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Photopolymerization of Ionic Liquids — A Mutually
Beneficial Approach for Materials Fabrication

Ryan Guterman** and Christene A. Smith"

Abstract: Photopolymerization is a convenient fabrication
technique with the power to control the polymerization in
both time and space, be solvent free, and use simple
equipment to initiate the polymerization reaction. These
features are conditional on use of liquid monomers and
crosslinkers that do not require solvent for processing. One
class of compounds that provides these opportunities are
ionic liquid (IL) monomers, which possess negligible vapour
pressure and are free-flowing liquids at room temperature.

Keywords: ionic liquids - Photopolymerization - membranes - UV curing -

1. Introduction

The earliest recorded instance of photopolymerization dates
back to the ancient Egyptians who used sunlight to prepare
linens for mummification."! Today however, modern science
has combined photochemistry and polymers to produce
materials that have fundamentally altered human society. For
example, the Information Age would not be possible without
the integrated circuit found in all electronic devices, whose
manufacture relies on photolithography, a process where
polymers are patterned using light. Some products that utilize
photopolymerization include optical fibers,” lenses,”* micro
fluidic devices,” coatings,”® and dental resins.”!
Photopolymerization is distinct from traditional polymer
science both in approach and application. Photopolymerization
focuses on crosslinked polymer networks (referred to as
thermosets, or simply “networks”) almost exclusively, which
do not dissolve or melt, while traditional approaches utilize
linear polymers (referred to as thermoplastics) that dissolve
and can be manipulated/handled after fabrication. While these
differences may appear superficial, in practice they are very
different. Unlike homopolymers, crosslinked polymers cannot
undergo post processing (such as solvent casting, molding, or
extrusion), limiting some of their applications while expanding
into others (coatings, photoresists, and 3D printing to name a
few). Networks may be created with heat, although using light
has some specific advantages. Light is cheaper, uses less
energy, requires less space, can be performed at room temper
ature, is faster, and can be controlled both in time and space."”
To fabricate a photopolymer network, a substrate or mold is
coated/filled with liquid monomer (also known as “resin”,
usually containing no solvent), followed by irradiation with
UV light to induce hardening. The convenience of this
technique has prompted its widespread use in coatings

For these reasons, ILs and photopolymerization are comple-
mentary to each other towards the fabrication of electrolyte
materials by circumventing the innate difficulty in processing
PILs as melts. Instead, the electrolyte polymer is formed as a
crosslinked material directly where it will be used. In this
review, we outline recent work demonstrating the key benefits
of this unlikely marriage, including formulation design,
applications in coatings, membranes, and others.

coatings

fabrication, often replacing thermal methods in recent years.
Photopolymerized coatings can be applied to metal, wood,
glass, and even heat sensitive substrates like plastic and paper.
Depending on the application, they can provide chemical
function, prevent weathering, provide impact or chemical
resistance, or prevent corrosion.'""? The gentle polymer
ization conditions is also convenient for the synthesis of
hydrogels for cell encapsulation!*'4 and tissue scaffolds,!>'%!
which would be difficult to achieve using thermal methods.
One particular limitation of photopolymerization is that
the monomer must either be liquid or sufficiently soluble in a
solvent (usually at very high concentrations). The growing
polymer chain can only effectively propagate and attain high
functional group conversion from the liquid phase when
concentrated. For the synthesis of crosslinked polyelectrolytes,
this is a significant problem since most ionic organic
molecules are solids at room temperature and display poor
solubility in conventional organic solvents. To fully benefit
from the speed and versatility of photopolymerization, the
resin system should contain zero solvent and be liquid at room
temperature. For decades, the liquid nature of ILs has played a
critical role in their use and implementation. While mostly
imagined as solvents and/or electrolytes,'™® their use as a
monomer is more recent. A variety of polyelectrolytes or
“poly ionic liquids” (PILs) have been synthesized from IL
precursors and used as ion conductors,!"® 2 binders,* ! metal
stabilizers,”** among others.” Their preparation is typical of
other free radical polymerizations and can be controlled to
create  block copolymers,***"! dendrimers/branched poly

[a] R. Guterman, C. A. Smith
Max Planck Institute of Colloids and Interfaces
Am Miihlenberg 1, 14476 Potsdam, Germany
E mail: ryan.guterman@mpikg.mpg.de
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mers,®>*¥ and others. In these cases, ILs are treated simply

like any other polymerizable monomer; they are dissolved in a
solvent, polymerized, and then purified. In such a case, the
liquid nature of ILs is not hamessed in any meaningful way.
As well, the produced polymer cannot be melted/molded and
instead must be cast from solvent, thus limiting their
applications. Photopolymerization offers a different approach
for polyelectrolyte synthesis by specifically harnessing the
liquid nature of ILs. For this reason, the merging of ILs and
photopolymerization can be considered a mutually beneficial
natural progression. ILs can be casted, molded, and shaped
without solvent prior to irradiation and thus comprise nearly
100% electrolyte in the final material. In fact, this approach
can be considered the simplest possible method for polyelec
trolyte fabrication and thus has significant importance for
practical implementation. In this review, we examine some
key examples where this marriage is highlighted.

2. Background
2.1 Polymeric lonic Liquids

The development of polymeric ionic liquids has been ongoing
since the end of the 20" century. The idea of “task specific”
ionic liquids designed for specific functions, rather than their
conventional use as solvents/electrolytes, broadened the utility
of these compounds beyond their conventional roles.?* While
there are some examples for the polymerizasion of cationic
vinyl monomers since 1970s,%**9 it was only around the year
2000, pioneered by Ohno eral., that vinylimidazolium and
vinylpyridinium salts were pursued as monomers for the
creaion of solid polymer elecwolytes.*” *) Since then,
polymeric ionic liquids have become ubiquitous in the
literature with research led by Long®*! Texter,#*
Yuan, *% Merceyyes,?****?  Shaplov,*! *! Drockenmul
ler,* %8 and others to name a few."* The improved
processability of polymers combined with the chemical utility
and derivatizability of ionic liquids is the comerstone for their
interest and broader use.

2.2 Photopolymerization

Photopolymerization as a fabrication technique dates back to
the mid 20" century and earlier. It can be described as the
creation of a polymer from low molecular molecules by
exposure to light. This includes both direct excitation of
double bonds, but also via sensitization or cleavage of
photoactive compounds, referred to as photoinitiation. By far,
photoinitiated polymerizations are the most common and
versatile approaches and proceeds either by typical free
radical or cationic polymerization mechanisms. Initial interest
in photoinitiated polymerizations focused on the analytical
benefits of intimately controlling the polymerization with a
“switch” and studying polymerization kinetics.®") During this
time, a great deal of effort was invested in understanding the
photophysical properties of initiators and their subsequent
chemistry. In addition to the initiator, monomers that can
crosslink the growing chains are also included and promote
the formation of an insoluble, robust polymeric material. This
combination of initiator + monomer 4 crosslinking agent is
often referred to as the “resin”. These key investigations were
required for the eventual use of photopolymerization as a
practical fabrication method, since the mild conditions and
quick nature of this process provided access to previously
impossible polymerization scenarios. To understand the sig
nificance of this, it’s important to realize that thermal
polymerization methodologies were developed and used much
earlier and ofien produced materials with better mechanical
and thermal properties. Key challenges were overcome in
order to take full advantage of photopolymerization method
ologies, including oxygen inhibition, proper light source, resin
formulasion, initiator choice, and most of all, volumetric
shrinkage.!"®$? The conversion of a liquid to in a solid within a
matter of seconds produces stress within the material that
would otherwise be dissipated if done at higher temperatures
over longer periods, such as in conventional thermal polymer
izations.”® The push towards greener technologies in the late
20" century resulted in a shift from thermal initiation, which
requires excess energy, wider floor space, and VOC manage
ment, to photoinitiation, which can be done solvent free, with
less energy, less space, and higher throughput. Today, photo
polymerization methodologies are being applied to adhesives,
metal finishes, graphic and decorative coatings, medical
devices, and even fingemail finishes, among many other
materials.
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3. Photopolymerized ILs and their Application

In this section the synthesis and properties of photopolymer
ized ionic liquids will be presented. Strategies for monomer
design, material fabrication, and their application will be of
particular focus. We do not focus here on photopolymeriza
tions in ionic liquids, but rather of ionic liquids.

3.1 IL Monomers and Formulation Design

The versatile nature of ILs has led to the development of many
different photopolymerizable monomers. Many of the IL
monomers used for conventional free radical polymer syn
thesis may also be used for photopolymerization; however, it
is important that the monomer (and its mixture) be liquid at
room temperature. As well, compatibility between the growing
polyelectrolyte and its medium must also be considered.
Polyelectrolytes tend to have very poor solubility relative to
their monomer and may precipitate during curing. For this
reason, formulations must be designed to ensure the highest
degree of curing with no precipitation of polyelectrolyte. In
Figure 1, a collection of photopolymerizable monomers, cross
linkers, and photoinitiators is shown. Vinyl and (meth)acrylate
IL monomers are by far the most common and include both
phosphonium, imidazolium, and ammonium varieties. These
monomers are almost always copolymerized with crosslinkers
to form an insoluble and durable material. Neutral crosslinkers
like (poly)ethyleneglycol di(meth)acrylates and divinylben
zene are commonly used; however, their introduction will
result in a decrease in ion content within the final material.
For this reason, a number of IL crosslinkers have been
developed in order to keep ion content high while still
introducing crosslinks in to the material. Initiators can be
categorized as type I or type II initiators, which refer to their
mechanism for initiating the polymerization. Type I photo
initiators homolytically cleave upon excitation and produce
radicals that can begin the polymerization process. Type II

photoinitiators are excited upon irradiation and must interact
with a second molecule to create the iniating species. In
Figure 1, commonly used type I initiators are shown, with the
two phenyl ketone varieties that absorb UV light, and a visible
light phosphine oxide initiator.

The procedure for photopolymerization follows a general
approach. Photoinitiator, IL. monomer, and additional cross
linkers are mixed together until a homogenous solution is
formed. The liquid resin is then cast on to a surface or filled in
to a mold, and then exposed to light (usually UV) until
polymerization is complete. Oxygen inhibition can be elimi
nated by performing the polymerization under a nitrogen or
CO, atmosphere and will allow for less amounts of initiator to
be used. The curing time depends on the intensity of the light
and the concentration of initiator. The materials are analyzed
by IR spectroscopy to ensure that near complete conversion of
the olefin groups has taken place. High functional group
conversion with minimal amounts of initiator is desired in
order to produce the best performing materials.

3.2 Photopolymerized IL Coatings

Polymer coatings are designed to improve durability, impart
functionality, and/or improve the appearance of surfaces. The
thin (< 1 mm) nature of coatings lends well to photopolymeri
zation as a fabrication technique, which is effective for the
polymerization of thin cross sections. The facile nature of
photoinitiation allows for roll to roll processing of coated
substrates with relative ease. The liquid nature of ILs makes
deposition on the substrate very simple, and can be achieved
either by spraying or doctoring the viscous formulation on to
the surface of the substrate. Previously we demonstrated that
crosslinked IL coatings can be produced in seconds using the
doctoring conveyor method on plastic substrates (Figure 2).'*"
A mixture of ~50 wt% (3 (acryloyloxy)propyl)tributylphos
phonium bromide with crosslinker and photoinitiator produced
highly crosslinked films with exchangeable bromide anions.

Monomers Crosslinkers Photoinitiators
©
R X'®

Figure 1. Chemical structures of common IL monomers, crosslinkers, and photoinitiators for photopolymerization.
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Deposition Photopolymerization Anion Modification
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Figure 2. Schematic approach for the deposition, casting, photo
polymerization, and subsequent anion exchange of a phosphonium
PIL coating with Au,sl,s~ nanoparticles. This entire fabrication chain
occurs within a matter of seconds. Copyright 2013 American
Chemical Society.*

The ability to fixate ILs on a surface with such ease imbues
these coatings with the useful chemical properties of ILs and
accelerates the integration of highly charged surfaces in to
practical systems. The first application we examined was
anion exchange. The benefit of using ILs with halogen anions
is the ability to quickly exchange anions from solution on to
the IL coating. Anion exchange is also a very mild approach
to immobilize molecules on to a surface since it does not
require any covalent bond formation/breakage. For example,
Au,sL s~ nanoclusters were easily exchanged on to a photo
polymerized IL coating and retained their sensitive photo
chemical properties in the solid state. The use of ILs to
fabricate the coating ensured that a large number of anion
exchange sites were available, on the order of 1.4 x 10" cm™
and can be tuned depending on the amount of IL. Anion
exchange is also reversible and allows for the regeneration of
the original coating when immersed in concentrated bromide
solution. In total, coating deposition, polymerization, and
anion exchange only takes a matter of seconds and approaches
the limits of high throughput processing.

One issue with these formulations is the replacement of IL
with neutral crosslinker, which is needed to provide the
coating with mechanical integrity. This use of a crosslinkable
phosphonium ionic liquid would allow for the fabrication of
highly crosslinked, non swellable PILs with nearly 100% IL
content.'” Materials comprised of highly crosslinked ILs
possess very low swellability and are thus excellent candidates
for anion exchange printing applications. For example, a
PDMS stamp coated with dodecylbenzenesulphonate (DBS)
was pressed on to a highly crosslinked PIL film, resulting in a
transfer of DBS to a PIL surface (Figure 3). This newly
introduced anion is hydrophobic and can create a passivating
layer on the PIL’s surface. Immersing this film in to an anionic
dye resulted in anion exchange on the hydrophilic regions at a
faster rate than the DBS exposed regions. This kinetic
difference in anion exchange can be harnessed to create a
simple patterning method whereby the pattern is ionically
bound to the surface and cannot be washed off with water or
solvents.

2

fluorescein
solution

Hydrophobic

Hydrophilic

Figure 3. PDMS stamp functionalized with sodium DBS is brought
into contact with the phosphonium polymer coating. DBS ion
exchanges onto the cationic PIL creating a hydrophobic surface. The
untouched regions remain hydrophilic and are then functionalized
with a different anion (sodium fluorescein). Copyright 2015 Ameri
can Chemical Society.'*!

We also examined these materials as contact active
antibacterial coatings.””' The good toughness of these cross
linked materials coupled with the high charge density at the
surface provides an opportunity to fabricate long lasting and
effective solutions to combat infections. The key here is the
simplicity in applying these materials on pre existing sub
strates, such as railings and elevator buttons, with their
longevity. This feature allows surfaces already in use to be
coated, which would not be feasible with thermal initiation.
Unlike many antibacterial coatings that release biocidal
compounds, contact active surfaces do not lose their activity
over time, so long as the surface is exposed to the bacteria. We
found that photopolymerized phosphonium coatings prevented
the growth of E. coli and S. aureus and resisted adhesion of
the bacteria in the latter case. Furthermore, the phosphonium
ILs were less toxic to mammalian cells in comparison to
ammonium biocides, and is thus a promising candidate as a
practical coating.

PILs synthesized by RAFT polymerization are also photo
polymerizable in some formulations. The trithiocarbonate unit
at the growing end of the PIL allows for its covalent
incorporation in to the polymer network upon exposure to
light.!®! These materials can then be used to immobilize
AuCl,” within the coating by anion exchange (Figure 4). In
this case, simply by controlling the crosslink density of the
polymer, different anion exchange capacities can be realized,
despite all films containing the same mass fraction of PIL.
Upon reduction with NaBH,, different concentrations of gold
nanoparticles are formed within the film. Interestingly, the
regeneration with fresh AuCl,” and reduction with NaBH, can
be cycled many times to increase the concentration of gold
nanoparticles within the material. The benefit of using photo



el
Q.
=
(%]
(72]
=)
c
©
=
—
o
(=
)
=]
<
n
/]
S
't
(2]
-
5
T
c
©
(72}
1
O
)
(&)
Y
o
(2]
-
=]
-
=
(2]}
=
4
5]
=
L
o
X
©
=

NaBH,
E————

@ = phosphonium polymer
® =AuCly
® =AuNPs

AuCl; : ;sgld-h:a‘r;opamélesﬂ
Figure 4. Functionalization of a patterned PIL imbedded coatings
with HAuCl, by anion exchange followed by reduction with NaBH, to

form gold nanoparticles. Reprinted with permission from the NRC
Research Press.[*!

polymerization as the fabrication method is highlighted by the
ability to control the polymerization in space, and thus create
patterns that can undergo this chemistry.

3.3 Solid-Polymer Electrolyte Membranes

Developing solid polymer electrolyte membranes can be
imagined as an aim to harness useful properties of ionic
molecules as polymeric materials. This worthy goal can
replace traditional solvent based approaches that can poten
tially leak, and/or evaporate from a device, or over time react
with the components within a device.'®’" For example, an all
solid battery would increase lifetime, eliminate thermal run
away, and have higher energy densities.”"! One problem that
currently exists is that conductivity of a solid polymer electro
lytes is insufficient for current demands, and thus necessitates
new material fabrication techniques and designs in order to
make them useful. The ionic conductivity of polyelectrolyte
membranes depends on a variety of different interconnected
parameters. They include crosslink density of the material,
temperature, humidity, polymer backbone mobility, glass
transition temperature, and the molecular structure of the
ions.”” " Yang et al. demonstrated that the ionic conductivity
of some photopolymerized electrolytes for dye sensitized solar
cells displayed different conductivities depending on these
parameters.””’ Both crosslinked and uncrosslinked poly(vinyl
imidazolium) polymers with either C4 or C8 alkyl substituents
on the nitrogen atom were prepared by photopolymerization.
Ionic conductivity increased dramatically with temperature for
all polymers due to increased mobility of the polymer chains
and an increase in the molecular free volume. They found that
conductivity decreases with greater irradiation times of the
pre polymer resin. The ability to quickly turn on/off the
polymerization process using light dramatically simplifies this
study. Since polymerization is initiated upon exposure to light,
longer irradiation times promote higher functional group
conversion and a greater crosslink density, and thus a material
with a higher glass transition temperature. These stiff, cross
linked polyelectrolytes possess good mechanical properties,

1 /L
T T T T T T 2/T T

T>100°C
PIL1 R
of "= mmmE g , |

5 L]
‘e PIL1+CL(2.5%)
(]
© 4L A, 4
@ A4 44
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A :
§) A 4 L
2= = -~
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Figure 5. The effect small amounts of crosslinker (CL) divenylben
zene has on the conductivity of photopolymerized PIL membranes.
Reprinted with permission from Elsevier.”

but hindered ion transport. Curiously, photopolymerized linear
PILs with C8 chains have a glass transition lower than for C4
(T,=113.62°C vs 122.58°C), but also a lower conductivity.
This illustrates that both molecular structure and polymer
mobility are important parameters for membrane design. The
effect of polymer mobility on the ionic conductivity is
excellently demonstrated by Pina ef al., who showed that the
activation for ion transport in some protic poly(vinylimidazo
lium) TFSI polymer (PIL 1) increased from 4.62 kJ/mol for
uncrosslinked membranes to 21.02 kJ/mol when 7.2 mol %
divinylbenzene was used as a crosslinking agent, thus trans
lating to much lower ionic conductivities (Figure 5)."® Despite
this, a suitable compromise was found using 2.5 mol%
crosslinker, which vastly improved the mechanical properties
and resulted in only a slight increase of the activation energy
to 4.86 kJ/mol.

The separation of gasses by ILs has received much
attention over the past 20 years and has taken a step forwards
upon the fabrication of PIL type membranes. The inclusion of
ILs in a crosslinked PIL matrix promotes retention of the IL
throughout the entire matrix during gas permeation and allows
for extremely high loadings of IL within the polymer. Such
quasi solid state membranes were examined by Noble and Gin
etal. for light gas separation, specifically post combustion
CO, from industrial exhausts.”” Membranes designed specifi
cally for CO, separation at atmospheric pressures could be a
component of a CO, and sequestration system (Figure 6).

Crosslinked phosphonium based PILs were prepared by
photopolymerization of tributyl(4 vinylbenzyl)phosphonium
bis(trifluoromethyl)sulfonyl imide (TFSI) and divinylbenzene
(20 mol %) with 10 40 wt% tetraalkylphosphonium TFSI IL
as a plasticizer.®™ The TFSI anion is commonly used for CO,
separation and/or sequestration by ILs due to their favourable
interactions with CO,.®"¥? With this formulation, membranes
can be fabricated without the use of solvent and are free
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1. Post-combustion Capture
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Figure 6. Conceptual approach for the use of a specialized solid
polymer electrolyte membranes for CO, separation. Copyright 2018
American Chemical Society.?

standing and flexible. The permeability of CO,, CH,, N,, and
H, all increased with increasing IL content within the
membrane. While the PIL provides the mechanical structure,
the encapsulated IL allows for diffusion of these small
molecules through the encapsulated liquid. Membranes con
taining only 10 wt % IL possessed similar permeabilities to the
neat PIL. At these low concentrations, the IL simply fills the
void spaces and is not continuous, thus hindering the diffusion
of small molecules. Membranes containing 40 wt% IL
possessed the highest permeabilities for CO, while the type of
free IL impacted these values, with [P,][TFSI] performing
better than [Pgges][TFSI] (162 vs 111 barrers). Selectivity for
CO, vs CH, decreases with longer alkyl chain lengths and can
be explained by the more favourable interactions between CH,
and the alkyl groups.

3.4 Liquid Crystalline Polymers

Recently there has been interest in photopolymerizing ionic
liquids with liquid crystalline properties to preserve the liquid
crystalline character of the monomers. This section will
discuss efforts in this area in greater detail. In 2007 Firestone
and co workers reported the polymerization of ILs with
methylimidazolium and acryloyl moieties tethered by an eight
carbon chain ([AcrC8mim™][Cl7]) to produce a biomimetic
liquid crystalline hydrogel.™ Methylimidazolium was chosen
for its use in liquid crystal materials and acryloyl for as a
simple photopolyerizable functional group. The monomer
possesses some self assembly properties with the addition of
water (21 % w/w), however these interactions are weak. Photo
polymerization occurred under UV irradiation without an
initiator to give a free standing hydrogel with improved self
assembly properties. Small angle X ray scattering (SAXS)
determined that the polymer adopts an ordered lamellar

bilayer liquid crystalline structure. The bilayers are biomi
metic as both hydroscopic and hydrophobic areas exist, similar
to a cell wall. The resulting polymer reversibly swelled nearly
200 times its original volume when exposed to water, which
changed its morphology from an ordered to a highly
disordered lamellar structure that maintains its multi bilayer
ordering. While the swelling was most significant with water,
they observed that other polar, hydrogen bonding solvents
such as ethanol (45 times increase in volume) were also able
to induce swelling as well.

Following this work, Firestone et. al. reported the use of
this class of monomers ([AcrCnmim™][C17]) for interpenetrat
ing polymer networks (IPNs).®™ This was done by photo
polymerizing the monomer [AcrC10mim™][Cl7], after self
assembly in water and then exchanging the counter anion for
acrylate. The counter anion is then photopolymerized to
produce a free standing IPN that is homogeneous in nature, as
confirmed by a single glass transition in the DSC (differential
scanning calorimetry). SAXS displayed a lamellar structure in
the polymer with small in plane tetragonal pores (Figure 7).
As with their previous polymers of this class, the IPN was able
to swell with water to almost 60 times the original volume
without altering its mechanical properties, proving it to be a
highly robust hydrogel. This IPN has improved dimensional
stability when compared to the respective homopolymers due
to the interpenetration in the material, especially when swollen
with solvent. Also as both hydrophilic and hydrophobic

Beatmey renenn’

o o
P L

Figure 7. (A) Representative polarized optical micrograph, (B) small
angle Xray scattering (SAXS) azimuthally averaged data, and (C)
SAXS 2 D pattern collected on deswollen poly [AcrC10mimp][Cl—].
(D) Representative polarized optical micrograph, (E) SAXS azimu
thally averaged data, and (F) 2 D pattern collected on deswollen poly
[AcrC10mimp][Acr—]. (G) Representative polarized optical micro
graph, (H) SAXS azimuthally averaged data, and (I) SAXS 2D
pattern collected on deswollen poly[AcrC10mimp] inter poly[Acr—].
Copyright 2011 American Chemical Society.®
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regions exist in this material, the authors propose its use in
biomimetic applications, specifically the encapsulation of
guest molecules.

In 2011 Ohno and co workers reported thermotropic
bicontinuous cubic (Cub,;) LC materials containing polymer
ized ammonium lithium complexes, which result in a lithium
ion conductive polymer with interconnected ion channels.®”
These transparent self supported films were made by forming
a complex between LiBF, and the ammonium salt monomer
(1) (Figure 8; molar ratio 4: 1), then allowing the complexes to
self assemble before irradiating it with UV light to induce
polymerization. The monomer itself has a Cub,; phase between
—5 and 19°C upon heating and the monomer complexes also
have a Cub,; phase between —6 and 19°C as well as a
hexagonal columnar (Colh) LC phase between 19 and 56 °C.
The Cub,; is preserved upon photopolymerization when 2,2
dimethoxy 2 phenylacetophenone (1.0 wt%) is used as a
photoinitiator at 10 °C. The films maintain their self assembled
nanostructure upon polymerization, as established by X ray
analysis, and they display greater ionic conductivities than
polymers made from the monomer complexes in both the
isotropic and Colh phases, and comparable conductivities to
the monomer in the isotropic liquid state. This shows that the
interconnected channels from the Cub,; phases act as effective
ion conductive pathways for solid state conductors.

/\/\/\/\/\/\

SRR oKX

) o
Compound 1
@Complexation with LiBF4

Self -Assembly

Heating Heating
—_ p——
- -
Cooling Cooling

Bicontinuous Cubic Phase Hexagonal Columnar Phase Isotropic Phase

Uv-
Irradmuon Irrad:allon Irradiation
at10°C aMO °‘C at70°C

Film-B Film-C " Filmd

Figure 8. Schematic illustration of the preparation of ion conductive
polymeric films. The complex of 1 with LiBF, forms the Cub,; and
Col, phases. Self assembly and subsequent photopolymerization of
the materials in each state yields various polymeric materials having
three different structures: (a) Film B forming the Cuby, nano
structure; (b) Film C forming the randomly oriented columnar
nanostructure; and (c) Film | forming the disordered amorphous
(isotropic) state. Copyright 2011 American Chemical Society.®

Zheng et. al. have also recently reported polymer LCs with
hexagonal and lamellar phases and excellent ionic conductiv
ities, with conductivities of 0.129 S/cm reached for the
hexagonal phase at 25°C and 0.187 S/cm reached for the
lamellar phase at 85°C.™ The polymers were synthesized
from self assembled monomers of 4 dodecyl benzenesulfonic
acid and 3 (1 vinyl 3 imidazolio) propanesulfonate. The topo
logical ordered nanostructured channels of the material are
proton pathways that are fixated in space via photopolymeriza
tion of the monomers with photoinitiator 2,2 dimethoxy 2
phenylacetophenone to give a film with high conductivity, due
to the order and size of the nanostructures.

In 2016 Gin and Roberston described polymers produced
from several vinyl imidazolium salts with ether tethered cross
linking functionalities.®” Photopolymerization was initiated
with  both 2 hydroxy 2 methylpropiophenone and 2
hydroxy4’ (2 hydroxyethoxy) 2 methylpropiophenone. Poly
mers synthesized from monomers containing n alkoxy 2,4
hexadiene achieved the best thermotropic liquid crystalline
phases out of the polymers synthesized. The ester based
polymerizable tethers had more narrow SmA LC phases due
to the lateral polar substituent interactions that interfere with
packing during self assembly. As 2,4 hexadiene is nonpolar
these lateral interactions are no longer an issue and thus
produced polymers with greater LC characteristics.

Marcos and coworkers have recently used ionic dendrimers
as monomers for conductive liquid crystalline dimers."®
Photopolymerization was done without the need of an initiator
to form dimers. The resulting materials exhibit good con
ductivity via nanosegregated ionic channels which may be
used in electrochemical devices.

3.5 Other Examples

Spatial control over the polymerization process by light is the
single greatest advantage of photopolymerization. Precisely
defined materials in time and space can be fabricated with
unparalleled properties or applications, such as ultra light
materials that rely on collimated light to confine the polymer
ization within a liquid monomer pool.® The printing of ILs
by photopolymerization is still in its infancy; however, Long
et al. showed that 3D printing of phosphonium ILs without
solvent is possible (Figure 9)."”" Given the very stringent
formulation requirements of 3D printing, it is unlikely that a
similar material could be fabricated without the use of IL
monomers. For example, polymer comprised of up to
40 mol % trioctyl(4 vinylbenzyl)phosphonium bis(trifluoro
methyl)sulfonyl imide was 3D printed on the sub millimeter
length scale and displayed low glass transition temperatures
and increasing ion conductivity with greater phosphonium
content. This innovation relies on the liquid nature of the
monomer and the freedom in formulation design that this
provides. The ability to photopolymerize directly where the
polymer will be used is a unique advantage that allows for its
application in niche systems. Photopolymerized restorative
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Figure 9. 3D printed phosphonium poly(ethyleneglycol) copolymer
by mask projection microstereolithography. Copyright 2014 Ameri
can Chemical Society.!

resins have become common place in dental practices for tooth
repair and must perform for the lifetime of the tooth. In
addition to shrinkage related problems that often plague dental
resins, bacteria growth is a significant issue and can result in
serious infection. Residual bacteria on the tooth can degrade
the newly applied polymeric components of the resin and
compromise its integrity.”” For this reason, there have been
great efforts to design restorative resins that are bacteria
resistant.””’’ The incorporation of covalently attached quater
nary ammonium salts is one viable long term strategy, since
they will not leach out over time.”*® Some successful
approaches include the copolymerization of ammonium
dimethacrylates,””  dimethylaminododecyl —methacrylate,*!
and dimethylaminohexadecyl methacrylate (DMAHDM). It
was found that resin containing only 3 wt% DMAHDM was
found to be potent against S. mutans, S. sanguinis, S gordonii
and that no drug resistance was developed. The ability to
photopolymerize these salts directly on to the tooth provide
the opportunity to design long lasting restorative materials.

4. Summary

The amalgamation of ionic liquids and photopolymerization
produces a unique approach for the synthesis of polyelectro
lyte materials. In particular, the liquid nature of ionic liquid
monomers provides access to a polymerization method that is
solvent free, fast, and produces a material comprised com
pletely of ionic material. The low viscosity of ionic liquid
formulations ensures that the pre polymer resin can be cast
using existing techniques and that the polymerization occurs
in a liquid solution to form a crosslinked material with high
functional group conversion. The difficulties in post process
ing polyelectrolytes (molding/extruding) are circumvented by
polymerizing ionic liquids directly where they are to be used.
In this way, photopolymerization and polyelectrolyte fabrica
tion complement each other to create an approach that
accelerates their broader use. Crosslinked PIL coatings can be

produced within seconds and are excellent substrates for
anion exchange chemistry and creating antibacterial surfaces.
The high ion content of these materials lends them well for
use in membranes either as solid state conductors for or as for
CO, separation. The incorporation of ionic liquids in to
photopolymerized PILs produces quasi solid state materials
with an interconnected ionic liquid phase throughout a
polymer matrix and improves CO, transport. ILs can undergo
3D printing to create highly charged structures that display
improved conductivity, while the flexibility of photopolymeri
zation allows for the development of restorative materials that
can be applied and polymerized directly on/in the tooth. The
growing interest in photopolymerized ILs can be reflected by
the large number of new patents for IL containing dental
resins, which may lead to some commercial success. In order
to realize the commercial success of these and other
approaches, greater insight must be paid to the development of
new monomer/resin systems. In specific, this includes a deeper
understanding of IL photopolymerization kinetics, mecha
nisms, structure activity relationships, and the translation of
these findings to material fabrication.
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