polymerization and Characterization of Poly IL-Br/PMMA Latexes
When polymerizations were carried out along the line extending from the water
corner to 60% IL-Br (w/w) in MMA in the IL-Br/MMA/water phase diagram (Series 2),
composition Series 2_1 appeared to produce particles, rather than the gels seen when water
content decreased along the line of polymerization. In order to confirm the presence of
particles in the microemulsion region of the lower left water corner of the phase diagram and
investigate their properties, a series of IL-Br/MMA/water compositions ranging from 1 – 4%
IL-Br content (w/w) was prepared and thermally polymerized at 60 °C.
6.1 Polymerization
The latexes were prepared by diluting a stock solution of 60% IL-Br (w/w) in MMA
with the appropriate amounts of water to reach a total volume of 25 ml for each composition.
AIBN initiator was present in the MMA stock solution at 0.5% (w/w) with respect to total
monomer weight. The clear solutions were then heated overnight at 60 °C in a temperature
controlled bath.
6.2 Characterization
After polymerization, the 1% IL-Br content composition appeared unchanged as a
transparent solution. The compositions ranging from 2 – 4% IL-Br content showed an
increasing presence of a light blue haze. This increasing blue haze was considered a possible
indicator of particles present in increasing sizes capable of scattering light. Another indicator
of particle formation was the increasing solution viscosity with increasing IL-Br/MMA
content.
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Portions of each sample were dialyzed against daily changes of deionized water for
three days in order to remove unreacted monomer. Dialysis was performed by placing
approximately 1.5 ml of latex sample inside a 7 cm piece of regenerated cellulose dialysis
tubing (Fisher Scientific) with a molecular weight cutoff of 12,000 – 14,000 g/mol, followed
by placing the tube in a beaker of stirred deionized water. After three days of stirring, the
samples were analyzed for weight percent solids by placing a small amount of dialyzed latex
in a tared aluminum weighing dish and then drying the latex solution to constant weight in an
oven at 80 °C. The compositions of the solutions before polymerization, and their respective
conversions after polymerization and dialysis, are shown in Table 6-1.
Table 6-1. Compositions of Poly IL-Br/PMMA Latexes Before Polymerization and
Conversions of Dialyzed Samples After Polymerization

Sample ID

Wt. %
IL-Br

Wt. %
MMA

Wt. %
Water

% Conversiona
(After Dialysis)

1% IL-Br

1.0

0.7

98.3

0.0

2% IL-Br

2.0

1.3

96.7

47.0 ± 2.1

3% IL-Br

3.0

2.0

95.0

48.0

4% IL-Br

4.0

2.7

93.3

55.2 ± 4.2

a

Multiple batches of 2% and 4% IL-Br content latexes were dialyzed. Single batches were
dialyzed for 1% and 3% IL-Br content.
According to the conversion data for the 2 – 4% IL-Br content latexes, roughly half of
the monomer present before polymerization was unreacted, or formed polymer chains with
molecular weights below the 12,000 – 14,000 g/mol dialysis tube cutoff, and was removed
by dialysis. The 1% IL-Br content latex contained no solids, or at least less than the 0.1 mg
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capability of the balance used to weigh the aluminum pans. This composition only contained
1.7% monomer by weight prior to polymerization, so when factoring in a possible conversion
of less than 47%, the amount of poly IL-Br/PMMA could indeed be very small on a weight
percent basis, especially when considering that 100 µl of each latex solution was used in the
solids analysis procedure. Conversion was likely less than the 47% recorded for the 2% ILBr content latex because the conversion tended to decrease with total monomer weight.
Thin films of the 2 – 4% IL-Br content latexes, both dialyzed and undialyzed, were
cast in a PTFE mold by filling the recessed mold with latex and drying overnight at room
temperature. The mold consisted of a 12.8 x 7.8 x 3.6 cm block of PTFE with several 5.0 x
1.2 cm rounded edge rectangles cut into the top of the block in varying depths. Each latex
resulted in a thin, transparent film which could be peeled from the mold. The 4% IL-Br
content latex film peeled easily from the mold and was dry to the touch. The 3% and 2% ILBr content latex films were progressively more tacky and more difficult to remove from the
PTFE mold.
6.2.1 Thermogravimetric Analysis
Films of the 2 – 4% IL-Br content latexes were analyzed by TGA from 25 – 580 °C at
20 °C/min. Two decomposition curves were seen for each sample. The first region of
weight loss, up to 100 °C, is due to loss of water from the films. The films retained water in
the range of 2 – 5% by weight, with water retention increasing with increasing IL-Br content.
Water retention in latex films due to residual surfactant is expected. When comparing the
dialyzed and undialyzed films, decreased water levels were seen in the dialyzed samples,
suggesting that the dialysis was successful in removing unreacted IL-Br surfactant. This
unreacted IL-Br removal is further supported by comparing the poly IL-Br decomposition
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curves in the dialyzed and undialyzed films. The first decomposition curve, beginning at
approximately 275 °C, is due to decomposition of poly IL-Br and is in agreement with the
decomposition temperature of the IL-Br monomer (see Chapter 3). The second curve,
beginning at approximately 375 °C, is the result of PMMA decomposition. As seen in
Figures 6.1 – 6.3, the weight ratio of poly IL-Br to PMMA changes after dialysis.

Figure 6-1. TGA analysis of films prepared with dialyzed and undialyzed 2% IL-Br content
latexes. The curves show residual IL-Br loss due to the dialysis process.

The latex compositions were formulated to contain a 60/40 weight ratio of IL-Br to
MMA (0.39/1.0 mole ratio), and that ratio was basically preserved in the TGA analysis of the
undialyzed films. The undialyzed 2% IL-Br content film showed a poly IL-Br/PMMA
weight ratio of 68/32, with the 3% and 4% IL-Br content films both showing a ratio of 59/41.
65

The films cast with dialyzed latexes, however, showed a sizeable reduction in IL-Br content.
The 2% and 3% IL-Br content films showed a poly IL-Br/PMMA weight ratio of 37/63. The
reduction in IL-Br weight was less severe in the 4% IL-Br content film, with a ratio of 47/53.
Taken together, the clear reductions in water retention and weight ratio of IL-Br in the
decomposition curves of the films prepared from dialyzed latexes show that the dialysis
process was successful in removing unreacted monomer. The level of unreacted IL-Br
removed was 10% less by weight in the 4% IL-Br content film compared to the 2% and 3%
films. This suggests that IL-Br polymerization was more complete at higher levels of the
reactive surfactant.

Figure 6-2. TGA analysis of films prepared with dialyzed and undialyzed 3% IL-Br content
latexes. The curves show residual IL-Br loss due to the dialysis process.
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Figure 6-3. TGA analysis of films prepared with dialyzed and undialyzed 4% IL-Br content
latexes. The curves show residual IL-Br loss due to the dialysis process.

6.2.2 Differential Scanning Calorimetry
DSC was used to analyze the glass transition temperatures of the 2 – 4% IL-Br
content films prepared from both undialyzed and dialyzed latexes (Figure 6-4). The film
samples were heated from -90 – 150 °C at a rate of 10 °C/min after an initial heating/cooling
ramp to erase previous thermal history.
For each sample, dialyzing the latex resulted in a film with a higher Tg than the film
cast from the undialyzed latex. This should be expected with the removal of residual IL-Br
surfactant. The presence of surfactant increases water absorption, which has a plasticizing
effect on polymer films, lowering the Tg. The 2% IL-Br content film prepared from the
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undialyzed latex showed a Tg at -55.2 °C, and another at 12.6 °C. The Tg at -55.2 °C is likely
due to the presence of a high amount of unreacted IL-Br monomer, as the weight percent of
IL-Br in the film was shown to drop from 68% to 37% after dialysis of the starting latex
according to TGA data. The film prepared from dialyzed 2% IL-Br content latex gave a Tg
of 40.9 °C. The 3% IL-Br content undialyzed latex film showed a Tg of 5.5 °C, with the film
cast from dialyzed latex showing an increased value of 30.2 °C. Finally, a Tg of 9.7 °C was
found for the 4% IL-Br content undialyzed latex film, with dialysis of the latex raising the
transition to 24.3 °C. Just as the trend of increasing Tg through dialysis was shown, the Tg of
the latex films decreased as remaining surfactant in the form of poly IL-Br increased in the 2
– 4% IL-Br content latex films.

Figure 6-4. DSC analysis of undialyzed and dialyzed 2 – 4% IL-Br content latexes.
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6.2.3 Dynamic Mechanical Analysis
The film cast from undialyzed 4% IL-Br content latex was analyzed by DMA, using
the thin film clamp in stress/strain mode at 25 °C (Figure 6-4). Films of 2% and 3% IL-Br
content were not analyzed because they were too tacky to remove from the PTFE mold in
sufficient condition to analyze on the thin film clamp. When removed from the mold, the
films contracted and folded upon themselves and could not be straightened into the uniform
rectangle needed to perform the analysis. The 4% IL-Br content latex film was not tacky and
was cut into a 5 x 20 mm strip. The film showed a Young’s Modulus of 26 MPa.

Figure 6-5. DMA analysis of the film cast from 4% IL-Br content undialyzed latex. The
film broke at approximately 10.4% strain.

69

6.2.4 Transmission Electron Microscopy
Poly IL-Br/PMMA dialyzed latexes were analyzed by TEM with the assistance of Dr.
Zhiming Qiu of Eastern Michigan University at the University of Michigan, Ann Arbor,
Michigan, to confirm the presence and size of particles. The dialyzed samples were diluted
500- and 1,000-fold in deionized water. The diluted solutions were then spotted on TEM
grids and allowed to air dry overnight. Analysis of the 1% IL-Br content latex did not
produce any suitable images of particles. Latexes of 2 – 4% IL-Br content displayed high
concentrations of individual particles, as well as much larger agglomerates. Analysis of the
500-fold dilution of 2% IL-Br content latex revealed particles on the order of 18 nm in
diameter and agglomerates of 100 – 110 nm, as shown in Figure 6.6. The 500-fold dilution
of 3% IL-Br content latex showed particles ranging from 15 – 22 nm, with agglomerates of
approximately 44 – 74 nm (Figure 6-7). Figure 6.8 shows the 1,000-fold dilution of 4% ILBr content latex, with several 15 – 22 nm particles in the presence of agglomerates in the
range of 50 – 80 nm. Other images show agglomerates of 133 – 145 nm, which explains the
Brookhaven particle sizing numbers of 120 – 130 nm obtained for the 4% IL-Br content
latex. Particle sizes obtained from light-scattering methods tend to be dominated by the
larger particles in a solution, so the 15 – 22 nm particles seen throughout most of the TEM
images were not being properly detected by the Brookhaven analysis.
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Figure 6-6. TEM image of 2% IL-Br content latex 500-fold dilution. Scale bar is 100 nm.

Figure 6-7. TEM image of 3% IL-Br content latex 500-fold dilution. Scale bar is 100 nm.
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Figure 6-8. TEM image of 4% IL-Br content latex 1,000-fold dilution. Scale bar is 100 nm.

6.2.5 Scanning Electron Microscopy
The 1,000-fold dilution of 3% IL-Br content latex TEM sample grid was analyzed by
SEM to see if some of the larger particle agglomerates detected in the TEM analysis could be
imaged by SEM, which is not as powerful as TEM. Several agglomerates were detected, and
two representative images of increasing magnification are shown in Figure 6-9.
SEM was also used to study the formation of pores in 4% IL-Br content undialyzed
latex films treated with 0.1 M KPF6 to induce ion exchange, and thus pore formation through
spinodal decomposition, in the poly IL-Br component. The first film analyzed was cast in a
PTFE mold, with the second film obtained by drawing down the latex on a glass microscope
slide. The film peeled from the PTFE mold was immersed in 0.1 M KPF6, which caused the
film to become opaque after overnight equilibration, suggesting the formation of pores
capable of scattering light. Once rinsed, the film was immersed in liquid nitrogen and
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Figure 6-9. SEM images of 1,000-fold 3% IL-Br content latex spotted on TEM grid.

fractured to prepare a fresh, cross-sectional surface to analyze. The sample was then sputtercoated with gold to reduce charging by the electron beam of the SEM. The film showed
open-cell pore structures (Figure 6-10) on both outer surfaces and across the entirety of the
cross-sectional fracture surface, suggesting that the KPF6 solution was able to diffuse
throughout the thin film.
The film produced by drawing down the 4% IL-Br content latex on a glass slide was
also equilibrated for several days in 0.1 M KPF6, resulting in an opaque film. 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 onto the SEM stage and sputtered with gold. Similar to
the free-standing film, open-cell pore networks were observed on the outer surfaces, as well
as throughout the cross-sectional fracture surface. This demonstrates that transparent
coatings can be produced from poly IL-Br/PMMA latexes and can be transformed into an
opaque, porous state by treatment with aqueous KPF6. The KPF6 solution was able to diffuse
throughout the entire thin film while one surface was attached to the glass slide. This
particular film exhibited good adhesion to the glass substrate, which was the reason the
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frozen film had to be scraped from the slide for analysis, as opposed to peeling it off of the
slide. Photographs of the coated slide, before and after treatment with 0.1 M KPF6, as well
as SEM images of the film after treatment, are shown in Figure 6-11.

Figure 6-10. SEM images of 4% IL-Br content undialyzed latex film, peeled from a PTFE
mold and treated with 0.1 M KPF6. The top image shows the upper surface and the fresh
fracture cross-sectional surface. The lower images show open cell pore structures in
increasing magnifications, located on the upper surface of the film.
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Figure 6-11. Photographs of 4% IL-Br content undialyzed latex coating on a glass slide,
before (top left) and after (top right) treatment with 0.1 M KPF6. SEM images of film
shavings in increasing magnification of top and fracture surfaces are shown at bottom left
and right.

6.2.6 Latex Stability in Aqueous Salt Solutions
Latexes generally maintain their stability through charge repulsion. When the
chemical environment changes, such as with the introduction of a salt, the particles can lose
their stability. In the case of salt addition, the increasing ionic strength of the solution causes
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the electrical double layer of the stabilized latex particles to compress. This shrinking of the
double layer reduces the energetic barrier to agglomeration. As the salt concentration in
solution continues to rise, a point will be reached where the double layer of the particles is so
small that the individual particles can approach each other closely enough to allow
agglomeration. Latexes of poly IL-Br/PMMA consist of particles with positively charged
surfaces. The reactive IL-Br surfactant consists of a hydrophilic, cationic imidazolium head
group and a long hydrophobic tail. In aqueous solution, IL-Br forms micelles with the
cationic head groups oriented at the surface. In the prepared latexes, hydrophobic MMA is
located within this micelle along with the hydrophobic portion of the IL-Br molecules. It
was expected that the polymerized latex particles were primarily stabilized by the cationic
charge located on the surface. However, it was shown previously that compositions of poly
IL-Br/PMMA particles remained transparent and stable in aqueous 0.1 M NaBr solution.19
The preservation of stability in the presence of high salt content suggested that poly ILBr/PMMA latex particles were sterically stabilized. The present latex compositions were
further tested in aqueous NaBr solutions in order to determine the concentration of NaBr that
destabilized the latexes.
A series of aqueous NaBr solutions was prepared with logarithmically increasing
NaBr concentration, ranging from 0.1 – 1.0 M, in screw-capped vials. Each vial contained 3
ml of salt solution. Using the latex solids concentrations determined by solids analysis, the
appropriate amount of each dialyzed latex was added to deliver 0.7 mg of total solids to the
salt solutions. Latexes were added to each solution consecutively by Finnpipette, and
turbidity was determined visually both immediately and 1 hr after addition of latex.
Photographs of each NaBr solution series 1 hr after addition of 2 – 4% IL-Br content latexes
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are shown in Figure 6-12. The solutions pictured from left to right are: 0.1, 0.16, 0.25, 0.4,
0.63, and 1.0 M NaBr. With the addition of 2-4% IL-Br content latexes, 0.1 and 0.16M NaBr
solutions remained transparent. 3% and 4% IL-Br latexes caused slight turbidity and
agglomeration in 0.25M NaBr. The 2% latex was slightly less turbid. For all latexes, 0.4M
showed reduced turbidity and increased agglomeration. Immediate agglomeration and
transparent surrounding solution was noted for 0.63 and 1.0M solutions. The main visual
trend noticed was that the form of agglomerates ranged from stringy and dispersed for 2%
IL-Br content, with 3% slightly less dispersed. The 4% IL-Br latex caused a single, large
agglomerate to form. On the basis of these visual results, the loss of poly IL-Br/PMMA latex
stability appeared to be somewhere between 0.16 and 0.25 M NaBr, giving an average value
of 0.21 ± 0.06 M.

Figure 6-12. Photographs of 2% (top), 3% (middle), and 4% (bottom) IL-Br content latexes
in aqueous solutions of increasing NaBr concentration. Precipitation signals loss of latex
stability.
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Next, the latexes were added to aqueous solutions of NaBF4 ranging in concentration
from 1.0 x 10-6 – 0.1 M NaBF4. In this case, addition of poly IL-Br/PMMA latex to a
solution containing NaBF4 results in an ion exchange between the Br- counterion of IL-Br
and BF4-. The presence of the more hydrophobic BF4- counterion causes a decrease in the
stability of the particles in aqueous solution. Therefore, a threshold exists where enough Brcounterions have been replaced with BF4- to cause destabilization and agglomeration of the
latex particles. An attempt was made to visually determine this boundary point, using the
same procedure as described in the NaBr stability experiments. The photographs of the
NaBF4 solutions 1 hr after addition of the 2 – 4% IL-Br content latexes are shown in Figure
6-13. The NaBF4 solutions pictured are, from left to right: 1.0 x 10-6, 1.0 x 10-5, 1.0 x 10-4,
2.2 x 10-4, 4.7 x 10-4, 1.0 x 10-3, 2.2 x 10-3, 4.7 x 10-3, 1.0 x 10-2, and 0.1 M NaBF4. Results
were visually the same for 2 – 4% IL-Br content latexes. The latexes were stable in 1.0 x 106

– 4.7 x 10-3 M NaBF4 solutions both immediately after addition and one hour after addition.

The 1.0 x 10-2 M solution became very slightly turbid after addition of each latex. After one
hour, the 1.0 x 10-2 M NaBF4 solutions were slightly more turbid, each with a light blue haze.
Each latex precipitated immediately in 0.1 M NaBF4, forming a small white clump that
floated just below the surface. The surrounding solution remained clear after one hour. To
get a better estimate of turbidity, an expanded set of solutions with extra logarithmic
divisions of concentration was prepared, beginning with the first solution to visually show
turbidity (1.0 x 10-2 M). Solutions from 1.0 x 10-2 - 2.5 x 10-2 M showed increasing levels of
turbidity and agglomeration. Turbidity began to lessen with the 4.0 x 10-2 M solution with
increased agglomeration. 6.3 x 10-2 and 0.1 M solutions showed immediate agglomeration
and transparent surrounding solution. After one hour, the lower concentrations that had
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shown turbidity showed very slightly increased turbidity. The study suggests that, visually,
the latexes became destabilized somewhere between 4.7 x 10-3 and 1.0 x 10-2 M NaBF4, an
average of 7.4 x 10-3 ± 3.7 x 10-3 M.

Figure 6-13. Photographs of NaBF4 solution series (1 – 3a), and the respective extended
series (1 – 3b), 1 hr after addition of 2% IL-Br content (1a, b), 3% IL-Br content (2a, b), and
4% IL-Br content (3a, b) latexes. The extended series span concentrations between 1.0 x 10-2
and 0.1 M NaBF4, which comprise the last two vials from the right in the upper pictures of
each photograph pair.
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Finally, the most hydrophobic poly IL-Br counterion modification was visually
studied by adding each latex to a series of aqueous KPF6 solutions, ranging from 1.0 x 10-6 –
0.1 M KPF6. The results, 1 hr after latex addition, are presented in Figure 6-14. From left to
right, the photographs show KPF6 solutions of the same concentration increments prepared
for the original NaBF4 study, minus the extended set.

Figure 6-14. Photographs of aqueous KPF6 solutions 1 hr after addition of 2% IL-Br content
(top), 3% IL-Br content (middle), and 4% IL-Br content (bottom) latexes.

Results were visually the same for the 2 - 4% IL-Br content latexes. Solutions ranging from
1.0 x 10-6 M – 2.2 x 10-3 M remained transparent immediately after addition of the latexes.
The 4.7 x 10-3 M solution was turbid with a light blue haze, while the 1.0 x 10-2 M solution
was slightly hazy, with a string of agglomerated particles present. Latex solutions
immediately formed a large agglomerate clump in 0.1 M solution, with the surrounding
solution remaining clear. After 1 hour, 1.0 x 10-3 M and 2.2 x 10-3 M KPF6 solutions showed
very slight turbidity. After equilibrating overnight, 4.7 x 10-4 M solution showed very slight
turbidity, visually less than the 1.0 x 10-3 M solution. Therefore, the visual boundary of latex
destabilization in KPF6 was found to be between 2.2 x 10-4 and 4.7 x 10-4 M KPF6, for an
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average of 3.5 x 10-4 ± 1.8 x 10-4 M. This earlier onset compared to the NaBF4 study was
expected, as the PF6- counterion renders the imidazolium head group more hydrophobic than
the BF4- counterion, causing particle destabilization at a lower salt concentration in aqueous
solution.
In an analogous procedure, the Ksp of IL-Br monomer in aqueous KPF6 was
investigated by adding 50 µl of 0.01 M IL-Br to the same KPF6 concentration series used in
the poly IL-Br/PMMA latex analysis. For this ion exchange reaction, Ksp = [IL+][PF6-].
After addition of IL-Br to the salt solutions, the 4.7 x 10-3 M KPF6 solution was the first one
to visually show precipitation, with the 2.2 x 10-3 M solution remaining transparent. To
estimate Ksp, the initial reaction quotient, Q0 = [IL+]0[PF6-]0 was calculated for these
concentrations. For the last transparent solution, 2.2 x 10-3 M, Q0 = 3.54 x 10-7. This value
must be less than the Ksp, because precipitation had not yet occurred. For the first solution to
display precipitation, 4.7 x 10-3 M, Q0 = 7.58 x 10-7. This value surpasses the solubility
product due to the presence of precipitate. Therefore, the solubility product of IL-Br in
aqueous KPF6 or, more directly, the solubility product of IL-PF6 in water can be estimated at
3.54 x 10-7 < Ksp < 7.58 x 10-7.
6.2.7 UV/Vis Analysis
After visually estimating the boundary concentrations of latex destabilization, each
set of solutions was further analyzed by UV/Vis spectrometry in order to more precisely
measure the onset of turbidity. Absorbance was measured for each solution at a fixed
wavelength of 800 nm. The absorbance values were then plotted against the log of salt
concentration for each respective series. For each turbidity plot, the midpoint of the curve
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leading to the maximum turbidity value was taken as the salt concentration of latex
destabilization.
The UV/Vis analysis of the NaBr solution series with addition of 2 – 4% IL-Br
content latexes is shown in Figure 6-15. The first two points show transparency for each
latex, with a rise in turbidity shown moving towards the third concentration, 0.25 M NaBr.
The 4% IL-Br content latex reaches maximum turbidity at 0.25 M, with the 3% IL-Br content
latex showing a peak value near 0.4 M NaBr. Finally, the 2% IL-Br latex shows maximum
turbidity at 0.63 M NaBr. The drop in turbidity seen after each peak maximum is due to
increased agglomeration as salt concentration increases. As the amount of agglomerate
increases, the surrounding solution becomes increasingly transparent, because there are fewer
intermediately sized particles suspended in solution. These particles are increasingly part of
the main agglomerate mass as the salt content increases. Eventually, the agglomerates
become large enough to settle to the bottom of the vial, and they are not detected by the beam
of light, resulting in a lower turbidity value. Since the solids content added remained the
same for each latex, the latex with the greatest poly IL-Br content was affected by the least
amount of salt. The average destabilizing NaBr concentration for the 2 – 4% IL-Br content
latexes was 0.24 ± 0.06 M.
The plots for the NaBF4 and KPF6 solution series differ from the NaBr series because
the mechanisms involved are different. In the case of poly IL-Br stabilized latex addition to
NaBF4 and KPF6 solutions, ion exchange is taking place between the Br- of IL-Br and the
respective anions of the salt solutions. The BF4- and KPF6- ions cause the imidazolium head
group to become increasingly hydrophobic compared to the Br- counterion. For these plots, a
sharp turbidity peak is seen when the level of IL-BF4 and IL-KPF6 in the respective solutions
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surpasses the solubility limit of each in water. Past this limit, all latex precipitates and settles
to the bottom of the vial as an agglomerate, causing a loss of turbidity.

Figure 6-15. UV/Vis analysis of NaBr salt solution series after addition of 2 – 4% IL-Br
content latexes.
For the 2 – 4% IL-Br content latexes in NaBF4 solution, maximum turbidity is
achieved at 1.6 x 10-2 M NaBF4 (Figure 6-16). The average value of the midpoint of the
curves leading to this maximum for the latexes, the concentration of latex destabilization,
was 9.4 x 10-3 ± 2.7 x 10-3 M NaBF4.
The counterion exchange between Br- and the most hydrophobic PF6- resulted in latex
destabilization at lower salt concentration when compared to BF4- exchange, as shown in
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Figure 6-17. Peak turbidity in this series was reached at a KPF6 concentration of 1.0 x 10-3
M, with the destabilization concentration midpoint present at 4.0 x 10-4 ± 8.7 x 10-5 M KPF6.
The difference between visual turbidity boundaries and those determined by UV/Vis analysis
is summarized in Table 6-2.

Figure 6-16. UV/Vis analysis of NaBF4 salt solution series after addition of 2 – 4% IL-Br
content latexes.
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Figure 6-17. UV/Vis analysis of KPF6 salt solution series after addition of 2 – 4% IL-Br
content latexes.
Table 6-2. Poly IL-Br/PMMA Latex Destabilization Concentrations of Various
Salts in Aqueous Solution

Salt

Latex Destabilization
Concentration (M, Visual)

Latex Destabilization
Concentration (M, UV/Vis)

NaBr

0.21 ± 0.06

0.24 ± 0.06

NaBF4

7.4 x 10-3 ± 3.7 x 10-3

9.4 x 10-3 ± 2.7 x 10-3

KPF6

3.5 x 10-4 ± 1.8 x 10-4

4.0 x 10-4 ± 8.7 x 10-5
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Chapter 7
Bulk Polymerization of IL-Br/MMA
7.1 Polymerization
A series of homopolymer and copolymer rods were prepared by thermal bulk
polymerization using IL-Br and MMA in various ratios of increasing IL-Br content. AIBN
initiator was used at 0.5% (w/w) with respect to total monomer weight. For the composition
consisting of IL-Br only, 1.0 g of IL-Br was heated to 50 °C in a screw-capped vial in order
to melt the sample. Once the IL-Br had melted, 5.0 mg of AIBN was added to the vial and
the contents were mixed thoroughly on a vortex shaker before being transferred to a NMR
tube. All other compositions were prepared by dissolving 5.0 mg of AIBN in the MMA
portion in a screw-capped vial. After melting the IL-Br portion in a separate vial, the
MMA/AIBN solution was added to the IL-Br and the contents were mixed on a vortex shaker
before transferring to a NMR tube. All compositions were heated overnight, typically 16
hours, at 60 °C in a temperature controlled ethylene glycol/water bath. Rods were recovered
from the NMR tubes by scoring the glass and breaking the tubes. Care was taken to remove
any glass shards remaining on the surface of the rods. The weight and mole percent
compositions of each rod before polymerization are shown in Table 7-1.
After polymerization and before removal from the NMR tubes, the rods were
transparent. The color of the rods ranged from clear (PMMA) to yellow (poly IL-Br), with
the intensity of the yellow color increasing with increasing IL-Br content. A small amount of
bubbles were present in the rods ranging from 1 – 60% IL-Br, likely due to nitrogen
evolution during decomposition of the AIBN initiator. More severe bubbles were present in
the 75% IL-Br and poly IL-Br rods. IL-Br is very viscous in liquid form, so the viscosity of
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Table 7-1. Weight and Mole Percent Compositions of Poly IL-Br/PMMA Bulk
Copolymer Rods
Wt. %
Wt. %
Mole %
Mole %
Sample ID
IL-Br
MMA
IL-Br
MMA
PMMA

0.0

100.0

0.0

100.0

1% IL-Br

1.0

99.0

0.3

99.7

2% IL-Br

2.0

98.0

0.5

99.5

5% IL-Br

5.0

95.0

1.3

98.7

10% IL-Br

10.0

90.0

2.8

97.2

20% IL-Br

20.0

80.0

6.1

93.9

50% IL-Br

50.0

50.0

20.5

79.5

60% IL-Br

60.0

40.0

27.9

72.1

75% IL-Br

75.0

25.0

43.7

27.9

Poly IL-Br

100.0

0.0

100.0

0.0

the IL-Br/MMA compositions before polymerization increased accordingly with increasing
IL-Br content. Therefore, it is reasonable to assume that any nitrogen bubbles formed during
AIBN decomposition would take longer to reach the surface of the liquid as the IL-Br
content of the composition increased. The overall increase in viscosity during
polymerization, combined with the already high viscosity of IL-Br liquid, may have trapped
more bubbles in place before they could escape to the liquid/air interface in the NMR tubes
compared to the compositions of lower IL-Br content. Several attempts were made to reduce
the bubbles in these compositions, such as polymerizing at lower temperatures, changing
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initiator, and slowly lowering the tubes into the heating bath during polymerization. None of
these methods were successful in significantly reducing trapped bubbles in the 75% IL-Br
and poly IL-Br rods. The polymer rods were removed from their respective tubes by scoring
the glass in several locations and breaking the tubes. Care was taken to remove as much
glass as possible from the surface of each rod. The PMMA rod was inflexible, as expected.
As the poly IL-Br content of the rods increased, the rods became softer and more flexible.
Increasing amounts of the long chain IL-Br constituent should result in increased free volume
within the copolymers and thus greater flexibility. The increased softness of the higher poly
IL-Br content rods made the task of removing glass shards more difficult, as they became
embedded in the surface during the process of breaking the tubes. If no more glass pieces
could be removed by hand, the rod surfaces were sanded with fine grit sandpaper.
7.2 Characterization
Once the rods were removed from the NMR tubes, their solubilities in various
solvents were tested. The copolymer rods exhibited swelling when placed in water,
acetonitrile, and DMF. The rods did not swell in toluene, methylene chloride, or THF. The
copolymer rods were not soluble in any of the tested solvents.
7.2.1 Molecular Weight Analysis
Pieces of the rods were placed in screw-capped culture tubes and heated in DMF as
high as 100 °C for varying amounts of time, up to two days, in an attempt to dissolve enough
polymer to enable molecular weight analysis. The rods swelled but did not visually appear to
dissolve after heating. To determine the presence of dissolved solids for each rod, the
swollen rod pieces were removed from the DMF solution by filtration, and a small portion of
the DMF filtrate was placed in a tared aluminum weighing pan. The aluminum pan was
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placed in an oven overnight at 100 °C and dried until a constant weight was achieved. The
weight percent solids content was calculated for each rod, and the DMF filtrate solutions, as
well as pieces of the original rods, were sent for molecular weight analysis to Dr. Thomas
Mourey and Lisa Slater at Eastman Kodak Company, Rochester, NY. Dr. Mourey stated that
molecular weights could not be obtained for the solutions by their available methods, as the
solid samples could not dissolve in any of their available strong solvents, and the DMF
solutions provided to them plugged the SEC column. It was suggested that light crosslinking was occurring within the bulk polymerized rods. Whether there is light cross-linking,
chemical or ionic, is a possible area of future study in the IL-Br/MMA bulk polymerization
system.
7.2.2 Thermogravimetric Analysis
Thermal stability of the poly IL-Br/PMMA bulk copolymer rods was investigated by
TGA. The rods were heated from 25 – 525 °C at a rate of 10 °C/min under nitrogen
atmosphere. There were two trends visible in the TGA graph, shown in Figure 7-1, with
increasing poly IL-Br content.
The 1% IL-Br rod shows an approximate 10 °C increase in thermal stability over the
PMMA rod. A further 10 °C increase was observed for the 2% IL-Br rod. At 5 – 20% IL-Br
content, the rods show more modest thermal stability increases of a few degrees each with
each respective increase in IL-Br content. The plot indicates that thermal stability decreases
from 20 – 50% IL-Br content, with a sharp decrease evident for the 50% IL-Br rod. Due to
the limitations imposed by the concentrations selected in the 0 – 20% IL-Br range, it is
unclear whether or not the increasing thermal stability trend really begins to reverse above
the 20% IL-Br threshold, or if the larger increases in stability seen in the 1 and 2% IL-Br
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rods continues with 3% and higher IL-Br concentrations before decreasing as the IL-Br level
approaches 20%. An expanded concentration series within this range would be a good
source of future study.
The second trend present in the TGA analysis of the poly IL-Br/PMMA rod series is
the presence of two distinct decomposition curves in the copolymer rods. The PMMA and
poly IL-Br homopolymer rods each yield a single curve. TGA analysis of IL-Br monomer
showed a decomposition curve midpoint of approximately 300 °C (see Section 3.3.2), which
is consistent with the midpoint temperature of the poly IL-Br homopolymer decomposition
curve. The bulk PMMA homopolymer rod shows a higher decomposition midpoint, roughly
375 °C, so it is established that poly IL-Br is less thermally stable than PMMA. Therefore,
the first curve in each of the copolymer rod decompositions can be assigned to poly IL-Br
decomposition and the second to PMMA decomposition. When taking the weight percent of
poly IL-Br residue remaining at 525 °C into account, the ratio of poly IL-Br weight loss to
PMMA weight loss is in very close agreement with the weight ratio of IL-Br to MMA
present in the samples prior to polymerization. This behavior suggests that the
copolymerization of IL-Br and MMA results in the formation of a block copolymer, with
each constituent decomposing separately.
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Figure 7-1. TGA analysis of poly IL-Br/PMMA bulk polymer rods. The decomposition
curves show increased thermal stability over PMMA in rods containing 1 – 20% IL-Br
(w/w). Steadily decreasing stability is seen in rods containing IL-Br in excess of 20%.
7.2.3 Differential Scanning Calorimetry
DSC was used to analyze the glass transition (Tg) temperatures of the poly ILBr/PMMA bulk copolymer rods (Figure 7-2). The PMMA through 10% poly IL-Br rods
showed two Tg curves. This behavior was not observed again until the poly IL-Br rod. The
general trend was a decrease in Tg as poly IL-Br content increased. This is due to the
increased free volume and increased chain flexibility brought about by an increase in poly
IL-Br groups in the copolymers. The values for each bulk rod are listed in Table 7-2.
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Figure 7-2. DSC analysis of poly IL-Br/PMMA bulk homopolymer and copolymer rods.

92

Table 7-2. Glass Transition Temperatures (Tg) of
Poly IL-Br/PMMA Bulk Copolymer Rods By DSC
Sample ID

Tg (°C)

PMMA

65.7, 113.1

1% IL-Br

59.5, 115.3

5% IL-Br

50.7, 114.6

10% IL-Br

58.2, 110.2

20% IL-Br

37.6

50% IL-Br

36.6

60% IL-Br

40.9

75% IL-Br

51.2

Poly IL-Br

-26.7, 48.2

7.2.4 Dynamic Mechanical Analysis
Poly IL-Br/PMMA rods, up to 60% IL-Br content, were analyzed by DMA (Figure 73). Several difficulties arose in this analysis. First, bulk rods prepared from compositions
with IL-Br content greater than 60% by weight contained varying degrees of air voids,
making them poor samples for DMA analysis. The presence of air voids weakens the
structural integrity of the rods, which would adversely affect any measurements of
mechanical properties. These voids were presumably caused by nitrogen gas bubbles,
evolved from the decomposing AIBN initiator molecules, becoming entrapped within the
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bulk as viscosity increased during the course of polymerization. Several attempts were made
to remove these air voids, including reducing polymerization temperature, changing
initiators, and lowering the rods into the heating bath at small intervals. Reduced
temperatures did not decrease the bubbles in any of the rods. Changing the azo initiator to
BPO was unsuccessful, as IL-Br would not polymerize with this initiator for unknown
reasons. One possibility could be the peroxy radicals being affected by the cationic
imidazolium group of IL-Br. Lowering the rods slowly into the heating bath at small
intervals was also unsuccessful. Finding a suitable non-azo, IL-Br soluble initiator would
enable future DMA analysis of the full poly IL-Br/PMMA series. Secondly, the dual
cantilever clamp used for analysis was not retightened after cooling to the low end of the
temperature scan. Loosened screws can affect accuracy of the measurements. Overall, the
results obtained for this series of bulk rods should be considered suspect, as they differ by
more than 30 °C when compared to the values obtained by DSC. One should refer to the
DSC analysis of the series for Tg data of the bulk poly IL-Br/PMMA homopolymer and
copolymer rods.
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Figure 7-3. DMA analysis of poly IL-Br/PMMA bulk homopolymer and copolymer rods.
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Chapter 8
Solution Polymerization of IL-Br/MMA
Possible light cross-linking was encountered in the poly IL-Br/PMMA copolymer
rods produced by bulk polymerization (see Chapter 7), which prevented molecular weight
analysis by SEC. Solution thermal polymerization was carried out in an effort to see if a
series of copolymers could be produced which would dissolve in a suitable solvent for
molecular weight analysis, such as DMF.
8.1 Polymerization
The solution copolymer series compositions consisted of the same weight ratios used
for the bulk copolymer series. For each composition, total monomer content was kept at
10% (w/w) in the solvent by dissolving 0.3 g of monomer or monomer mixture in 2.7 g of
DMF in a screw-capped culture tube. Following monomer addition, 1.5 mg of AIBN
initiator, 0.5% by weight with respect to total monomer, was dissolved in each solution. The
solutions were mixed thoroughly on a vortex shaker before being placed in a temperaturecontrolled ethylene glycol/water bath at 60 °C overnight, typically 16 hr. After heating, all
solutions remained transparent, suggesting that the polymers produced were soluble in DMF.
Precipitation of the solution homopolymers and copolymers was performed by adding
the solutions dropwise to excess diethyl ether in screw-capped vials. The white precipitate
was collected by centrifugation at 2900 RPM for 15 min, followed by removal of the diethyl
ether by pipette. The isolated polymers were then dried in a vacuum oven for 3-4 hr at 100
°C to remove remaining solvents.
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8.2 Characterization
After removing residual solvents by drying under vacuum at elevated temperature,
solid samples of poly IL-Br/PMMA copolymer were left at the bottom of each vial. The
solids were broken apart and scraped from the vial bottoms with a spatula and saved for
analysis by TGA and DSC. Similar to the bulk copolymer series, the solid materials ranged
from clear (PMMA) to light yellow (poly IL-Br), with an increasing appearance of yellow
color as IL-Br content increased. All samples were transparent.
The samples ranging from PMMA to 60% IL-Br content were dry to touch. The
samples containing 75% IL-Br were slightly tacky solids. Samples of poly IL-Br were waxy
solids. This behavior was interesting when compared to the dry, hard physical state of the
rest of the composition series since most residual solvent had been removed, as later
evidenced by TGA. Poly IL-Br was heated inside a screw-capped culture tube at 100 °C in a
glycol/water bath to see if the sample exhibited flow at elevated temperature. The tacky
sample was stuck to the side of the culture tube, a few inches from the bottom, when it was
initially placed in the bath. After 5 min of equilibration at 100 °C, the tube was removed
from the bath. The poly IL-Br sample had flowed down the side of the tube and had begun to
pool in the curved tube bottom. The flow characteristics of solution polymerized poly IL-Br
would be a good opportunity for future study.
All isolated solid compositions were soluble in DMF. Poly IL-Br was soluble in
water up to at least 1% (w/w), which was expected due to the hydrophilic Br- counter ion.
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8.2.1 Thermogravimetric Analysis
TGA analysis was performed on a series of the copolymer compositions including
PMMA, 1% IL-Br, 2% IL-Br, 50% IL-Br, and poly IL-Br (Figure 8-1). As evidenced in the
TGA data of the bulk copolymer rods, thermal stability initially increased compared to
PMMA as IL-Br content increased. In contrast to the bulk copolymer data, increased
stability was seen at 50% IL-Br content. Poly IL-Br was less thermally stable than PMMA.
Solvent retention in the dried samples ranged from 2 – 4%, with poly IL-Br retaining the
highest amount.

Figure 8-1. TGA analysis of solution polymerized poly IL-Br/PMMA copolymers. Thermal
stability increases compared to PMMA with 1%, 2%, and 50% IL-Br content. Poly IL-Br is
less thermally stable than PMMA.
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8.2.2 Molecular Weight Analysis
Samples of the isolated poly IL-Br/PMMA solution copolymer series were sent to Dr.
Thomas Mourey and Lisa Slater at Eastman Kodak Company, Rochester, NY, for molecular
weight analysis by SEC. A previous attempt had been made to analyze the molecular
weights of the bulk polymerized poly IL-Br/PMMA copolymer series, but all rods were
insoluble in every solvent tested and therefore could not be analyzed by SEC (see Chapter 7).
The solution copolymers, however, were soluble in DMF.
Initially, a polar SEC column was used with DMF/0.01M LiNO3 as eluent, which was
not successful. Improper elution also occurred in DMF using polystyrene resin along with
formic acid/LiNO3 and N-methyl pyrrolidone/LiNO3 at elevated temperatures. Successful
elution was achieved using 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) along with
tetraethylammonium nitrate (TEAN). Dr. Mourey suggested that the TEAN prevented
hydrophobic interactions between the poly IL-Br and the polystyrene column. Lightscattering detection, via a differential refractive index detector, was used to obtain the
average molecular weights of the solution copolymer series. Number average (Mn), weight
average (Mw), and Z-average (Mz) molecular weights for each sample are shown in Table 81. Mn values obtained by calculations involving PMMA-equivalent polydispersity (PDI) are
also included. These values were calculated by finding the PMMA-equivalent polydispersity
(Pw/Pn) through use of a PMMA standard calibration curve and dividing the copolymer Mw
by that value.
The poly IL-Br/PMMA copolymer series showed a relatively uniform set of
molecular weights, around 100,000 g/mol, until IL-Br content reached 75% (w/w). At this
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point, Mw falls to 55,250 g/mol. The IL-Br homopolymer Mw is even smaller at 27,950
g/mol.
Table 8-1. Molecular Weight Analysis Results of Poly IL-Br/PMMA Solution
Copolymers
Wt. %
IL-Br

Mn

Mw

Mz

Mn (PDI)

0

50,450

98,150

159,500

54,600

1

32,050

92,000

159,000

35,800

2

28,950

85,100

151,500

35,900

5

50,150

97,050

159,000

49,600

10

41,950

99,750

176,500

45,100

20

20,900

89,600

180,000

37,500

50

35,390

116,000

302,500

30,400

60

4,720

109,500

344,000

25,500

75

9,340

55,250

145,500

17,200

100

9,360

27,950

144,500

14,500

100

Chapter 9
Conclusion
The polymerizable ionic liquid surfactant, IL-Br, was synthesized and characterized
by 1H NMR, TGA, and DSC. The average melting point of IL-Br was 48 ± 4 °C after
introducing a neutral alumina filtration step prior to isolating the solid from methylene
chloride. IL-Br showed an onset of decomposition of approximately 200 °C by TGA.
The ternary phase diagram of the IL-Br/MMA/water system was constructed at 25
and 60 °C in order to determine the boundary points between the single-phase microemulsion
and two-phase emulsion domains. The region above 75% IL-Br weight fraction was not
investigated. Conductivity measurements were performed across the compositional line
extending from 30/70 IL-Br/water (w/w) to 30/70 IL-Br/MMA (Series 1) within the ILBr/MMA/water system by titrating the IL-Br/MMA stock with the IL-Br/water stock.
Conductivity was also studied along the line extending from the MMA corner to 85/15 ILBr/water (Series 3). Breakpoints were found, signaling transitions in microstructure within
the microemulsions. These microstructural transitions can include transitions from reverse
swollen micelles to micelle clusters to a bicontinuous structure, where continuous phases of
oil and water are separated by a surfactant monolayer, to oil-in-water micellar structures.
The first breakpoint in Series 1 was seen at an IL-Br/MMA/water composition of
30.0/69.7/0.3 and was likely due to the swelling of the reverse micelles with water. The
formation of clusters of these micelles brought about the second breakpoint, occurring at
30.0/69.6/0.4. A third breakpoint was assigned at the IL-Br/MMA/water composition of
30.0/69.2/0.8, resulting from the formation of a string of reverse micelle clusters. Further
breakpoints were not assigned due to high variability between conductivity values in those
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areas between the initial and repeat titration experiments. Breakpoints were not assigned for
the Series 3 compositions for the same reproducibility issues.
Three lines of composition were chosen within the microemulsion region of the ILBr/MMA/water system. The lines of composition for Series 1 and 3 were identical to the
lines of titration for conductivity measurements. Series 2 extended across a compositional
line from the water corner of the phase diagram to 60/40 IL-Br/MMA. Several compositions
were prepared across each line in NMR tubes and thermally polymerized using AIBN at 60
°C. The Series 1 rods ranged from a gel to a solid rod as the ratio of MMA to water
increased across the diagram. Rods 1_4 – 1_6 were translucent after polymerization,
suggesting possible phase separation, which was further supported visually by SEM.
Treating these rods with aqueous 0.1 M KPF6 resulted in the formation of open-cell pores,
imparting varying levels of opacity to the rods, with opacity decreasing as water content
decreased. This porosity was due to ion exchange from IL-Br to IL-PF6, resulting in
increased hydrophobicity of the polymer network. This change in aqueous solubility causes
spinodal decomposition, a local phase separation into regions continuous in both polymer
and water, resulting in a collapse into porous structures for the treated rods. Pore size and
frequency decreased as water content decreased in the rods. Pores were distributed widely,
ranging from 30 nm – 8.0 µm. In open-cell porous areas, nanometer scale pores were located
within the micron-sized pores. SEM analysis of the polymerized microemulsion wafer
treated with 0.1 M KPF6 revealed similar pore structures. TGA data of Series 1 rods
suggested microencapsulation of water within PMMA. DSC analysis of these rods showed
slight Tm depressions for water, further supporting this assumption. Rod Series 3 was
analyzed by DSC to study the effect of composition on Tg values, which ranged from 112.3
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°C (3_1) to 85 °C (3_7). A decrease in Tg was seen with increasing poly IL-Br content.
SANS analysis of the pre- and post-polymerization IL-Br/MMA/water microemulsion
(0.15/0.10/0.75) revealed bicontinuous behavior for the precursor microemulsion, and a
deviation from this behavior for the polymerized wafer at lower Q values. The length scale
of the microemulsion is well preserved after polymerization, differing by less than 10% when
comparing the distance between the two peaks in the graph of intensity versus Q. A
correlation length of 50 Å was reported, as well as a repeat distance of 78 Å. The correlation
length represents the average length of ordered bicontinuous domains, or those without
irregular bending, while the repeat distance represents the average distance between the
continuous oil and water domains, which are separated by surfactant monolayers. The
thermal polymerization of this composition was analyzed by microcalorimetry. The total
heat of polymerization was -54.4 kJ/mol, while the heat of homopolymerization for IL-Br
was -71.7 kJ/mol.
Poly IL-Br/PMMA latexes were prepared from compositions within Series 2. The
IL-Br content prior to polymerization ranged from 2 – 4 % (w/w). TEM analysis showed
particle sizes on the order of 15-22 nm on average, along with agglomerates of particles as
large as 145 nm in diameter. SEM analysis of the TEM grids revealed agglomerates of
similar size. TGA revealed that dialysis of the latexes removes a significant amount of
unreacted IL-Br monomer, with the amount depending on the IL-Br weight fraction before
polymerization. The loss of unreacted IL-Br monomer was approximately 31% by weight in
the films cast from 2% and 3% IL-Br content dialyzed latexes, with the 4% film showing a
smaller reduction of 12%. This may be due to more complete polymerization in the 4% ILBr content latex. DSC analysis also showed that dialysis results in increased Tg values for
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each latex, due to the removal of residual surfactant monomer. The dialyzed latexes were
subjected to salt stability testing in aqueous solutions of NaBr, NaBF4, and KPF6. Onset of
turbidity, signaling loss of latex stability due to increased hydrophobicity of the IL head
group after ion exchange, was determined both visually and by UV/Vis analysis. As
expected, the latexes lost stability at lower concentrations of KPF6 when compared to NaBF4,
due to the greater hydrophobicity of the PF6- counterion. Average salt concentrations of
visual turbidity onset were as follows: 0.21 ± 0.06 M (NaBr), 7.4 x 10-3 ± 3.7 x 10-3 M
(NaBF4), and 3.5 x 10-4 ± 1.8 x 10-4 M (KPF6). Results obtained by UV/Vis were in close
agreement at 0.24 ± 0.06 M (NaBr), 9.4 x 10-3 ± 2.7 x 10-3 M (NaBF4), and 4.0 x 10-4 ± 8.7 x
10-5 M (KPF6). In a similar process, the solubility product of IL-PF6 in water was estimated
to be 3.54 x 10-7 < Ksp < 7.58 x 10-7 by adding IL-Br monomer to a series of aqueous KPF6
solutions and visually checking for precipitation. Treatment of latex films with 0.1 M KPF6
resulted in porosity throughout the film, suggesting possible application as an effective
primer coat due to improved adhesion in porous substrates.
A series of bulk polymerized poly IL-Br/PMMA homopolymers and copolymers was
prepared in NMR tubes. These rods swelled in several solvents yet dissolved in none of the
solvents tested, suggesting light cross-linking within the rods. This could be a source of
future study, as no cross-linker was used in the formulations.
Solution polymerization of several IL-Br/MMA compositions was attempted to see if
the solubility issues of the bulk polymerized rods could be overcome. Solution
polymerization in DMF, followed by precipitation in diethyl ether and drying at 100 °C
under vacuum, resulted in materials ranging from PMMA to waxy poly IL-Br, in increasing
weight fractions of poly IL-Br. DSC analysis revealed Tg values ranging from -45.5 (poly
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IL-Br) to 107.9 °C (2% IL-Br). The IL-Br homopolymer also flowed when heated to 100 °C
in a temperature controlled bath. This is interesting behavior that could be a subject of future
investigation. These materials could all be dissolved in DMF, so they were sent for
molecular weight analysis. The Mw values ranged from 27,950 (poly IL-Br) to 116,000
g/mol (50/50 IL-Br/MMA). Weights were relatively constant in the 100,000 g/mol range
until IL-Br content exceeded 60% (w/w).
The present study has shown that the polymerizable ionic liquid surfactant IL-Br can
be used to prepare a wide variety of materials, ranging from latexes to solid rods when
copolymerized with MMA in bulk, solvent, and aqueous microemulsion systems. The goal
of determining the dependence of physical properties of various materials upon their
compositional location in the IL-Br/MMA/water system was achieved but is not complete.
Several opportunities exist for further in-depth study of the properties and uses of these
materials and coatings. The effect of varying chain length on the properties of IL-Br could
be studied, as well as the effect of ion exchange with a new set of counterions. The region
above constant 75% IL-Br by weight in the IL-Br/MMA/water ternary phase diagram could
be examined to determine whether the single-phase microemulsion domain continues through
that region. Finding an acceptable non-azo initiator to use in the bulk polymerization of poly
IL-Br/PMMA rods could possibly allow high poly IL-Br content rods to be analyzed by
DMA through the elimination of voids within the rods caused by the entrapment of evolved
nitrogen gas in the viscous samples. While a block copolymer structure was tentatively
proposed for poly IL-Br/PMMA materials based on TGA data, further investigation is
needed to obtain more conclusive results, such as NMR analysis. The method of measuring
conductivity within the IL-Br/MMA/water system needs to be refined in order to improve
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reproducibility between experiments. Alternative methods of measuring conductivity could
be examined as well. Testing new applications for poly IL-Br/PMMA latexes may prove
commercially useful. Many interesting physical and mechanical properties were observed in
the course of this study. However, many of these properties were only briefly investigated
and would benefit from the suggested future studies, providing more insight into the potential
applications of IL-Br and related compounds.
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