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Polymeric ionic liquids are a diverse class of ion-conducting materials with tunable properties that can advance the

applicability of additive manufacturing. However, the potential of 3D UV printing of polymeric ionic liquids with metallic

fillers for electronic applications remains somewhat limited. In this work, we formulated photocurable resins using a

methacrylate-based ionic liqguid monomer and crosslinker, with and without gold nanoparticles as fillers. Our results show

that centimeter-scale structures, both free-standing and bonded to a substrate, can be prepared straightforwardly from the

formulations using commercial 3D UV printers. The printed structures exhibited high fidelity, high degree of polymerization,

and high thermal stability, with stiffness ranging from 0.2 GPa to 0.5 GPa. Increasing the gold nanoparticle in the ionic liquid

composites increased the glass transition temperature from -23 °C to -3.5 °C. Polymers without gold nanoparticles had a

conductivity of 10-°S/cm, which increased to 10#S/cm in prints with 1 wt.% of gold nanoparticles. 3D-printed resistors made

from 1 wt.% of gold nanoparticle maintained a stable current profile for several hours. Such a result highlights the potential

to prepare ionic-liquid-based flexible electronic components using commercial 3D UV printers.

Introduction

Stereolithography  (SLA)-  3D-printed  structures  with
polymerized or polymeric ionic liquids (PILs) can open new
applications.® Like their parent ionic liquids, millions of
synthetically feasible PILs can be developed for specific end
uses.* Properties like ion conductivity of PILs > can be harnessed,
in principle, to prepare flexible 3D UV printed ionotronic
devices.® Despite a large body of work,>4? photocurable
formulations in which both monomers and crosslinkers are ionic
liquids, easy to adapt and compatible with commercial 3D UV-
printing, are relatively unknown. Crosslinkers derived from ionic
liquids can increase the ion density of the resulting PILs, but are
rarely reported. The addition of metal fillers to this ionic
polymeric matrix can alter properties such as electrical
conductivity of the resultant polymer composite. For example,
gold nanoparticles (Au-NPs) as a metal filler have been shown
to improve the electrical conductivity of the resulting
composites.®14 However, reports of metal-doped 3D-printed
PILs and their characteristics are generally limited.'> In this
work, we present a method for synthesizing an ionic-liquid-
based monomer and ionic-liquid-based crosslinker that are
compatible with commercial 3D UV printers. The protocols for
printing centimeter-sized structures with Au-NPs embedded in
the PIL matrix, and the electrical, thermal, and mechanical
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properties of the printed materials, are presented. Notably, we
find that Au-NPs embedded in 3D UV-printed PlLs exhibit
enhanced conductivity. Our work provides a pathway for the
future development of photocurable ionic-liquid-based
materials for potential use in electronics that are processable
with commercial 3D UV printers.

Imidazolium-based ionic liquids class of
homogeneous fluids that are entirely made of ions.1®17 These
liquids can be converted into a solid form through the
attachment and subsequent propagation through a
polymerizable chemical group inserted onto ionic liquid
molecules.’®'® Numerous combinations of imidazolium cations
and their associated anions can be chemically modified into
polymerizable monomers.2%21 |f such an ionic liquid monomer
is photocurable and compatible with 3D UV printing, the
formulations can be utilized to build user-defined PIL
structures.?2726 Many challenges intrinsic to 3D UV printing,
including but not limited to developing curing protocols,
identifying developing solvents, and establishing post-curing
methods, also arise with photocurable ionic liquid
formulations.?’-2° In many cases,3%32 variations of 1-vinyl-3-
alkyl imidazolium with different counter anions are used in
formulations for 3D UV printing, but the vinyl group is less
photoactive than acrylate or methacrylate.3! Also, there is a
trend in literature to use non-ionic crosslinkers, such as
poly(ethylene glycol) dimethacrylate, in formulations.3334 It
should be noted that mixing components in photocurable resins
with different polarities can cause inhomogeneity in 3D-printed
structures, which can lead to phase segregation over the long
term.3536 Also, for prototyping, it is necessary to minimize the
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amount of the starting resin, as ionic liquids are expensive. An
understated limitation of broadening the use of PILs is their
compatibility with commercial 3D UV printers, particularly
those that use LCD (Liquid Crystal Display) projectors. The
incident UV light on the resin of LCD UV printers has low
intensity, with an average power per surface area of 2-10
mW/cm?. Photocurable ionic liquid resins that yield printed
structures capable of addressing the above challenges are
required for material adoption.

If the application of 3D UV-printed PIL structures is directed
towards electronics, it is necessary to harness the intrinsic ionic
conductivity of PILs.377%0 However, the electrical conductivity of
PIL is 100 times lower than that of their parent ionic liquids >
(typically in the range of 10> S cm™ or lower) and lower than
other electrically conductive polymers*-43 such as poly (3,4-
ethylene dioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS).** This limitation can be overcome through the
addition of a secondary component capable of enhancing the
electrical conductivity. Researchers have previously added ionic
liquids to the PIL matrix 4°~*7,perovskite nanocrystals (PS-NCs),
polyoxometalates (POMs), or carbon-based materials, to
photocurable ionic liquid formulations*®*>! to improve the
electrical conductance of the PIL composite. However, many of
these hybrid systems have not been examined within the
framework of SLA technology.®

Sevelia et al.>2 demonstrated that formulations in which both
the monomer and the crosslinker are ionic liquids exhibit
improved electrical conductivity. Au NPs—ionic liquid-derived
polymer composites were earlier shown to enhance electrical

/\/‘N&J/\/O
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Figure 1. Photopolymerizable ionic liquid polymer (top) 1-(2-

methacryloyloxy)ethyl-3-butylimidazolium  bromide and
crosslinker (bottom) 3-butyl-1,2-bis(2-
(methacryloyloxy)ethyl-3-ethylimidazolium bromide

synthesized for this study.

conductivity.>3> Our novel strategy, therefore, combines three
previously proven methodologies to enhance electrical
conductivity and appropriate UV response to target 3D UV print

2| J. Name., 2012, 00, 1-3

techniques in PIL systems: 1) Synthesize ionic liquigd,mopemers
based on highly photoreactive methacryla®té EheErhistia)- 3 eRat
they are compatible with commercial 3D UV printers, 2)
Utilization of an methacrylate-based ionic liquid crosslinker to
increase ion density in the cured network, and 3) The addition
of a metal dopant, in this case, Au-NPs, to alter the properties
of PIL, particularly electrical conductivities. The overarching
strategy of preparing photocurable formulations composed
entirely of ionic liquid components eliminate
inhomogeneity associated with mixing components of different
polarities.

will

Monomers of imidazolium-based ionic liquids where the
methacrylate group is stationed on the cation are extensively
described in the literature.?l> 33, 5658 Recently, 3D UV-printed
PILs of imidazolium-based ionic liquids with polymerizable
anions bearing a methacrylate group have been reported, but
they showed poor conductivity.>® Simulations on PILs based on
imidazolium-based ionic liquids, where the cation s
polymerized, have been extensively studied and show that
conductivity is higher when associated with smaller
counterions.”-3860 |midazolium-based PIL matrices prepared
from formulations entirely of ionic liquid components, in which
the imidazolium cation is methacrylate-functionalized and with
a small counterion, but compatible with 3D UV printing is
missing from the literature. To realize our goals, we synthesized
a monofunctional photopolymerizable ionic liquid monomer,1-
(2-methacryloyloxy)ethyl-3-butylimidazolium bromide, and the
photopolymerizable ionic liquid crosslinker 3-butyl-1,2-bis(2-
(methacryloyloxy)ethyl-3-ethylimidazolium bromide to prepare
photocurable ionic liquid photocurable formulations (Fig. 1).
Au-NPs (15 nm diameter) were added to our formulations to
enhance the conductivities. Results demonstrate that PILs
without Au-NPs and PILs with Au-NPs can be readily 3D-printed
with commercial 3D UV printers. The inclusion of Au-NPs
improved electrical conductivity by many orders of magnitude
in the PIL networks. PILs, sculpted into resistor-like shapes using
3D printers and inserted into a circuit, sustained a steady
electrical current for several hours. The result suggests that PILs
can be used to fabricate functional electronic elements by 3D
UV printing.

Experimental
Materials

Commercially available 2-bromoethyl methacrylate (95%,
Ambeed, Inc), 1-butylimidazole (99%, BeanTown Chemical,
Inc.), ethyl ether (99%, TCl, Ltd), and methylene chloride (99%,
TCl, Ltd) were used without further purification. Butylated
hydroxytoluene (BHT) and pentaerythritol tetraacrylate were
obtained from Fisher Scientific. Nuclear magnetic resonance
spectroscopy  (NMR) and High-Performance Liquid
Chromatography(HPLC) /Electrospray lonization Tandem Mass
(ESI-MS) were conducted with Bruker AvanceCore 400 MHz
NMR spectrometer and Thermo Scientific™ TSQ Quantis™ Triple
Quadrupole  mass spectrometer. A  Vernier UV-VIS

This journal is © The Royal Society of Chemistry 20xx
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Spectrophotometer was used to measure the absorbance
spectra of the samples.

Synthesis  of
bromide

1-(2-methacryloyloxy)ethyl-3-butylimidazolium

The procedure used for the synthesis was adopted from a
previous report with modification (Scheme 1, top).>8 Briefly, in
a 50 mL round-bottom flask, 3.000g (0.015 mol) of 2-
bromoethyl methacrylate was mixed with 1.9298g (0.015 mol)
of 1-butyl imidazole. As both starting materials are liquids, no
solvent was required. 0.050g of BHT was added to the reaction
mixture to prevent undesired polymerization. The reaction
mixture was stirred at 60 °C for 24 h in the dark. After 24 hrs.,
the mixture transformed to a pale, straw-colored, viscous liquid.
8 mL of methylene chloride was added to this viscous liquid. The
mixture was then transferred to a separatory funnel, where 10
mL of diethyl ether was added, resulting in a two-layer system.
The bottom layer (product) was collected. This isolated product
was again transferred to the separatory funnel, where fresh 10
mL of diethyl ether was added. The bottom layer was again
collected and dried under a high vacuum for several days to
obtain the ionic liquid monomer. Characterization of this ionic
liguid monomer is given in Supplementary Information, S1.

Synthesis of 3-butyl-1,2-bis(2-(methacryloyloxy)ethyl-3-
ethylimidazolium bromide

The ionic liquid crosslinker was synthesized by mixing 2.000g
(0.006 mol) of the above ionic liquid monomer, 1-(2-
methacryloyloxy) ethyl-3-butylimidazolium bromide, with an
excess of 2-bromoethyl methacrylate (3.318g, 0.017 mol) in a
50 mL round-bottom flask. As both starting materials are
liquids, no solvent was required. A trace amount of BHT (0.080g)
was added to the mixture. This homogeneous mixture was

i BHT

O/\/Br

\
4 /\/“N N
24 hrs, 60°C
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diethyl ether in the separatory funnel. The bottom, layerowas
collected and vacuum-evaporated to YIEld10£KRE9/rREESIMKEY.
Characterization of this ionic liquid crosslinker
Supplementary Information, S2.

is given in

Formulation of resin

80 wt. % (80 mg) of the monomer was mixed with 20 wt. % (20
mg) of the crosslinker in 5 pL of ethanol in a 500 pL Eppendorf
tube. To this mixture, ~ 1 mg of the photoinitiator,
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO), was
added. Several such replicate mixtures in 500 puL Eppendorf
tubes were prepared and mounted on a Fisherbrand™ Vortex
mixer with a tube holder. The blend in 500 uL Eppendorf tubes
was shaken in the Vortex mixer for 1 hour in the dark to obtain
a homogeneous photocurable resin. The resin from these
separate 500 plL Eppendorf tubes was combined to prepare a
masterbatch. Though we immediately printed with the new
masterbatch of the resin, it was not always necessary. The
straw-yellow-colored blend remained stable for many days in
the dark.

To prepare Au NPs embedded resins, the same procedure as
above was followed except that the resin was loaded with an
appropriate amount of 15 nm diameter spherical-shaped dried
Au NPs (nanoComposix, Inc.). As before, the mixture was
shaken in 500 plL Eppendorf tubes for at least 1 hour using a
Vortex mixer to obtain pale-blue resins, which were then
combined for printing.

3D printing protocols

A commercial 3D LCD UV printer (405 nm, Halot sky, Shenzhen
Creality 3D Technology Co., Ltd.) with an intensity of 4 mW/cm?
was used for our studies. User-defined structures were created
in Tinkercad 3D modeling program and then converted with

NN \N/\/O
\=/ sr 0

0
o\ 4 MN \N/\/ ‘Ifg 24 hrs, 80°C i
\N/\/O

Scheme 1. Synthesis of monomer (top) and crosslinker (bottom). Butylated hydroxytoluene (BHT) acts as an inhibitor.

heated at 80 °C for 24 h in the dark with constant stirring. After
24 h, the reaction mixture became a yellowish, viscous solution.
Methylene chloride (15 mL) was added to dilute the solution. The
solution was then mixed with diethyl ether (15 mL) in a separatory
funnel, which resulted in a two-layer system. The bottom layer
(product) was collected. The product was again mixed with 15 mL of

This journal is © The Royal Society of Chemistry 20xx

Halox Box slicer (Shenzhen Creality 3D Technology Co., Ltd.)
software to a format compatible with 3D printing. The printing
was done directly on the built glass plate on the instrument
without the resin vat. The printing substrate was either glass
microscope coverslips (Fisher Scientific, Inc., thickness,0.13 -
0.17 mm) or a square piece (4 in x 4 in) of fluorinated ethylene

J. Name., 2013, 00, 1-3 | 3
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propylene (FEP) (Club 3D, thickness, 0.1 mm). Teflon O-rings or
single-well SecureSeal™ imaging spacers (Grace Bio-Labs Inc.)
were used as micro-reservoirs (vat) within which centimeter-
scale structures were printed. SecureSeal™ imaging spacers
have adhesive that bonds to the glass, preventing leakage of the
resin. Teflon O-rings require weight to hold them in position.
Spacers in FEP substrates required weight to hold them in
position. The reservoirs (vat) could hold 1-2 mL of resin (Fig. 2).

To print, the substrate was first carefully aligned on the glass
build plate so that the UV projection of the printer was at the

Resin Spacer

Glass or FEP Substrate

Figure 2. (Top) Schematic of the assembly for preparing
printed structures

center of the O-ring/ SecureSeal™ created reservoir. Next, the
file with the desired shape was run on the printer software. A
typical printing run was ~2-5 minutes, depending on the
complexity of the structure. The developed structure was
washed with ethanol at least three times to remove the
uncured resins. The structure was then post-cured in a UV oven
(Analytik Jena, AG) for 30 min to ensure full conversion of the
print. Structures printed onto FEP were easily removed from the
substrate surface. More details on the printing workflow and
fidelity assessment in the X- and Y-directions are provided in
Supplemental Information S3. Printed examples are given in
Supplemental Information S4. Though the Halot Sky model was
used in the majority of this work, we tested our formulations
with another commercial 3D LCD UV printer (Photon Mono
4, Shenzhen Anycubic Technology Co., Ltd.) with similar results
(Supplemental Information, S5).

Infrared Spectroscopy

Infrared measurements were performed with an FTIR (Nexus
670 Avatar Nicolet, Thermo Scientific Inc., or ALPHA I, Bruker
Co.) equipped with an attenuated total reflectance (ATR)
accessory. In a typical run, 3D prints were pressed on the ATR
diamond crystal. 16 scans in the region between 4000 to 500
cm™ were carried out for each sample with a resolution of either
2cm™? or 4 cm™L. The results were analyzed in OMNIC (Thermo
Scientific Inc.), OPUS (Bruker Co.) or in Igor Pro software
(WaveMetrics Inc.).

Scanning Electron Microscopy (SEM)

PIL samples were measured with a Hitachi Tabletop Microscope
(Flex 1000 Il). The equipment was connected to an Energy
Dispersive Spectroscopy (EDS) system (Oxford Instruments).
The samples were placed on a silicon wafer coated with gold,
which was attached to an aluminum holder with double-sided

4| J. Name., 2012, 00, 1-3

carbon conductive tape before being introduced jnto,the SEM
chamber. As structures printed on glass Jbstfateso4re beriddd
to it, small pieces of the structures were cut and placed on the
silicon wafer for SEM observation. On the other hand,
structures made on FEP substrates could be peeled and placed
on the silicon wafer for SEM observation. The samples did not
require sputter coating as PlLs are conductive materials. SEM
images were analyzed using Hitachi software, whereas EDX was
captured using Oxford Instruments Aztec software.

Electrical conductivity

To measure the electrical conductivity, discs ranging from 10
mm to 15 mm in diameter and 0.5 mm to 0.2 mm in thickness
were printed with the formulations as described above. The
electrical conductivity of these discs was measured using an
Ossila four-point probe station with soft probe tips. At least
three discs were prepared from a chosen formulation for
conductivity measurements. Each disc was tested in three
different sample areas.

Thermal Gravimetric Analysis with Mass Spectroscopy (TGA-MS)

Mass loss and gas evolution processes were measured in
nitrogen using a TA Instruments Discovery Series TGA-MS
equipped with a 300 amu quadrupole mass spectrometer.
Samples of mass 1.8 mg + 1.0 mg were heated under nitrogen
purge to 800 °C at 10 °C/min. The full 1-300 amu range was
scanned at a rate equal to 3 scans /min for the full duration of
the heating process.

Differential Scanning Calorimetry (DSC)

DSC was performed using a TA Instruments Discovery 2500 in a
nitrogen atmosphere purge (50 mL/min). Samples of mass of
5.3 mg* 0.5 mg were loaded into hermetically sealed Aluminum
pans and heated from -80 °C to 50 °C at 10 °C/min, cooled to -
80 °C at 10 °C/min before reheating to 50 °C at 10 °C/min. The
glass transition temperature was determined between -40 °C
and 40 °C for most systems using the midpoint half-height
method, representing the halfway point of the vertical baseline
shift.

Mechanical analysis

Nanoindentation experiments were performed on a KLA iNano
with a InForce 50 actuator and a Berkovich indenter. Samples
were indented using continuous stiffness measurement to a
target depth of 2000 nm with a surface approach velocity of 50
nm/s at a surface distance of 2500 nm. Values of Young’s
modulus (E) for each sample were calculated using the Oliver-
Pharr method using the equation:

—(1—v2)|—_
E=(1 v)Er E;

where v is the Poisson’s ratio of the sample, v; is the Poisson’s
ratio of the indenter, E, is the reduced Young’s modulus and E;
is the modulus of the indenter. At least three different points

This journal is © The Royal Society of Chemistry 20xx
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from three different samples were measured, and their average
was reported in this work.

Result and Discussion

Monosubstituted methacrylate-labeled imidazolium-based
ionic liquid from 2- bromoethyl methacrylate is well known in
the literature °%°861 and vyields the monomer 1- (2-
methacryloyloxy) ethyl-3-ethylimidazolium bromide (Fig. 1
(top)). We found that the inhibitor BHT is essential in the
reaction scheme to prevent unwanted polymerization.
Characterizations of the synthesized monomer using NMR, MS,
and IR are consistent with earlier reports (See Supplementary
Information, S1).>6-°861 However, synthesizing the crosslinker as
proposed, Scheme 1 (bottom), was challenging. Our scheme
assumed that performing the reaction at a higher temperature
(80 °C) favored selective substitution at the C2-position of the
monomer®263, 1- (2-methacryloyloxy) ethyl-3-ethylimidazolium
bromide, resulting in two methacrylate groups in the
imidazolium ring. In our HPLC/ ESI-MS measurements in
positive ion mode (Supplementary Information, S2), we observe
three m/z peaks at 113.11, 237.15, and 351.13. The first peak
corresponds to ethyl methacrylate ion, which may originate
from the fragmentation at the C2-position of the cation from
the proposed crosslinker structure (Fig. 1 (bottom)) or the
fragmentation of unconverted 2-bromoethyl methacrylate
during the acquisition process. The dominating ESI-MS peak of
m/z 237.15 represents [M]* of the monomer 1- (2-
methacryloyloxy) ethyl-3-ethylimidazolium bromide. The
intensity of the peak suggests that most of the monomer did not
convert to the proposed crosslinker structure during the
synthesis process. In other words, the majority of the product
in our preparation method for the crosslinker is the ionic liquid
monomer. The peak at m/z 351.13 indicates that a second ethyl
methacrylate is attached to the monomer, although the
structure remains unclear. The NMR of the crosslinker is
complex, where we see peaks that hint at the presence of both
the monomer and the crosslinker, but cannot be clearly
assigned. IR data does not clarify the characterization when
compared to the monomer. From NMR and ESI-MS
characterization, we hypothesize that our synthesis method
generates a dilute solution of ionic liquid crosslinker(s) (< 5%) in
the ionic liguid monomer. Our described method of preparing
the dilute crosslinker solution is straightforward but, most
importantly, reproducible (vide infra). We refer to this dilute
ionic liquid crosslinker solution in the ionic liquid monomer as
the crosslinker in the rest of the text. It should be noted that no
polymerized structures were observed from the synthesized
ionic liquid monomer without the crosslinker, or formulations
of ionic liguid monomer with 2-bromoethyl methacrylate
without the crosslinker.

Out of many possible combinations of ionic liquid monomer and
crosslinker formulations, we selected 80 wt.% of the
synthesized ionic liquid monomer and 20% of the crosslinker
monomer mixture dissolved in minimal ethanol, referred
henceforth as 80/20 ionic liquid photocurable formulation, as

This journal is © The Royal Society of Chemistry 20xx
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the photocurable resin for the studies. PILs made fron,this resin
are annotated as 80/20 polymer in figur8S)'FErintAdtro RRORATA
crosslinker contents below 20 wt.% resulted in structures
whose integrity was compromised during the rinsing process
after printing. A possible explanation for the need for a high
crosslinker concentration (20 wt.%) in the resin is that the
crosslinker, as explained above, is mainly a solution of starting
synthesized ionic liquid monomers, with a small percentage of
the actual crosslinker. Increasing the amount of crosslinker
resin possibly increases the concentration of the actual
crosslinker. To obtain gold nanoparticle (Au-NPs, 15 nm
diameter) embedded PIL composites, resins were prepared by
dispersing the Au-NPs via agitation in the above 80/20 ionic

FEP Sdi

=

80/20 polymer

1 wt. % of Au-NPs in 80/20 polymer

Figure 3. Collection of 3D UV printed structures with different
formulations. Prints from FEP substrates were free-standing.
Optical scales are approximate

liquid photocurable formulation. In this work, we tested 1 wt. %
of Au-NPs or 2 wt. % of Au-NPs in 80/20 ionic liquid
photocurable formulation for 3D UV printed PIL composites. In
all the formulations, ethanol was used as a diluent to facilitate
the solubility of the photoinitiator, TPO. Unlike commercial 3D
UV printers, which require at least 50 mL of resin to fill the vat
or tank, this work used a spacer as a vat (Fig. 2), which only
needed ~1-2 mL of the prepared resin for 3D printing, vastly
reducing the amount of material and cost required for
prototyping with ionic liquids. A drawback was that we were
limited to centimeter-scale structures. We note that
isopropanol, which is commonly used for washing uncured

J. Name., 2013, 00, 1-3 | 5
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Figure 4. (Left) SEM image of a printed structure with an EDS mapping of bromine (red) of a printed area with 80/20 polymer.
(Right) SEM image of a printed structure with of 80/20 polymer with 1 wt. % of Au-NPs. The inset in the SEM image shows hints
of agglomeration. (Bottom, right) UV-Vis spectrum of 80/20 polymer is featureless between 550 nm to 650 nm but shows a broad

weak peak at “570 nm when Au-NPs is present.

resins, distorted the printed structures.®* We found 70% w/v
ethanol to be the best developing solvent for our prints. An
advantage of ethanol as the developing solvent was that we
could reuse uncured materials by rotovaping the solvent,
thereby minimizing waste. All printed structures were cured in
a UV oven after washing. We note that post-curing can also be
achieved by heating the 3D prints to 100 °C, but this process
often results in bubbles within the matrix. We assume that any
uncured resin trapped in the matrix is cured in the post-curing
process. A selection of printed products is shown in Figure 3.
More examples of printed products are given in Supplementary
Information S4. The printed products exhibited high fidelity in
the Xand Y directions (See supplementary Information, S3). The
height (Z-axis, thickness) of the structures depended on the
spacer and the amount of liquid. Typically, the height of the
printed structures varied from 0.2 mm to 0.5 mm. The 3D-
printed structures were pale brown, soft, and stretchable for
the 80/20 ionic liquid photocurable formulation, and deep
purple for Au-NP-filled PIL composites. Printed structures firmly
adhered to glass substrates but could be peeled off in FEP
substrates to obtain freestanding structures. Overall, our results
indicate that the 80/20 ionic-liquid photocurable formulation
and its Au-NP-filled resins are promising candidates for printing
centimeter-scale PIL objects with commercial 3D UV printers,
using both glass and FEP as substrates.

SEM images (Fig. 4) provide insights into the morphology of the
3D prints. Structures of the 80/20 polymer were smooth. EDS
analysis clearly showed the presence of bromide (the anion in
the photocurable ionic liquids) in the X-ray emission spectrum.
SEM images of 1 wt. % of Au-NPs in 80/20 ionic liquid

6 | J. Name., 2012, 00, 1-3

photocurable formulation showed a smooth surface. However,
there were also scattered spots of aggregation on the surface.
Such clusters, assumed to be Au-NPs, are more prominent in 2
wt. % of Au-NPs in 80/20 mixture (See supplementary
Information, S6). UV-Vis analysis supports the presence of Au-
NP clusters within the matrix. Our Au-NPs, when dispersed in
ethanol, have a single strong UV absorption at ~ 520 nm due to
localized surface plasmon resonance absorption, but when the
Au-NPs are embedded in PIL samples, we find the UV
absorption, as seen in Figure 4, to be red-shifted, broad, and
weak (Figure 4, bottom, right). Such changes are indicative of
the agglomeration of NPs, which is not uncommon in Au NPs
embedded in a polymer matrix.566

Degree of polymerization is an important characteristic that
influences material properties. Typically, the degree of
polymerization for methacrylate-based resins is determined by
infrared spectroscopy by comparing the intensity of infrared
absorption at 1637 cm™ [v(C=C)] peaks of the unreacted
methacrylate groups to the intensity of infrared absorption of
different internal standard peaks. However, there are
discrepancies in such assessments requiring baseline correction
due to absorption artifacts in polymers.®” This study found such
artifacts detrimental in our PIL analysis due to featureless
background absorption in the 1637 cm™! region. An alternative,
which works for our studies, suggested by Delgado et al.,%8 is
assessing the signal intensity of the C-O stretch doublet of the
methacrylate group approximately at 1300 cm™"and 1320 cm™.

This journal is © The Royal Society of Chemistry 20xx
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The doublet peaks shift to lower wavenumbers
upon polymerization. It is clear from Figure 5, which shows

0.4 — 80/20 Resin
' — 80/20 Polymer

S 0.101
8
3
c 0.08-
£
o
wn
< 0.06-

0.04-

1340 1320 1300 1280

Wavenumber{cm')

Figure 5. ATR-FTIR spectrum (red) is monomer of 80/20 ionic
liquid photocurable formulation where we see characteristic C-
O stretch doublet at 1300 cm™ and 1320 cm™ of methacrylate
monomer. Upon polymerization, the infrared signatures of the
doublets shift to lower wave numbers. As the spectrum (black)
does not show residual absorption in the C-O stretching region
after photopolymerization, we conclude that there is a high
degree of polymerization.

barely any residual signal from the doublet peak, that the
polymerization is at or near full conversion. We observe the
same high degree of polymerization in all our Au NPs-embedded
PILs. Example infrared spectra of the other 3D-printed samples
are provided in Supplementary
experiments are conducted in ambient conditions, we expect

Information S8. As our

water to be present in the matrix. Indeed, we observe a broad
absorption band at ~3400 cm™ which is typical of the OH
stretching vibration of water in all our PILs. Broadly, the results
indicate that our 3D UV printing protocols can achieve a high
degree of polymerization with the resins.

Figure 6 shows the TGA results of PlLs prepared from the 80/20
photocurable formulation and those with 1 wt.% and 2 wt.% Au
NPs-embedded in the PIL matrix from 90 °C to 800 °C in a
nitrogen atmosphere. The PILs were compared with a control,
which was printed from 80 wt.% of the synthesized ionic liquid
monomer and 20 wt.% of a commercial non-ionic crosslinker
monomer, pentaerythritol tetramethacrylate. We observe that,
like parent ionic liquids and other reported PILs,%:7° all our PILs
exhibited high thermal stability. As seen in Figure 6(top), the
PILs had an initial loss (~10% of weight) upon heating till ~250
°C, possibly due to loss of humidity (water) in the matrix. Above
250 °C, a rapid onset of mass loss is observed in all cases,
indicating depolymerization of the methacrylate group or other
widespread degradation events.’%72 However, it is evident from
Figure 6 (top) that the degradation pattern of the control PIL
differs from others after ~250 °C. One reason for the difference
may be the low actual crosslinker concentration (<5%) in the PIL
matrices. We also observe that, unlike the control, PILs with an
ionic liquid crosslinker exhibit two additional degradation

This journal is © The Royal Society of Chemistry 20xx
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events at ~350 °C and ~450 °C. The difference may, hg due te
the nature of the water in the matricesPReEBNOERAROWE Havé
observed evidence of water in all our PILs via infrared
spectroscopy. TGA-MS provides insights into the nature of this
water in PIL matrices. Analyzing the ion current for m/z 18 amu

100
\ — Control
W\ — 80/20 polymer
80+ — 1 wt.% Au NPs
=
= 604
¥ |
=
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= 40
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—
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Temperature(°C)
1.0 7
— Control
0.8 — 80/20 polymer
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g -
E 0.6
i<
2041
=
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1 1 I 1 1
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Temperature(°C)

Figure 6. (Top) TGA shows that the polymers are stable at
least to 200 °C. (Bottom) TGA-MS scanned at m/z 18 amu.
Control is PIL with the commercial non-ionic crosslinker,
pentaerythritol tetramethacrylate.

as seen in Figure 6(bottom), shows only one peak for the
control, whereas all others exhibit two peaks. The observation
implies that matrices prepared using our synthesized ionic-
liquid crosslinker contain two distinct types of bound water:
tightly bound and loosely bound. The water that evolves in our
TGA-MS experiment at ~300 °C may indicate tightly bound
water molecules in the matrices, possibly due to hydrogen
bonding between bromide anions and water molecules. The
presence of tightly bound water molecules may be one reason
the thermal degradation patterns of printed polymers using the
ionic liquid crosslinker, with or without Au-NPs, differ from
those of the control. We note that the TG-MS also indicates that

J. Name., 2013, 00, 1-3 | 7
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our matrices are free of solvents or starting monomers. In
short, our PlLs are thermally stable, where the presence of the
ionic liquid crosslinker changes how the polymers degrade
when compared to the commercial non-ionic liquid crosslinker

The glass transition temperature (Tg) of all the polymers,
determined by DSC, was below room temperature
(Supplementary Information S9). Thus, it is not surprising that
our polymers were soft and flexible in the printed state. PIL
from the 80/20 photocurable formulation had Tg of -23 °C,
whereas PIL from 1 wt. % of Au-NPs and 2 wt. % of Au-NPs
80/20 photocurable formulation had Tg at -7.2 °C and -3.5 °C
respectively. Increase in Tg of Au-NPs-embedded PIL
composites is possibly due to restriction of polymer chain
mobility due to the presence of nanoparticles.”?

The stiffness of printed materials was assessed using
nanoindentation is presented in Figure 7. Control PILs prepared
from 80 wt.% of ionic liquid monomer and 20 wt.% of a

Il Control

B 80/20 polymer
W 1wt%AuNPs
Bl 2wt%AuNPs

Youngs Modulus (GPa)
i

O_

Figure 7. Modulus of PILs measured by nanoindentation.
Control is PIL with the commercial non-ionic crosslinker,
pentaerythritol tetramethacrylate.

commercial non-ionic crosslinker monomer, pentaerythritol
tetramethacrylate, had the highest modulus ~ 3.2 GPa. It is an
order of magnitude higher than that of polymers printed with
our 80/20 ionic liquid photocurable formulation (0.46 + 0.04
GPa). One explanation for this observation is that the
commercial crosslinker has four methacrylate groups, whereas
our synthesized ionic liquid-based crosslinker contains only two
photocurable groups. The large difference may also arise from
a lower effective crosslink density in PlLs than in the control.
Although both PILs and the control were prepared using 20
wt.% of the crosslinker in the formulation, in reality, the ionic
liquid crosslinker is a dilute solution (< 5% ) of the actual
crosslinker(s) in ionic liquid monomer. The presence of tightly
bound water, as observed in our TGA-MS experiments on PlLs,
may also contribute to the observed trends in tensile strength.
Water absorbed into a polymer matrix can act as a plasticizer,

8 | J. Name., 2012, 00, 1-3

Journal Name

disrupting intermolecular forces between polymer,chajns. SH¢h
disruption can significantly reduce tensil@§tréAgeho/Rpare FPem
the difference between PILs and the control, there are
differences among PILs. The Young modulus of structures with
1 wt. % of Au NPs in an 80/20 ionic liquid photocurable
formulation was 0.34 + 0.04 GPa, slightly higher than its 2%
counterpart, which was 0.28 + 0.03 GPa. We assume that
increased agglomeration with higher Au-NP concentrations
creates localized weak points in the composite, thereby
reducing the tensile strength.

To test the potential application in electronics, we measured
the conductivity of printed circular PIL films (thickness ~0.5 mm)
using a four-point probe method. Our instrument uses direct
current voltage and measures the current across the sample to
calculate conductivity. It is relevant to electronics for initial
assessment, as most electronic devices operate on direct
current. Again, as a control, we used 80 wt.% of ionic liquid
monomer and 20 wt.% of a commercial non-ionic crosslinker
monomer, pentaerythritol tetramethacrylate. The conductivity
of the control films was below the detectability limit with our
four-point probe instrument. In other words, no conductivity
was detected for printed films with our control formulation. On
the other hand, printed films of 80/20 ionic liquid photocurable
formulation consistently exhibited conductivity  of
approximately 10¢S/cm (Fig. 8, 80/20 polymer). The measured

140] I Control (None Detected)
B 80/20 polymer
1 I 1wt.%AuNPs
B 2wt%AuNPs
€ 100
A
=2
=
=
S 60-
>
o
c
s
O
20+
"

Figure 8. Conductivity of PIL measured by a four-point
station. Control is PIL with the commercial non-ionic
crosslinker, pentaerythritol tetramethacrylate.

conductivity is consistent with other reports.38 It supports our
earlier assumption that ionic liquids-based crosslinker in PIL
matrices increases ion densities, enabling improved
conductivity. However, it is pertinent to note that our
crosslinker is a dilute solution of crosslinker in monomer, as
mentioned earlier, which may result in lower-than-expected ion
densities in the cured networks, reducing ion conductivity. On
introducing Au-NPs in the ionic liquid resins, the conductivity of

This journal is © The Royal Society of Chemistry 20xx
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the printed PIL further increased from 10¢S/cm to 10“S/cm.
The two-order-of-magnitude increase in conductivity may be
attributable to additional electronic pathways and the high
surface area of the Au nanoparticles, in addition to the intrinsic
ion-transport mechanism within PILs.>*>> However, the exact
mechanism of enhancement requires further investigation with
tools such as electrochemical impedance spectroscopy to tease
out the contributions of electronic and ionic processes in the
system.>374 |t is also possible that bound water, which we
observed in thermal studies and infrared spectra, may play a
role in conduction, which requires further study. Regardless of
the mechanism, materials with conductivity in the range of 104
S/cm are attractive for use in flexible electronics. The trend
shown in Figure 8 indicates a trade-off between increased Au-
NP concentration and observed conductivity in the resin,
consistent with observations reported elsewhere, in which
aggregation of NPs at higher concentrations is suggested to
result in poor bulk properties of polymer-nanoparticle
composites.”>’® Overall, our studies show that structures
prepared from 1 wt. % of nanoparticles Au- NPs in the 80/20
ionic liquid photocurable formulation was best both in terms of
printing and conductivity.

In order to validate whether 1 wt. % of nanoparticles Au-NPs in
the 80/20 photocurable formulation can be used as

RSC AppliedPolymers

construction material for a functional element in 3 circuit, we
designed and 3D-printed a centimeter-$¢alel&GtPdetupreP i OtHe
shape of a resistor (~¥1 cm(l) x 1 cm (w) x 200 mm(h) with a
connector pad (~0.2 cm(l)x 0.2 cm (w) x 500 um(h)) on a
microscope glass slide using the same method as described
earlier. The design serves as proof of concept showing that
functional elements can be built using our ionic liquid
formulation. Figure 9 (Top, left) is a representative of one such
device. The same design on FEP substrates to obtain free-
standing 3D-printed resistors was found to be mechanically
weak, so our studies were confined to resistors printed on glass
substrates. In our scheme, as shown in the circuit diagram in
Figure 9 (Bottom left), the printed resistor was incorporated
into an electrical circuit and tested under ambient conditions
(See Supporting Information, S10, for more details). Current
flowing through the circuit was used as the metric for assessing
the functionality of the printed resistor. Our results were
qualitative but indicated that applying a 30 V direct current
power supply produced a detectable current in the
microampere range through the circuit. Figure 9 (Top, Right)
shows current responses from a circuit , with a printed resistor,
undergoing turn-on and turn-off cycles separated by a 24-hour
gap. Turning off the circuit with the printed resistor for 24 hours
and restarting it again for 2 hours showed that the current was
within 5% of the original value. Encouraged by the results, we

24
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Figure 9. A printed resistor (Top, left) with 1 wt. % of nanoparticles Au NPs in the 80/20 polymer on a glass substrate,
when inserted in the circuit (Bottom, left), shows the flow of current in the microampere range when 30V is applied. The
current profile of a printed resistor (Top, right) running for two hours with on-and-off cycles with a 24-hour gap is
represented with green, blue, and red lines. Profile of average current flowing (Bottom, right) through printed resistors
(8 different resistors, 8 devices) for two hours. Notice that the deviation (blue bars) of current from the average value
(red dot) is small indicating that each device is robust within the experimental timescale.

This journal is © The Royal Society of Chemistry 20xx
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independently printed and tested eight additional resistors
using the design described above. The measured currents were
between 23 mA and 18 mA from the printed resistors (Figure 9
(Bottom, Right)). The current in each circuit remained stable for
two hours of continuous operation, with minimal deviation
from the mean. Using the measured current as a quality control
metric, the coefficient of variability was about 5.8% among
devices. Given that the devices were made from different
batches of starting materials, the low coefficient of variability
not only demonstrates reproducibility but also suggests batch-
to-batch consistency and the robustness of our printing
protocols. One limitation observed was that the continuous
operation of the circuit for more than 5 hours resulted in a 20%
loss of the magnitude of the current flowing through the circuit.
This may be due to heating effects that may have resulted in
polymer degradation. We also observed yellowing’” of the
polymer at the contact points of the resistor with the circuit.
This phenomenon was observed irrespective of whether the
contact material to the PIL resistor was copper or nichrome
wires. Often, wire-to-pad disconnection was the main cause of
failure in extended operation. Overall, our results demonstrate
that 3D-printed PIL structures are stable against the flow of
electrical current for a short duration. We envisage that our
concept validation will inspire others to use our formulations to
prepare user-defined structures for a specific task (e.g., CO;
sensing) for integration into a working circuit.

Conclusion:

In this manuscript, we present a synthesis of photocurable
methacrylate-based ionic liquid monomer and crosslinker
compatible with commercial 3D UV printing. PILs in which the
crosslinker is an ionic liquid are expected to exhibit lower
electrical resistance due to an increase in ionic densities as
opposed to commercial non-ionic liquid crosslinkers. We
incorporated Au-NP PILs to modulate the properties of the 3D
prints, including electrical conductivity. Characterization of PlLs
with or without Au-NPs indicates high thermal stability and a
high degree of polymerization, but their tensile strength was <1
GPa. The PIL printed materials were hygroscopic, with evidence
of tightly bound water molecules within the matrices. The
protocol for 3D printing was straightforward, resulting in
structures with high fidelity using commercial 3D UV printers.
Printed polymer matrices with 1 wt. % of Au-NPs in 80 wt.% of
synthesized ionic liquid monomer and 20 wt.% of the ionic liquid
crosslinker showed the highest electrical conductivity ~ 10
S/cm. Our proof-of-principle experiment with centimeter-scale
resistors fabricated from this formulation demonstrated a
stable current for several hours. Such a demonstration provides
a template for printing PIL-based sensors for detecting gases,
particularly CO;, as ionic liquids are known to be selective for
this gas. For example, the bromide anion in our work can be
replaced by the dicyanamide anion, which is known to absorb
large amounts of CO, and thus can enable the development of
PIL-based chemiresistive sensors. Broadly, our work enables
testing of many innovative designs, such as modifying the
anions of ionic-liquid monomers to control the physicochemical

10 | J. Name., 2012, 00, 1-3

properties of the printed matrices, or introducing, additives,
such as carbon fiber, to improve tensiROIstFelRgthDAPOTFaSL
turnaround times. Instead of Au-NPs, other metal NPs, such as
copper or nickel, can be added to the PIL matrix. We expect our
work to enable the printing of smart polymeric structures’® by
exploiting tunable properties of ionic liquids with existing
commercial additive manufacturing.
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