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ABSTRACT: Photopolymerization coupled with mask projection micro-
stereolithography successfully generated various 3D printed phosphonium
polymerized ionic liquids (PILs) with low UV light intensity requirements
and high digital resolution. Varying phosphonium monomer concentration,
diacrylate cross-linking comonomer, and display images enabled precise 3D
design and polymeric properties. The resulting cross-linked phosphonium
PIL objects exhibited a synergy of high thermal stability, tunable glass
transition temperature, optical clarity, and ion conductivity, which are
collectively well-suited for emerging electro-active membrane technologies.
Ion conductivity measurements on printed objects revealed a systematic
progression in conductivity with ionic liquid monomer content, and thermal
properties and solvent extraction demonstrated the formation of a
polymerized ionic liquid network, with gel fractions exceeding 95%.

Ionic liquid monomers provide unique macromolecules that
incorporate cationic sites either pendant to or within the
polymer backbone with an accompanying mobile counteranion.
These charged polymers provide beneficial properties such as a
complement of ionic conductivity, thermal and chemical
stability, and anion exchange capability. Most studies describe
polymers containing ammonium, imidazolium, and 1,2,3-
triazolium cations with mobile counteranions such as halides,
tetrafluoroborate (BF,), hexafluorophosphate (PF), and bis-
(trifluoromethanesulfonyl)imide (T£,N)." Our current re-
search has demonstrated advantages of phosphonium poly-
merized ionic liquids (PILs) with improved thermal stability,
enhanced ion conductivity, and more eflicient nucleic acid
delivery compared to ammonium and imidazolium analogues.
Limited commercial availability of phosphonium monomers
impeded the design of phosphonium PILs and favored the
development of ammonium and imidazolium PIL derivatives.
However, an expanded commercial phosphine library has
recently enabled the synthesis of low viscosity, high
conductivity phosphonium monomers, and resulted in the
production of diverse phosphonium-containing macromole-
cules, including homopolymers,4 random copolymers,® and
block copolymers.’ Current research efforts reveal phospho-
nium PILs as candidates for ion conducting membranes due to
the cationic functionality within each polymeric repeat unit, and
the earlier literature suggests impact on technologies ranging
from electromechanical actuators’”® and gas separation
membranes'®”"* to ion exchange membranes."*”"” The
simultaneous enhancement in thermal stability and ion
conductivity for phosphonium PILs promises opportunities to
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enable higher temperature applications, which is critical for
demanding aerospace, electronics, and transportation indus-
tries.

Enhanced thermal stability of phosphonium PILs stems from
a preferred degradation process involving a high temperature
nucleophilic substitution mechanism, unlike ammonium
derivatives that generally favor Hofmann elimination with a
counteranion abstraction of a f-hydrogen. Long et al. recently
described these mechanisms in a systematic comparison
between ammonium and phosphonium PILs, which examined
structure—property relationships and elucidated the influence
of cation selection, alkyl substituent length, and counteranion
on thermal properties, ionic conductivities, and morphologies.'®
Elabd and Winey et al. also extensively examined structure—
property relationships of imidazolium PILs and reported the
impact of counteranion selection and functional substituents on
tailoring PIL glass transition temperature (T,) and electro-
chemical properties for enhancing ionic conductmty ' These
studies systematically confirmed that reduced T, values favored
increased ionic conductivity. Other precedent literature
supports these claims and specifically describes trifluorometha-
nesulfonate (TfO) and bis(trifluoromethanesulfonate)imide
(TE,N) counteranions to tune T, and ionic conductivity.”>?*!
Various polymerization and postpolymerization strategies for
synthesizing phosphonium PILs exist in the literature. McGrath
et al. reported the synthesis of poly(arylene ether) main chain
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phosphonium-containing ionomers for high- performance ap-
plications, such as ion exchange membranes.”” Long et al.
studied structure—property relationships of random and block
copolymers involving phosphonium styrenic salts containing
either methyl, ethyl, propyl, butyl, or octyl chains.>®'®** Other
synthetic studies disclose atom transfer (ATRP)** and
reversible addition—fragmentation transfer (RAFT)*>*® poly-
merization methods for achieving well-defined phosphonium
PILs.

Concurrent advances in fabricating devices from novel
monomers and polymers are also needed to meet these
technologies. Additive manufacturing, often referred to as 3D
printing, where objects are constructed in a layer-by-layer
fashion, enables the design and creation of geometrically
complex objects with tailored topology, and thus, functionality.
Stereolithography (SL), a well-established additive manufactur-
ing technology, is used to create objects with features <100 pm
by selectively scanning an ultraviolet (UV) laser beam across a
reservoir of photopolymer resin. In mask projection micro-
stereolithography (MPuSL), a modification of the SL process,
an entire cross-sectional layer of photopolymer is cured upon
projecting digitally patterned UV light with a dynamic mask
(e.g, a digital micromirror device, commonly found in digital
projectors).”” Unlike traditional SL processes, the laser beam
radius or scan speed does not limit MPuSL and, thus, enables
the fabrication of feature sizes smaller than 10 ym, while also
reducing build times by an order-of-magnitude.** > MPuSL’s
ability to selectively pattern UV light in a layer-by-layer
fabrication process provides the opportunity for tailoring
polymer architecture and material properties across multiple
length scales in 3D space. The goal of this work is therefore to
develop photo-cross-linkable ionic liquids for this process to
enable the production of complex micron-scale electro-
mechanical objects. Herein, we report photopolymerization
strategies coupled with additive manufacturing to achieve 3D
printed phosphonium PILs in order to demonstrate the first
example of 3D printing of an ion-conducting polymer.
Conventional strategies for printing ion-conducting materials
are limited to conductive composites, which require additional
production cost and energy, and often results in printed objects
with potential composite leaching. We introduce the potential
synergy between MPuSL technology and ionic liquids to form
cross-linked networks with chemically bound charged species
for enhanced charge stability and extended ion-conductivity.

Scheme 1A depicts the synthetic strategy for achieving the
phosphonium ionic liquid monomer, 4-vinylbenzyl trioctyl
phosphonium bis(trifluoromethanesulfonate)imide
(TOPTL,N). Subsequent quantitative anion exchange of the
phosphonium chloride salt precursor (TOPCl) with Tf,N
resulted in the TOPTE,N liquid monomer at room temper-
ature, which exhibited a melting temperature (T},) below —90
°C and an onset of degradation temperature (T;) of 420 °C.
The notably low T, for TOPTL,N classifies the monomer as a
polymerizable room temperature ionic liquid, while the high T,
value suggests the potential for poly(TOPTE,N) in high-
temperature electro-active devices. The anion exchanged
monomer did not dissolve in nonpolar solvents such as
hexanes in contrast to the precursor TOPCI. This counteranion
dependent solubility suggested that the association between the
phosphonium cation and the bulky Tf,N anion was relatively
weak.

TOPTEN unexpectedly revealed improved miscibility with
polar reagents, including UV-curable diacryclic monomers such
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Scheme 1. (A) Anion Exchange of Phosphonium 4-
Vinylbenzyl Trioctyl Phosphonium Chloride; (B) Synthesis
of Poly(PEGDMA-co-TOPTf,N) and Poly(BDA-co-
TOPTLE,N) Crosslinked 3D Networks
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as 1,4-butanediol diacrylate (BDA) and poly(ethylene glycol)
dimethacrylate (PEGDMA). This enabled diverse photocured
poly(BDA-co-TOPTf,N) and poly(PEGDMA-co-TOPTf,N)
cross-linked networks with increasing mol % incorporation of
TOPTE,N phosphonium ionic liquid monomer. UV-curing
TOPTEN ionic liquid monomer into traditional poly(BDA)
and poly(PEGDMA) cross-linked networks offers an oppor-
tunity to impart thermally stable charged sites for improving
ion mobility, gas diffusion, and salt permeability. Tuning these
properties with phosphonium ionic liquid concentration will
tailor resulting electro-active membranes for advanced
applications in batteries,>"** gas separation,®>** and water
desalination.***¢

Scheme 1B depicts the photopolymerization of poly(BDA-
co-TOPTE,N) and poly(PEGDMA-co-TOPTE,N) cross-linked
networks, including 2 wt % of the photoinitiator 2,2-dimethoxy-
1, 2-diphenylethan-1-one and exposure to a 365 nm UV light
source. Photorheology investigations evaluated the effects of
UV light intensity on cure time and storage modulus (G’) of
the cross-linked networks, which enabled a comparison in
structure-processing relationships between poly(PEGDMA),
poly(BDA), poly(PEGDMAy;-co-TOPTE,N,,), and poly-
(BDAgy-co-TOPT£,N,y) networks (Figure 1). Increasing UV
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Figure 1. Photorheology characterization of (A) poly(BDA) and (B)
poly(PEGDMA) at various light intensity exposure. (C) Photo-
rheology characterization comparing structure-processing relationships
between poly(BDA), poly(PEGDMA), poly(BDAyy-co-TOPTE,N,),
and poly(PEGDMAy,-co-TOPTE,N ) at 5 mW/cm? light intensity
exposure.

light intensity of 5, 10, and 20 mW/cm? revealed faster cure
times for all samples while maintaining a two step G’ transition,
corresponding to the approximate gel point transition from a
viscous to solid state during photopolymerization. Overlaying
the photorheology data for the cross-linked networks at 5 mW/
cm?® elucidated the photoprocessing differences between
PEGDMA- and BDA-containing networks, revealing slower
cross-linking of PEGDMA chains in comparison to the BDA
monomer. The extended photocuring time correlated to the
ethylene oxide spacer within the PEGDMA cross-linking agent,
which also advantageously reduces the T, and imparts network
flexibility during photocuring at room temperature.
Photopolymerization strategies for UV-curing poly-
(PEGDMA-co-TOPTE,N) cross-linked networks coupled with
MPuSL technology achieved layer-by-layer fabrication of
poly(PEGDMA-co-TOPT£,N) cross-linked 3D objects. Liter-
ature reports thoroughly detail the MPuSL operating system
apparatus.”” The process involves a light emitting diode (LED)
that projects light into a series of conditioning optics, which
includes collimating lenses, wavelength filters, and homogeniz-
ing rods. A mirror reflects the conditioned light onto a dynamic
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pattern generator (dynamic mask) parallel to the projection
surface, which then digitally patterns and projects the incident
light as an image. Finally, an optical lens resizes the patterned
light in order to focus the final image on the surface of
photocurable viscous monomers or oligomers. The projected
pattern initiates the cross-linking of monomer or oligomers,
causing a change in phases from a liquid to a solid state during
photopolymerization. During a layer-by-layer process, the first
layer of photocurable monomer or oligomer is cured on a build
platform under an UV intensity of 4.9 mW/cm? (Figure S1).
The build platform repositions such that additional viscous
monomer or oligomer recoats the previously cured polymer to
provide material for creating a subsequent layer. An image of
the next cross-sectional layer projects onto the subsequent layer
and the photocuring process repeats until achieving a final 3D
object.

A diverse range of computer-aided design (CAD) files enable
the additive manufacturing of diverse 3D printed poly-
(PEGDMA-co-TOPT£,N) objects, ranging from 33 mm tall
rectangular test specimens to 8 mm tall 3D cones, hyper-
boloids, and figurines (Figure 2). X-ray microCT scanning

Figure 2. Mask projection microstereolithography successfully 3D
prints poly(PEGDMA-co-TOPT£,N) 33 mm tall rectangular test
specimens, 8 mm tall cones, 8 mm tall hyperboloid, and 8 mm tall
figurine.

reconstructed a CAD image of the poly(PEGDMA,-co-
TOPT£,Ny) 3D cones, demonstrating systematic efficiency in
reproducing CAD designs (Figure 3). Scanning electron
microscopy (SEM) images of the poly(PEGDMAy,-co-
TOPTE,N,) 3D hyperboloid depicts well-defined architecture
and build reproducibility in the complex object (Figure 4). The
surface roughness depicted in both X-ray microCT and SEM
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X-Ray microCT
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Figure 3. X-ray microCT image of 3D printed poly(PEGDMA90-co-
TOPTE,Ny,) cones in comparison to original CAD design.

Figure 4. Detailed images of 3D printed poly(PEGDMA90-co-
TOPTE,Ny,) hyperboloid with optical microscopy and scattering
electron microscopy.

images is consistent for all printed objects and is attributed to
the microstereolithography build process.

Varying the mol % incorporation of TOPTE,N achieved a
series of 3D, 33 mm X 6 mm X 2 mm test specimens including
poly(PEGDMA), poly(PEGDMA-co-TOPTH,N;), poly-
(PEGDMAy,-co-TOPTF,N,,), poly(PEGDMA,-co-
TOPTE,N,;), and poly(PEGDMAy-co-TOPT£,N,,). Soxhlet
extraction with THF at reflux for 24 h determined wt % gel
fraction for all test specimens, revealing gel fractions of 93—97
wt % and confirming high UV-curing efficiency (Table 1).
Thermogravimetric analysis (TGA) probed the thermal
properties for the various poly(PEGDMA-co-TOPTf,N)
samples and confirmed corresponding target wt % incorpo-
ration of TOPTE,N (Table 1 and Figure S2). The TGA
transitions for the poly(PEGDMA-co-TOPT,N) samples
exhibited a two-step thermal degradation profile with the initial

step (T sopmtioss) OCCurring at approximately 320 °C, corre-
sponding to PEGDMA degradation, and the second step
occurring at approximately 420 °C, correlating with the T4 of
TOPTEN. Increasing mol % incorporation of TOPTEN
resulted in two-step weight loss profiles that varied in wt %
remaining. For poly(PEGDMA-co-TOPT£,N) test specimens
with 5, 10, 25, and 40 mol % TOPTLN, second step TGA
transitions revealed an increase in wt % remaining values that
corresponded to 7, 13, 30, and 46 wt % TOPTE,N. The
observed increase in wt % TOPTE,N compared well to the mol
% values and confirmed the incorporation of the TOPTEN.
Differential scanning calorimetry (DSC) elucidated the effects
of increasing TOPTE,N content on T, values for the 3D
fabricated poly(PEGDMA-co-TOPT£,N) test specimens (Table
1). As anticipated for cross-linked networks, increasing mol %
content of TOPTf,N resulted in an observable slight
depression in T,. The control poly(PEGDMA) sample revealed
a T, of —10 °C, which gradually decreased to —18 °C for 40
mol % TOPTE,N. The observed trend in decreasing T,
correlated to the increasing content of polymerized phospho-
nium ionic liquid within the photo-cross-linked PEGDMA
matrix.

Consistent with previous literature reports, a lower T,
increased ionic conductivity for the 3D fabricated poly-
(PEGDMA-co-TOPTf,N) test specimens (Figure S). Ionic
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Figure S. Ionic conductivity for poly(PEGDMA-co-TOPTf,N) 3D
printed rectangular films with 10, 25, and 40 mol % TOPTL,N. The
relative humidity was maintained at 10% over the 60 to 150 °C.

conductivity in single-ion conductors strongly depends on
frequency and temperature.’”” The value of DC conductivity is
defined as the in-phase component of the conductivity, which is
independent of frequency over a 3-decade frequency range.
Poly(PEGDMA-co-TOPT£,N,,), which has the highest mol %
of the phosphonium ion-conducting units, exhibited the highest
ionic conductivity and the lowest T, Ionic conductivity
decreased with increasing mol % of PEGDMA and correlated

Table 1. Thermal Properties, Percent Gel Fraction, and VFT Fitting and Analysis of PIL Conductivity Data for Poly(PEGDMA-

co-TOPT£,N) 3D Printed Rectangular Test Specimens”

sample % gel fraction Ty, (°C) Ty, (wt%)
cross-linked PEGDMA 94 320 100
poly(PEGDMA4-co-TOPTE,N;) 95 320 91
poly(PEGDMA,y-co- TOPTEN],) 97 320 83
poly(PEGDMA-co-TOPTE,N,;) 95 330 68
poly(PEGDMAy-co-TOPT%,N,;) 93 330 60

Ty, (°C) Ty Wt%) T, (°C) o (Sem™) B (K)  Tp (K)
NA NA -10 -8.75 411 292
420 9 -10 NA NA NA
420 15 -14 -2.34 1376 193
420 35 -16 -2.15 1085 217
420 40 -18 -1.04 2034 127

“% gel fraction: wt% remaining after reflux in THF for 24 h; Ty,: first step thermal degradation; Tj,: second step thermal degradation.
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closely with the phosphonium-containing charge concentration,
where the poly(PEGDMA) revealed the lowest ionic
conductivity. These results agreed with our previous studies
that compared conductivity of phosphonium and ammonium
PILs, revealing a comparable conductivity range at the
operating temperature for the cross-linked networks with
increasing phosphonium PIL content. All specimens for
conductivity measurements were performed at 10% relative
humidi?r, and the control poly(PEGDMA) agreed with earlier
reports.”® While the effects of a lowered T, optimized ionic
conductivity, TGA-sorption analysis also confirmed negligible
effects of water adsorption of poly(PEGDMA-co-TOPT,N)
test specimens. While increasing mol % of TOPTL,N revealed
increasing water uptake with time, the hydrophobic Tf,N
counteranion in a PEGDMA matrix limited water uptake to less
than 0.5 wt %.

Future studies will focus on expanding phosphonium PILs
into more complex and well-defined conductive objects for
emerging electro-active membrane technologies. Varying
phosphonium charge concentration, cross-linking monomers,
and digital images will enable the construction of diverse 3D
printed phosphonium PILs with tunable nanoscale structures,
3D designs, and conductive properties. MPuSL advantageously
offers control in customizing 3D objects and, in combination
with novel polymer compositions, provides an exciting
approach for designing and optimizing additive manufacturing
technologies.
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