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Abstract

Polymeric ionic liquids (i.e., PILs) are single ion-conducting materials that exhibit the
thermal and electrochemical stability of ionic liquids and the mechanical properties of polymers.
Although PILs are exciting for a variety of applications in energy conversion and storage, the
tradeoff between mechanics and ion transport remains an important limitation in materials
design. Herein, a photocrosslinkable PIL based on the cycloaddition reaction of anthracene is
converted from a viscous liquid into a soft solid without detrimental effects on the bulk ionic
conductivity. The independent control of mechanical- and ion-conducting properties results from
negligible changes in polymer segmental dynamics (i.e., glass transition temperature) upon
crosslinking. This was demonstrated for both a polymer (i.e., N = 279) and its corresponding
oligomer (i.e., N = 10). The ease of processability facilitated by the presented molecular design
is illustrated by both patterning the PIL into pm-sized features, and incorporating it as a
dielectric in thin-film transistors for low-voltage operation independent of device fabrication

geometry.
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Introduction

Polymeric ionic liquids (PILs) are an emerging class of functional materials that
synergistically combine the ionic conductivity and thermo-electrochemical stability of ionic
liquids (ILs) with the mechanical robustness of polymer scaffolds.'™ In contrast with ILs and
polymer/IL blends where both the cation and the anion are mobile,*® single-ion conducting PILs
have one ion tethered to the polymer backbone.” Ionic conduction being an inherent material
property, most PILs have been studied within the context of solid-state electrolytes or ion-
conducting membranes for electrochemical systems,” and of particular interest herein dielectrics

: : S A
for organic electronic devices.

However, their unique set of physicochemical properties
endowed by the chemical structure of the component ions makes them highly desirable for other
applications including heavy metal ion adsorption,'? gas capture and separations,' catalysis,'*
among others.’

PILs are promising dielectrics for organic electronics because they allow fine control
over semiconductor charge carrier concentration via electrochemical doping. Similar to

117 the high capacitance of their electrical double layer (1-10

polymer/IL blends (i.e., ion gels)
uF.cm™) induces large sheet carrier densities, which are not accessible with conventional gate
insulators (e.g., SiO;), while enabling low-voltage operation.g'11 Polyelectrolyte gate insulators,
where a proton typically acts as the cation, have also been proven to effectively induce large
sheet carrier densities in thin-film transistors.'® Interestingly, the single-ion conducting (i.e.,
unipolar) nature of PILs is suitable for fabrication of complementary p- and n-type devices

necessary to develop integrated circuits, as either cations or anions can in principle be tethered to

the polymer backbone. Given that the performance of dielectrics is strongly related to their ionic
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conductivity and mechanical integrity, the range of PILs explored for organic electronics is
similar to that investigated for solid-state electrolytes or ion-conducting membranes in
electrochemical devices (e.g., block copolymers).” However, there are important requirements in
terms of dielectric processing that are still necessary for industrial scale manufacturing of
integrated circuits. In particular, the ability to pattern these materials with photolithography
would facilitate high-throughput, high-definition, and low-cost fabrication. Though patterning of
polymer/IL blends has been demonstrated through a transfer printing method®® and aerosol jet
printing,'® direct patterning of ion-conducting dielectrics remains elusive, both because the
polymer scaffolds (e.g., PS-b-PEO-b-PS and PVDF) are incompatible with photolithography,
and because IL leaching limits spatial resolution. Thus, it is critical to design solution- and melt-
processable PILs with decoupled mechanical and ion conducting properties.

PILs exhibit a significantly lower ionic conductivity than ILs and polymer/IL blends due
to the low ion mobility intrinsic to viscous polymers and immobilization of 50 % of the ions.”
Detailed investigations of PILs with varying architectures illustrate a strong dependence of ionic
conductivity and mechanics not only on the polymer backbone, but also on the chemistry of the

21-22 Molecular design strategies to enhance

ions and their placement relative to the main chain.
room-temperature anhydrous ionic conductivities in PILs include incorporation of plasticizers
that efficiently solvate ions,” long and flexible linkers that position the IL moieties further away
from the polymer chain,** and backbones with inherently low T g.25 The resulting PILs are high-
viscosity and low-modulus polymers revealing a somewhat orthogonal relationship between ion
conduction and mechanical robustness.

A promising strategy to decouple mechanical- and ion-conducting properties is to utilize

block copolymers, wherein one of the blocks is composed of a glassy insulator and the other of a
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low-T, ion conductor.”® ?’ Studies on block copolymers based on PILs have provided invaluable

insights into the role of structure on ionic conductivity,”*’

yet the bulk performance of such
materials is critically dependent on the long-range ion transport enabled by the alignment and
connectivity of the conducting domains. An alternative strategy is based on ion-conducting
polymer networks generated from copolymerization of IL monomers with varying content of
multi-functional crosslinkers.”® The properties of these materials are often challenging to
optimize, as they are sensitive to the chemical composition during synthesis.>” More importantly,
ion-conducting polymer networks generally exhibit drastic reductions in the ionic conductivity
upon crosslinking due to detrimental effects on segmental dynamics and ion mobility.

The incorporation of dynamic moieties based on a specific bond that breaks and reforms
upon exposure to an external stimulus (e.g., light, heat, stress, and chemical) constitutes a well-
explored molecular design for stiffening®® and patterning® polymers. However, the concomitant
effects of such a strategy on bulk functional properties such as the ionic conductivity,
particularly when these dynamic moieties are ionic in nature, remain unexplored. Herein, we
report a photo-responsive PIL that can be readily converted from a high viscosity liquid into a
flexible, and soft solid via the [47 + 47x] cycloaddition reaction of anthracene (Scheme 1). Upon
exposure to 365 nm UV radiation, the PIL mechanical properties can be enhanced due to a
topological change from an associated polymer to a lightly crosslinked chemical network.
Interestingly, the PIL ionic conductivity remains unaffected due to the negligible differences in
ion concentration, polymer segmental dynamics, and ion mobility upon crosslinking.
Consequently, the presented molecular design demonstrates photo-induced formation of single-
ion conducting PILs wherein the mechanical properties are tuned entirely independently of ion

conduction. The material processability enabled by this strategy is useful for applications such as
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patterning substrates with pm-size features, gating semiconductors in a thin-film geometry,

among others.

Scheme 1. Dimerization of anthracene enables conversion of a PIL from a polymer liquid to a soft solid. This is enabled by
conservation of molecular orbital symmetry in the photochemical [4n + 4x] cycloaddition of anthracene in the absence of O,, a

competing [4n + 2n] dienophile.
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Ion transport in polymers is anticipated to be intimately coupled to ion-polymer

associations (i.e.,

solvation) and polymer segmental dynamics. The former results from the

succession of dissociative steps that facilitate ion hopping between neighboring solvating sites,

whereas the latter from the excluded volume interactions that require polymer segments to

accommodate space upon ion motion.*’

While solvation is important in conventional polymer

electrolytes (e.g., PEO/LiNTT;) where cations that form labile bonds with the backbone can have

a significant contribution to the ionic conductivity, it is less so in single-ion conducting PILs due

to the weak electrostatic interactions intrinsic to ionic liquid moieties.’

Consequently, the ionic

conductivity of PILs primarily depends on local dynamics as in concentrated liquid electrolytes®!

or multicomponent inert gases.*”

This molecular-level interconnection between ion motion and
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polymer segmental dynamics is at the core of the long-standing tradeoff between bulk mechanics
and ion transport in polymeric materials.

To circumvent this performance limitation, a PIL was designed that, upon exposure to an
external stimulus, undergoes changes in mechanical properties without detrimental effects on the
polymer segmental dynamics (i.e., T) and ion mobility. 4 priori, this is challenging because the
degree of crosslinking generally influences the local configurational arrangement of polymer
chains, and hence, the energy required for an ion to overcome the excluded volume
interactions.” The proposed molecular design is based on dynamic polymer networks composed
of stimuli-responsive, ionic, and transient junctions with weak binding energies (i.e., = kg7) and
association lifetimes that provide the material with longer terminal relaxation times and higher
plateau moduli relative to polymer melts.***” Upon activation with an external stimulus, these
transient junctions are converted into their permanent counterparts to change the terminal
mechanical response from that of a polymer liquid to that of a lightly crosslinked polymer
network while (i) mitigating changes in 7, and ion mobility, (i1) decoupling mechanical- and ion-
conductive properties, and (iii) enabling the simple processing necessary to incorporate PILs in a
realm of organic electronic devices.

From a synthetic standpoint, we incorporated anthracene ionic groups in a PIL that
dynamically associate via m—m interactions. Irradiation with UV light (365 nm) triggers the
photodimerization of these moieties via a [4x + 47| cycloaddition reaction due to conservation of

molecular orbital symmetry in the first-excited electronic state*™ *°

without inducing changes in
the ion concentration. As described in the Supporting Information, an imidazole-functionalized

precursor was synthesized via controlled-radical RAFT polymerization of N-

acryloxysuccinimide (NASI), followed by nucleophilic substitution of an activated ester with 1-
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(3-aminopropyl)imidazole. This polymer was exhaustively quaternized with mixtures of 9-
chloromethylanthracene and 1-bromohexane to yield a stable alkyl-substituted N-
vinylimidazolium halide.”® The halide-containing polymer was subsequently anion exchanged
with a 10-fold molar excess of lithium bis(trifluoromethylsulfonyl)imide (LiNTf,) to afford a
photocrosslinkable PIL with weak electrostatic interactions resulting from large, charge-
delocalized, and ‘plasticizing’ ions that provide the material with a sub-ambient 7, even at high
ion concentrations. The properties of these well-defined and narrowly-dispersed polymers, as
determined with Gel Permeation Chromatography (GPC), '"H Nuclear Magnetic Resonance
(NMR), and Differential Scanning Calorimetry (DSC) are summarized in Table 1. We report the
dispersity (D) of the precursor PNASI (Figure S1) because the electrostatic interactions between
the PIL charged groups and the chromatography column result in unreliable characterization via
GPC,”" and the molecular weight distribution is not expected to be sensitive to the post-
modification reactions. We incorporated sufficient anthracene moieties to afford
photocrosslinking while still enabling a 7, below room temperature. Moreover, we note that the
polymer segmental dynamics are likely dominated by ion concentration as opposed to molecular
weight since the 10PIL exhibits a higher 7, than the 300PIL (Figure S5). The dependence of 7,
on ion concentration is ubiquitous in ion-containing polymers (e.g., ionomers,”> polymer-salt
mixtures,” polymer-ionic liquid blends,”* or polymeric ionic liquids30) though the physical
phenomena that dictates the direction of the shift upon incorporation of charges is still under

investigation.

Table 1. Properties of photocrosslinkable PILs. “Polymers are labeled NPIL, where N is the degree of polymerization.
’Determined via "H NMR end-group analysis (Figure S2); ‘Determined against narrow polystyrene standards by GPC (Figure
S1). “Determined by differential scanning calorimetry (DSC) using the half-height step in heat capacity of the second heating
curve (Figure S5).

Polymer’ D, D°  Anthracene mol%”’ T, (liquid) T, (solid)
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10PIL 10 1.2 22 19°C 19°C

300PIL 279 1.2 8 -7°C -7°C

The anthracene moieties (Amax = 370 nm) in the PIL undergo a [47 + 4x] cycloaddition
reaction upon exposure to UV radiation, as demonstrated by the evolution of the absorbance
spectra for 10PIL (inset of Figure la).””’ Upon irradiation in an inert environment, the
absorption arising from the anthracene optical transitions progressively decreases due to a
consumption of anthracene with a concomitant increase in the photodimerization product
dianthracene. Note that only in the absence of oxygen, a competing dienophile that can undergo
a [4n + 2x] Diels-Alder reaction with anthracene, the photodimer dianthracene is the major
cycloaddition product and the PIL topologically changes from an associated polymer to a lightly
crosslinked chemical network. Although it is difficult to obtain direct evidence of the
cycloaddition product, byproduct, and reaction intermediates,” some insights into the reaction
mechanism can be provided by a kinetic model (Supporting Information) describing the
photochemical excitation and radiative decay of anthracene, intersystem crossing, and formation
of dianthracene. The resulting rate law is consistent with the observed change in absorbance over
time (Figure la) and yields a dimerization rate constant of 1.3 x 10 s™', a value significantly
lower than that of anthracene photodimerization in solution® and consistent with the higher
reaction activation energy expected in a viscous polymer. Consequently, anthracene
photodimerization potentially enables fine control over the PIL mesoscopic structure and bulk

physicochemical properties.
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Figure 1. a) Normalized absorbance of the anthracene peak at 370 nm () progressively decreases with exposure time. The film
thickness was ~ 1.5 pm and the irradiation wavelength 365 nm. The time constant obtained from a least-squares non-linear
exponential fit is 797.9 £ 37.3 s, where the error corresponds to the 95 % confidence interval. Data points represent average of
three different samples. Error bars represent 68% confidence intervals and are smaller than symbol (e). b) The
photoluminescence spectrum of the non-irradiated film (t = 0 s, red solid line) displays broad features at ~ 475 nm and 520 nm.
These are attributed to excimer emission from anthracene dimers. Shoulders around 400 nm, 435 nm and 450 nm correspond to
anthracene emission. Upon photodimerization (t = 1500 s, 61% conversion, purple dash dot line), the intensity of the excimer
emission diminishes and the photoluminescence spectrum resembles that of isolated anthracene.

Stacked m—m anthracene dimers exist in the PIL prior to irradiation with UV, as
demonstrated by the blue shift in the 10PIL photoluminescence spectrum upon photocrosslinking
(Figure 1b).% Specifically, the broad feature near 500 nm (Figure 1b, red solid line) confirms the
presence of such n— associations (i.e., excimers).”’ Upon UV irradiation for 1500 s, the excimer
band disappears and the resulting emission spectrum is reminiscent of isolated anthracene
(Figure 1b, purple dash dot line). This observation indicates that while some anthracene groups
in proximity react to form non-emissive dianthracene, others remain unreacted and isolated. Note
that although the [47 + 47] cycloaddition is reversible upon exposure to short-wavelength UV

radiation (254 nm), both dianthracene and anthracene absorb in this region and eventually reach

10
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a photo-stationary equilibrium with the majority of the anthracene moieties involved in photo-
dimerization (Supplementary Information). The presence of 7—r interactions in the uncrosslinked
PIL not only structurally justifies the aforementioned kinetic model that neglects the diffusion
limitations in the cycloaddition reaction over the entire range of conversion, but also play a key
role in the viscoelastic properties due to formation of labile bonds that serve as dynamic
crosslinks (Figure S7a).***” These dynamic crosslinks are not labile at relaxation times shorter
than the lifetime of the 7—x associations, such as those characteristic of segmental and ion
motion, and thus influence the local configurational arrangement of polymer chains in a similar

manner as chemical crosslinks.

10PIL [ before and @ after UV

G (Pa)
-—
o
e

T AT RTTTT MR RTTTT BN RTRATTIT MANATRTTTTT MR TTTT M Ao

0.001 001 01 1 10 100 1000
t(s)

Figure 2. Stress relaxation profiles at 50 °C for the 10PIL suggest a change in the terminal mechanical response due to
photocrosslinking. 10PIL before (0) and after (®) exposure to 365 nm UV radiation for 3 h. The development of a long-time
plateau modulus suggests the formation of a lightly crosslinked polymer network. A strain of 1% and 0.1% was respectively

applied for the un-crosslinked and crosslinked polymers. The inset images illustrate the change from a viscous liquid to a soft
solid.

Photocrosslinking the PIL changes the terminal mechanical response from that of a
viscoelastic liquid to that of a soft solid (Figure 2). The stress relaxation profile of 10PIL before
exposure to UV is characteristic of a polymer melt with fast relaxation in the shear elastic
modulus G from 5000 kPa to 0.1 kPa in 10 s. After irradiation with UV, the #-m stacked
anthracene moieties undergo a cycloaddition reaction that chemically crosslinks the polymer

resulting in changes in the stress relaxation profile to that of a percolated network above the sol-

11
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gel transition. At long-times there is a plateau modulus of approximately 1.7 kPa which
demonstrates that this material is a solid capable of sustaining a mechanical load. The physical
appearance (insets in Figure 2) and linear mechanical response (Figure S7) corroborate these
observations. Additionally, while the uncrosslinked polymer readily dissolves in organic solvents
(e.g., acetonitrile, methanol, DMF, and DMSO) the soft solid that is formed after
photocrosslinking is insoluble even after several days. Although the degree of swelling was not
systematically investigated, it is qualitatively lower than that characteristic of a polyelectrolyte
gel presumably due to the weak electrostatic interactions intrinsic to PILs. More quantitative
comparisons between the shear elastic modulus and crosslink concentration are outside the scope
of this investigation and only considered in the Supporting Information. It is worth noting that
while it is not the objective of this work, the mechanical properties of the crosslinked PIL can be

further optimized thorough an alternative choice for the polymer backbone (e.g. PDMS).

12
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Figure 3. Ionic conductivity of anthracene-functionalized PILs before and after crosslinking. a) Real part of complex
conductivity as a function of frequency and temperature. The plateau from the frequency independent part of the spectrum was
taken as the DC conductivity. The open circles and solid lines respectively correspond to the measurements performed on
uncrosslinked and crosslinked (60 min exposure at 298 K) 300PIL. The inset illustrates the schematic of the in sifu conductivity
measurement cell comprising the polymer sandwiched between two ITO/glass transparent electrodes, and separated by a 150 pm
Kapton spacer. b) Temperature-dependent ionic conductivity for the PILs. The open and closed symbols are the data for
uncrosslinked and crosslinked PILs, respectively, while the solid lines are the VFT fits. The inset illustrates the T,-normalized
conductivity data for both PILs that fall onto a single master curve. Data points represent the average of three different samples.
Error bars represent 68% confidence intervals and are smaller than the symbols.

The enhancement in PIL mechanical properties due to crosslinking does not have
deleterious effects on ion transport. To demonstrate this, the ionic conductivity of the PIL was
determined using electrochemical impedance spectroscopy, wherein the frequency-independent
plateau of the real part of the complex conductivity was attributed to the current resulting from
ion conduction (Figure 3a). The specific capacitance of the PIL was also demonstrated to be
independent of crosslinking time in the low-frequency regime (Figure S4). It should be noted

that the temperature was restricted to 65 °C to mitigate dissociation of the cycloaddition product

13
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dianthracene, which is known to occur to a significant extent at or above 100 °C.°* ® A
representative Thermo-Gravimetric Analysis (TGA) confirms that neither polymer degradation
(Ty = 270 °C) nor traces of solvent affect the reported impedance measurements (Figure S6).
Figure 3b reveals a perfect overlap at all temperatures between the ionic conductivity of the PIL
viscous liquid and that of the soft solid. Interestingly, upon Vogel-Tamman-Fulcher
normalization by 7,, a collapse of the ionic conductivity is evidenced irrespective of molecular
weight. These observations demonstrate complete coupling between polymer segmental
dynamics and ion transport, as changes in the polymer relaxation times with temperature yield a
master curve for the ionic conductivity. The linear dielectric response of this PIL is dictated by
mobile ion concentration and mobility, yet these appear to be insensitive to chemical
crosslinking. The mobile ion concentration resulting from temperature and solvation do not
strongly depend on polymer topology, as ion-ion and ion-monomer interactions are not expected
to be significantly affected by chemical crosslinking. However, it is interesting that the formation
of a PIL chemical network does not impose restrictions on the internal mobility (i.e., T, g).43 This
presumably is a consequence of the z—= interactions that influence the polymer segmental
dynamics prior to photocrosslinking. In contrast with other PIL networks reported in the
literature which exhibit a dramatic reduction in ionic conductivity even at very low crosslink

36-63. 6 the mechanical and ion conducting properties of the

densities due to an increase in Ty,
photocrosslinkable PIL are decoupled enabling the material to be processed in solution and in the
melt, cast into any desired shape, UV-crosslinked, and readily manipulated. The ionic

conductivity is acknowledged to be low when compared to similar systems plasticized with ILs

or water that accelerate the local segmental dynamics.

14
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The ease of processing that results from the photoconversion of the PIL allows for
development of dielectrics amenable to fabrication of thin-film transistors with different
geometries but the same material system (i.e. substrate, semiconductor, dielectric, and
electrodes). This is demonstrated with devices composed of photocrosslinked 300PIL as the
dielectric and poly(3-hexylthiophene) (P3HT) as the p-type semiconductor in two common
geometries (Figure 4a-b). Top-gate and bottom-gate field-effect transistors exhibited reasonably
consistent behavior despite differences in device fabrication. The output and transfer
characteristics in Figure 4c-f illustrate that both devices exhibit an ON/OFF ratio exceeding 1000
and threshold voltages less than |1 V|. This low-voltage operation, not accessible with
conventional gate insulators (e.g., SiO), is a consequence of the large sheet charge carrier
density that results from the high capacitance (1-10 uF.cm™) of the PIL electrical double layer.’
The relatively slow response time from the ionic moieties tethered to the PIL backbone leads to
hysteresis between forward and backward sweeps in the output characteristics, more so in the
top-gate geometry due to the larger dielectric thickness. Although this hysteresis can be
mitigated by increasing the sweep rate of the device (Figure S9), it is the ionic conductivity of
the PIL that ultimately limits performance. As a point of comparison, ion gels exhibit minimal
hysteresis in transistor characteristics with sweep rates as large as 75 mV.sec™, but sacrifice the
ability to prevent migration of ion pairs into the semiconductor layer.” This observation suggests
that a decrease in dielectric thickness or an increase in temperature can improve the switching

speed in PIL-gated transistors.

15
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Figure 4. Transistor characteristics of two PIL-based organic field-effect transistors. Schematics for the top-gate and bottom-gate
structures are shown in (a) and (b), respectively. Sweeping gate voltage from +0.2 to —2.4 V at a sweep rate of 3.3 mV s’
facilitates a turn on voltage less than |1 V| and a large ON/OFF ratio as a result of the high capacitance of the PIL. Hysteresis
between forward and reverse sweeps is attributed to contributions from the conductivity of the PIL and to the kinetics of

infiltration of TFSI into (and out of) P3HT; tgoom-Gate ~ 5 M and tryp.gae ~ 90 pm. Output voltage sweeps were completed at
1000 mV s™.

The UV-activated crosslinking reaction also facilitates patterning of the PIL into sub-mm
sized features by use of an appropriate photomask (Supporting Information). This enables lateral

control of individual transistors on an integrated circuit, a consideration crucial for the operation

16
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of large-area electronic devices where neighboring transistors may need to be in different
ON/OFF states. Here we used a photomask to demonstrate that a 20 um PIL film can be directly
patterned onto a SiO, substrate by crosslinking areas exposed to UV radiation and dissolving the
precursor polymer with an orthogonal solvent. The method yields sharp features less than 1 mm
in width (Figure 5), though we anticipate that this size can be decreased further by reducing the
photomask linewidth. Nonetheless, this simple proof-of-concept illustrates the potential of

photocrosslinkable PILs for use in large-area electronics.

|

height (um)

—_ -
ownowno

0.0 0.5 1.0 1.5 2.0 2.5
x (mm)

Figure 5. The processability and UV-reactivity of the PIL allows for direct patterning as demonstrated with (a) a 20 um polymer
film patterned on a Si/SiO, substrate. Selectively crosslinking areas of the PIL enables a patterned film with sharp features,
illustrated in (inset) the height profile scan, and (b) the optical image.

Conclusions

Polymeric ionic liquids with tethered anthracene moieties have been photocrosslinked
without inducing changes in ionic conductivity. In the melt, these materials are viscous liquids
with associating junctions composed of m—m stacked anthracene units. Upon exposure to UV,

these associations readily become permanent via [4r + 4z] cycloaddition of anthracene to

17
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produce highly viscoelastic solids based on a lightly crosslinked chemical network. Interestingly,
the ionic conductivity of these PILs is decoupled from mechanical properties, as revealed by
negligible changes in polymer segmental relaxations and 7T,s after crosslinking. Normalization of
the temperature-dependent ionic conductivity by 7, yields a single master curve for all PIL
molecular weights. This molecular design enables the processability required to cast PILs into
any desired shape, cure them by UV, and exploit their conducting properties. As proofs of
concept, this PIL is incorporated as a dielectric in thin-film transistors with large ON/OFF ratios
independent of device fabrication geometry, and directly patterned as films with pm-size features
onto a substrate. Consequently, photocrosslinkable PILs are not only novel functional materials
for energy conversion devices, but also serve to address fundamental questions at the interface of
polymer science and organic electronics.

Supporting Information

The following files are available free of charge: materials; instrumentation; detailed synthetic
procedures; experimental methods for photophysical, mechanical, and dielectric characterization;
protocols for transistor fabrication and photopatterning; kinetic modeling of anthracene
photodimerization; linear viscoelastic response; frequency-dependent capacitance; discussion on
network elasticity; molecular and thermal characterization; sweep-rate dependence of FETs.
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