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Abstract

Polymer electrolytes show promise as alternatives to conventional electrolytes in energy storage
and conversion devices but have been limited due to their inverse correlation between ionic
conductivity and modulus. In this study, we examine surface morphology, linear viscoelastic,
dielectric and diffusive properties of molecular ionic composites (MICs), materials produced
through the combination of a rigid and charged double helical polymer, known as poly(2,2’)-
disulfonyl-4,4’benzidine terepthalamide (PBDT), with ionic liquids (ILs). To probe temperature
extremes, we incorporate a non-crystallizable IL to allow measurements from to -90 to 200°C. As
we increase PBDT weight percentage (wt%), shear moduli increase and do not decay up to 200°C
while maintaining room temperature ionic conductivity within a factor of two of the neat IL. We
connect diffusion coefficients of IL ions with ionic conductivity through the Haven ratio across a

wide temperature range and analyze trends in ion transport based on a relatively high and



composition-dependent static dielectric constant. This behavior may result from collective
rearrangement of IL ions in these networks. We propose that these properties are driven by a two-
phase system in MICs corresponding to IL-rich “puddles” and PBDT-IL associated “bundles”
where IL ions form alternating sheaths of cations and anions around each PBDT rod. These

polymer-based MIC electrolytes show great promise for use in electrochemical devices that require

fast ion transport, high modulus, and a broad thermal window.
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Introduction

Polymer electrolytes are under investigation for applications in electrochemical energy storage and
conversion devices such as lithium ion batteries, fuel cells, solar cells, and sensors,' > owing to a
combination of high ionic conductivity, mechanical stiffness, and thermal stability.® Current
commercial lithium batteries utilize a combination of organic solvents and a lithium salt to achieve
high conductivity but are limited due to dendritic growth and the narrow thermal window and
flammability of the organic solvents used.” To mitigate this, polymer electrolytes in the form of
solid single-ion conducting polymers have shown enhancements in some of the properties needed
for their use in battery applications but have been stifled due to a reciprocal correlation between
stiffness and ionic conductivity.®® Stiffer materials that are predicted to prevent dendritic growth
typically exhibit less favorable ionic conductivity due to ionic conductivity being coupled with

polymer segmental motion. '

One technique that has been used to simultaneously achieve high ionic conductivity and
mechanical strength is through the introduction of ionic liquids (ILs) into polymeric systems.!!"1*
ILs have gained widespread interest due to their negligible vapor pressure, broad electrochemical
window, high ionic conductivity, and thermal stability.!>'® Through this combination of ILs and
polymers, polymer electrolytes have been produced for energy applications in the form of ion gels.

1213.1921 These ion gels have shown high conductivity and a rubber-like modulus due to the

interactions between the IL and the polymer matrix.

Alternative to conventional ion gels, another class of materials have been developed, known as
molecular ionic composites (MICs) which incorporate the mechanical stiffness of a highly rigid

(double helical) sulfonated aramid, poly(2,2'-disulfonyl-4,4’-benzidine terephthalamide)



(PBDT),?? and the favorable ionic conductivity, electrochemical and thermal stability of ILs.!*
Unlike conventional ion gels, which are typically formed from a conventionally physically
(hydrophilic-hydrophobic) or chemically crosslinked polymer network, MICs appear to be held
together by a collective electrostatic network between the highly charged and highly rigid PBDT
rods and the IL ions.”> While these materials open a new direction in polymer electrolyte
fabrication, it is important to understand how the IL and PBDT fractions affect the stiffness and
ionic conductivity over a wide temperature range. To explore this, it is important to choose ILs
that cannot crystallize because crystallization restricts ion motion in the crystalline domains and
greatly decreases overall ionic conductivity.?**> Because of this, non-crystalline ILs need to be
incorporated into the PBDT matrix in order to fully study the temperature dependent dynamics of

MICs.

In this study, we examine morphology, viscoelastic, dielectric, and individual ion diffusion
properties in a series of MICs based on 1-butyl- 3-methylimidazolium tetrafluoroborate (BMIm-
BF4), a non-crystallizable IL, with varying PBDT weight percentage (wt%), and make
comparisons with the neat BMIm-BF4 IL. We studied these responses through a combination of
atomic force microscopy (AFM), linear viscoelasticity (LVE), dielectric relaxation spectroscopy
(DRS) and NMR diffusometry. Investigating the molecular dynamics of these materials over a
wide temperature range enables new insights into the mechanisms of ion transport and mechanical
behavior between the IL-PBDT matrix as well as providing new directions for tailoring these

electrolyte materials for specific electrochemical applications.



Experimental

Materials: Aqueous solutions of PBDT were produced by combining PBDT and deionized water
in vials. BMIm-BF4 IL was purchased from Iolitec GmbH (Germany) with purity > 99%. Figure

1 shows structures of both the IL and PBDT as a double helix.
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Figure 1: Molecular structures of BMIm" cation, BF4 anion, and PBDT, with sodium

counterions, in a double helical conformation.

Preparation of MICs: Aqueous solutions in the nematic phase'*?>%¢ with PBDT ranging from 2-6
wt% were loaded into vials and left for a 3-5 days allowing them to become homogenous. It is
important to note that these solutions show a transition to a fully nematic phase at 0.3 wt% PBDT.
This PBDT was synthesized from sodium 2,2’ benzidinedisulfonate (NaBDSA) and is estimated
to have an My, ~ 100 kg/mol based on viscosity measurements. This version of PBDT features

longer chains due to the reaction runtime of ~ 24 hours which is much longer than previous PBDT



versions,'*?”?® which were run for ~ 1 hour. Once homogenous, the PBDT solutions were pipetted
into 5 mm NMR tubes. IL was then slowly pipetted onto the top of the polymer solution until the
IL and PBDT solution volumes were equal. Over time, the IL and water with Na* counterions
undergo an ion exchange process in which IL ions diffuse into the PBDT phase and water diffuses
into the IL phase shown in Figure 2.'* Fully formed MIC “ingots” were acquired after 24 h with
the solid MIC self-assembling in the region of the original polymer solution. The MICs were then
dried in a vacuum oven at 105°C 24 h with resulting PBDT content in the MICs ranging from 4 to

13 wt%. More information involving the formation of MICs can be found from Wang et. al.'*
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Figure 2: Formation of MIC through an ion exchange process between the IL and the PBDT
solution. As time passes, IL ions diffuse into the PBDT phase to self-assemble the MIC phase

and cause it to grow downward, while simultaneously and water diffuses into the IL phase.



Atomic Force Microscopy (AFM): AFM images of the three MICs were collected in tapping mode
on a Bruker Dimension Icon system using a TESPA-V2 probe tuned to a 0.5 V resonance
amplitude. Prior to imaging, each MIC was mounted in a Leica EM UC6 Microtome with a Leica
EM FC6 cryo-attachment and sliced with a diamond blade at -110°C to ensure a proper topography
on the MIC surface. Each MIC was placed on a stainless-steel substrate and the amplitude setpoint
was adjusted for stable topography and good phase contrast (~0.65 As/A, ratio for these samples).
Additionally, to ensure the MICs maintained low moisture content under AFM, measurements

were done using a humidity chamber at ~ 20% humidity.

Linear Viscoelasticity (LVE): The viscoelastic response of BMIm-BF4 IL and MICs of varying
PBDT wt% were measured using an Advanced Rheometric Expansion System (ARES)-LSI
rheometer with a transducer measuring 0.2—2000 g cm torque. All ~1 mm thick samples were dried
under vacuum for 24 hours at 80°C to remove water and loaded onto aluminum parallel plates with
a diameter of 3 mm for the MICs and a combination of 3 mm and 7.9 mm for the neat IL. MICs
were annealed in the rheometer for 1 hour at 120°C to insure proper contact with the rheometer
plates. The neat IL underwent a shearing process at room temperature to create the precise
geometry between the parallel plates. Measurements were taken in steps of 10°C down to the glass
transition temperature (7,), below which measurements were taken in steps of 5°C. At each
temperature the shear storage and loss moduli, G’(w) and G ”(w), were recorded in an angular
frequency range from 107! — 10? rad/s in the linear viscoelastic range of strain amplitude.
Temperature ramps were also taken for each material at a fixed angular frequency of 1 rad/s and

measured in steps of 5°C/min from the glassy modulus up to 200°C.

Dielectric Relaxation Spectroscopy (DRS): Dielectric measurements of MICs and neat IL were

carried out through DRS using a Novocontrol GmbH Concept 40 broadband dielectric
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spectrometer. All materials were placed under vacuum at 80°C for 24 hours. The MICs of varying
PBDT wt% were cut into slices in the direction perpendicular to the elongated axis of the sample
and placed in a ring with a diameter of 3 mm and a thickness of 0.575 mm to ensure a proper
sample geometry. MICs were then pressed in between a polished 15 mm top brass electrode and a
polished 30 mm brass bottom electrode and placed under vacuum at 80°C for 24 hours for the
MICs to adhere to the electrodes. BMIm-BFs was poured onto a 30 mm brass electrode with an
upper electrode diameter of 20 mm and held at a thickness of 0.38 mm using Teflon spacers. Each
sample was loaded into the Novocontrol and annealed at 120°C under nitrogen for an additional
hour to remove any moisture picked up during sample loading. Isothermal dielectric data were
then collected using a sinusoidal voltage with an amplitude of 0.1 V over a frequency range of 10
'~ 107 Hz in steps of 10°C in cooling from 120 to -150°C followed by steps of 5°C in heating from

-150 to 200°C.

NMR Diffusometry: The pulsed-gradient stimulated-echo sequence (PGSTE) was applied for all
diffusion measurements from -20 to 150°C. Self-diffusion coefficients of the IL ions were obtained
from measuring the nuclei 'H (cation diffusion) and °F (anion diffusion). Before diffusion
experiments, all samples were dried and sealed under vacuum to prevent water uptake. Diffusion
measurements from -20 to 75°C were performed using a 400 MHz Bruker Avance III WB NMR
spectrometer equipped with a microimaging probe coupled to a Diff60 single-axis (z-axis) gradient
system and a 5 mm 'H rf coil. Diffusion measurements from 80 to 150°C were performed using a
600 MHz Bruker Avance III NMR spectrometer equipped DOTY 5 mm, Standard VT, 1H/X high
gradient PFG probe. Under pulsed-field-gradient (PFG) NMR diffusometry, the Stejskal-Tanner

equation was fit to the measured signal amplitude / as a function of gradient strength g,



I = Ioe_Dy2g252<A_(§)> M

where [y is the signal amplitude at g = 0, y is the gyromagnetic ratio, ¢ is the effective gradient
pulse duration, 4 is the diffusion time between gradient pulses, and D is the self-diffusion
coefficient. The PGSTE sequence used with the Diff60 probe system (-20 to 75°C) used n/2 pulse
lengths of 3.8 and 4.8 ps for cation (‘H) and anion ('°F), respectively. A repetition time of 0.50 s,
a diffusion time of A = 40 ms, a gradient pulse length of 6 = 1.6 ms, and acquisition times of 40
ms (cation) and 50 ms (anion) were used for cation and anion diffusion measurements. Maximum
gradient strengths of 150 — 2100 G/cm, depending on temperature of experiment, were used to
achieve 90% signal attenuation in sixteen steps. Sufficient signal-to-noise ratio (SNR) for each

data point (> 10) was achieved by acquiring 128 and 64 scans for cation and anion, respectively.

The PGSTE sequence used with the DOTY probe system (80 to 150°C) used n/2 pulse lengths of
4.1 and 9.2 ps for cation ('H) and anion ('°F), respectively. A repetition time of 0.34 s, a diffusion
time of A =30 ms, a gradient pulse length of 6 = 4.0 ms, and acquisition times of 100 ms (cation)
and 120 ms (anion) were used for diffusion measurements. Maximum gradient strengths of 50 —
180 G/cm, depending on experimental temperature, were used to achieve 90% signal attenuation
in sixteen steps. Sufficient signal-to-noise ratio (SNR) for each data point (> 10) was achieved by

acquiring 32 and 64 scans for cation and anion, respectively.
Results and Discussion
Morphology of MICs and the Bundle Model

Atomic Force Microscopy (AFM) has been applied in previous studies to elucidate the morphology
of IL based composites, as exemplified by Fox et. al.,”” Fam et. al. (in SI),*° and by Ito et. al.*! In

this case, we used AFM in tapping mode to image the phase contrast for MICs with varying PBDT
9



wt% as shown in Figure 3. These contrast images show dark and bright sections, where brighter
areas are the stiffer components in multiphase materials.*** For MICs, the brighter areas represent
regions containing the PBDT phase while darker areas represent regions of nearly neat IL. By
increasing the PBDT wt% in MICs, the phase contrast of the overall image gets brighter,
suggesting that there is an increased degree of interactions between the PBDT and the IL that
drives formation of the MIC.

e
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Figure 3: Atomic Force Microscopy (AFM) tapping mode images of the phase contrast in MICs
of varying PBDT wt% at room temperature. The images include PBDT wt% and scale bars, with

topological and phase contrast angle bars to the right of each image.

Based on these AFM images, on observed compositions where homogenous and mechanically
robust MICs form,'** and on previous molecular dynamics simulations,® we schematically
propose a model for the self-assembled structure of the PBDT rods and IL ions in MICs depicted
in Figure 4. At low PBDT concentrations, we propose that the internal structure of MICs has two
distinct environments, PBDT-rich and PBDT-poor regions. In the PBDT-rich region, we propose
that the local environment exists as “bundles” of rigid PBDT rods (blue lines) with each individual
rod being surrounded byalternating sheaths of IL cations and anions (purple regions).>* These

bundles can also form rod-bundle junctions, which may consist of intertwined helical chains (e.g.,
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“Y” junctions) along with electrostatic associations that can enhance the mechanical response. In
the PBDT-poor region, we propose that the dominant environment is “puddles” of IL (dark red
regions). While PBDT rods can still exist within this region, which would attract IL ions, we
suspect few PBDT rods are found here. This results in dominant IL motion that is the same as in
the neat IL. With increased PBDT concentration, the PBDT-poor regions decrease and are replaced
by a larger fraction of PBDT-rich regions. This continues until there are no more PBDT-poor
regions and the resulting MIC is dominated by the PBDT-rich environment.
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Figure 4: Conceptual illustrations of a nanoscale model of MICs, which includes bundles of

Associated ions

PBDT double helix rods (blue lines) (at a rod-rod distance of ~ 2 nm) substantially held together
with collective electrostatic (ion-ion) interactions (purple regions). (a) MICs at lower PBDT
wt% consist of a two-phase system with a continuous PBDT-IL “bundle phase” and pockets or
“puddles” (dark red regions) of nearly neat IL. (b) MICs at higher PBDT wt% consist primarily
of a single PBDT-IL bundle phase, with a small fraction of IL puddles. We discuss our

mechanical and ion transport results based on this proposed model.

Linear Viscoelastic Response
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To understand how the increase of PBDT wt% affects the mechanical properties of MICs in
comparison to neat IL, we examine their linear viscoelasticity (LVE), which allows for the
observation of the shear storage and loss moduli (G’ and G”). Figure 5a shows master curves of
the frequency-dependent moduli, G ’(w) and G ”’(w), obtained for the BMIm-BF4 IL and MICs with
varying wt% of PBDT through time-temperature superposition (tTs). tTs was found to work for
all samples with frequency scale shift factors, at, shown in Figure Sb at a reference temperature
T; = -85°C. Each sample exhibited a single a relaxation correlating with the glass transition
temperature (7) of the system denoted by the maximum peak in G”(w). To determine 7} of the
neat IL and MICs through LVE, we fit the frequency scale shift factors from the tTs master curves

using the Williams-Landau-Ferry (WLF) equation.

Ci(T—-T,) ()

logay = — =2 T2
BAT =T AT T,

Here, C1 and C; are fit parameters, 7' is the temperature and T is the reference temperature.
Using C1 and C», G”'(w) was shifted until we observed the maximum peak at a frequency of 10~
rad/s indicating T, ** Table 1 shows the fitting parameters for the IL and MICs as well as the T,
determined through LVE, and our measurements are in agreement with previous work done
calculating the LVE T, of BMIm-BF4.%¢ Increasing the PBDT wt% in MICs only slightly
increases Ty by 2 K, suggesting that the IL ions dictate the viscoelastic 7 even at our highest
PBDT wt% MIC. We suspect that the LVE T, originates from rearrangement of IL ions®>"-8
and this idea of IL motion at 7y is consistent with the molecular structures shown in Figure 4
where IL ions within the puddles are able to move freely with minimal restriction from the

PBDT bundles.
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Figure 5: (a) Time—temperature superposition master curves of the frequency-dependent shear
storage and loss moduli, G’(w) and G”(w), for BMIm-BF4 IL and MICs of varying PBDT
wt% at a reference temperature T; = -85°C. For easy viewing, we vertically shifted these
curves by a factor bt where br(BMIm-BF4) = 1, br(4 wt% MIC) = 100, br(10 wt% MIC) =
10000, and br(13 wt% MIC) = 500000. (b) Viscoelastic horizontal shift factors, at versus
temperature for BMIm-BF4 IL and MICs of varying PBDT wt% for the master curves in part
(a) at a reference temperature 7; = -85 C. The solid lines represent the fits from the WLF
equation (Eq. 2) with the fitting parameters listed in Table 1. Increasing PBDT content only
slightly increases the glass transition temperature (7) while showing a weak frequency-

dependence of the modulus, indicating that MICs are viscoelastic solids.

Table 1: Fitting parameters of the WLF temperature dependence (Eq. 2) with 7; = -85°C and
LVE glass transition temperature (7)

Sample Ci 2 (K) To=T-C> (K) LVE? T (K)
BMIm-BF4 27.8 92.4 95.6 181
4 wt% MIC 23.1 82.3 105.7 183
10 wt% MIC 233 85.5 102.5 183
13 wt% MIC 24.8 93.9 94.1 183

T, determined through LVE measurements defined where wo(7,) = 10 rad/s at which G has
a maximum in the glassy regime indicating segmental relaxation.

As PBDT content increases in MICs, the shear storage modulus increases from 0.2 to 4 MPa at

room temperature and isothermal frequency sweeps shows minimal variation of the modulus
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above room temperature in G ’(w) and G”(w), indicating MICs are viscoelastic solids.** To
further illustrate this effect of the IL-rich puddles on the viscoelastic response of MICs, we
examine the ratio between the glassy modulus (G¢) and the plateau modulus (Ge) where G, =
G’(10°"° rad/s) as shown in Figure 6. As the PBDT content increases, Go/G. decreases
suggesting that the change in modulus directly relates to the volume fraction of the IL-rich
puddles. Since the IL ions are the dominant source of viscoelastic relaxation in MICs, they can
relax in the IL-rich puddles, causing MICs to possess a low 7 comparable to the neat IL.
However, by increasing the PBDT content in MICs, the volume fraction of the IL puddles
decreases, forcing the majority of the IL ions to relax within the PBDT bundles and increasing

Ge due to the interactions between PBDT and IL. We will discuss this concept further below.
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Figure 6: Gy/G. as a function of PBDT wt% in MICs. G¢/Ge decreases as PBDT content
increases suggesting that the modulus change is directly associated with to the decreased

volume fraction of IL-rich puddles.

In addition to the frequency-dependence of the modulus, we also analyzed the modulus as a
function of temperature at ® = 1 rad/s, as illustrated in Figure 7. Here, the absence of terminal
liquid response is further shown as G’ and G ” leave the glassy state, reach a plateau and exhibit
a weak temperature dependence at elevated temperatures. MICs never terminally relax at higher
temperatures, similar to the LVE of crosslinked rubbers* but their modulus also does not weakly
increase with temperature as in crosslinked rubbers,* further emphasizing the novel behaviors in
these ionic network composites. Although the moduli of MICs are of MPa order, they do not
exhibit the entropic origins of crosslinked polymers and many soft materials. We hypothesize
that this may be due to collective weak ionic interactions between the PBDT rigid rods and IL
ions. Negatively charged PBDT rods are surrounded by sheaths of BMIm™ cations and BF4
anions, forming an electrostatic network that spans throughout the MIC and allowing the MIC to
be thermally and mechanically stable at elevated temperatures.?? Additionally, as temperature
increases, we observed a slight increase in G for all MIC samples which agree with previous

dynamic mechanical thermal analysis done on similar MIC samples.*’
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Figure 7: Temperature-dependence of G’ and G for MICs of varying PBDT wt% at an angular
frequency of 1 rad/s. From -50°C to 200°C, the storage modulus exhibits a gradual decrease as
temperature is raised, suggesting that the MIC modulus does not have the entropic origins that

many soft materials have.

It is important to note that we observed modulus values that are much lower than previous
studies on the modulus of MICs.'** Based on our preliminary findings, we expect that this is
may be due to different aspects of MIC composition and formation. MICs produced in this study
used a different IL than previously studied and we hypothesize that the specific and collective
molecular interactions present in MICs can alter the modulus. Additionally, while it is typical for
shear modulus to be lower than Young’s modulus, these materials exhibit differences in moduli
by factors of ten or more, suggesting that the modulus may be anisotropic. This may originate
from the anisotropic electrostatic network that is involved in the energetics of mechanical
deformation.*! Finally, we also have preliminary observations suggesting that the molecular

weight of the PBDT strongly influences both the formation process and the final modulus. We
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speculate that the higher molecular weight PBDT used in this study may kinetically arrest the
composite during formation and thus form disjointed structures. When a MIC was made with this
version of PBDT and a different IL (1-ethyl- 3-methylimidazolium trifluromethanesulfonate,) the
tensile modulus was lower by a factor of ~ 100 compared to what was previously found (33 MPa
vs. 3 GPa).'** While molecular weight can drastically affect the modulus, we observed no
change in the measured conductivity or diffusion, suggesting that PBDT chain lengths do not
substantially affect fast ion transport. Future studies will probe in further detail how mechanical
and transport properties in MICs depend on PBDT and IL molecular details, thus enabling fine

material property tuning for electrochemical device applications.
Ionic Conductivity

In order to investigate the influence of PBDT wt% on MICs, we analyze the temperature-
dependence of ionic conductivity (go) in the regime where £” ~ o™ and g, = we.£”, and we
compared with the neat IL.***** Shown in Figure 8, we fit o, data using the Vogel-Fulcher-

Tammann (VFT) equation,*>4

BT, ) 3)

0,(T) = 0 exp (—T —
0

where 0. 1s the infinite temperature conductivity limit, B is a strength parameter proportional to
fragility, and 7o is the Vogel temperature listed in Table 2. By fitting VFT to g,, we show that
the 7o determined from DRS is at least 50 K higher than that from the 7o determined by LVE
methods for all samples. We believe this is due to the difference in mechanisms dictating the

mechanical and dielectric responses. While DRS is analyzing 7y in both the IL-rich puddle phase
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and PBDT bundle phase, 7o from LVE is mostly influenced by the relaxation of ions in the IL-

rich puddles near T.

While all samples show similar trends in conductivity, increasing PBDT wt% only slightly
decreases o, in MICs. This decrease is never more than a factor of two relative to that of the neat
IL at room temperature, from 4.4 mS/cm to 2.2 mS/cm at the highest PBDT content MIC (13
wt%). At 200°C, g, of MICs reaches 60-70 mS/cm regardless of PBDT wt%, and the MICs still
exhibit a conductivity > 10~> S/cm above -30°C. When compared to a wide array of other solid
polymer-based electrolytes, MICs show a comparable or higher ionic conductivity,?’ and over a
much wider temperature window than previously reported in literature. We expect these
comparably high o, values partially relates to two distinct ionic environments in MICs, which
correlate with the IL-rich puddles and the bundles of PBDT rods shown above in Figure 4. At
low PBDT concentrations, these PBDT-poor puddles of free IL exhibit the transport rates of
neat IL due to the absence of the PBDT rods. As PBDT concentration increases, these puddles
decrease in size and the majority of ions travel within the bundles of PBDT rods where the
sheaths of IL have ion motions only somewhat slower compared to the neat IL. Additionally,
while increasing the PBDT content increases the number of associations between IL ions and the
sulfonate group fixed on the polymer backbone, these associated ions diffuse on relatively fast
time scales, maintaining high o, as the PBDT wt% increases in the MIC.>* We further discuss the

effect on PBDT content of ion diffusion below.
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Figure 8: Temperature dependence of ionic conductivity (o,) for neat BMIm-BF4 IL and for
MICs of varying PBDT wt%. The solid lines represent the fits using the VFT equation (Eq. 3)
with parameters listed in Table 2. MICs show fast ion transport over a wide temperature

range, and this transport is not much slower than that of the neat IL.

Table 2: Fitting parameters from the VFT temperature dependence (Eq. 3) of ionic
conductivity and static dielectric constant (&s) at -20°C

Sample log 0 (S/cm) B To (K) &s
BMIm-BF4 0.52 7.1 148 14.3
4 wt% MIC 0.19 6 158 12.8
10 wt% MIC 0.14 5.7 162 16.1
13 wt% MIC 0.12 5.8 162 23.5

Static Dielectric Constant

We analyze the static dielectric constant (&s) to illustrate how MICs become more polarizable as

PBDT wt% increases. Figure 9 shows the frequency-dependence of the real part of the dielectric
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permittivity (&) at -20°C for BMIm-BF4 IL and for MICs of varying PBDT wt%. In order to
account for all relaxations that occur between the IL and PBDT prior to electrode polarization
(EP), we probe &, defined as the low frequency value of ¢’ prior to EP. &’ represents the summation
of all observed relaxations in MICs and we plot this as a solid line in the low frequency limit of
¢’ .4752 The value of & for the IL is ~ 14 which is similar to previous studies on the dielectric
constant of BMIm-BF4.>*>* As the PBDT wt% increases, s in MICs becomes greater than that of
the IL reaching a value of 23.5. We expect that the increase in &; is due to the presence of the PBDT
rods. We propose that increasing the PBDT wt% leads to more strongly correlated ion
rearrangements in the IL ions between the PBDT rods, facilitating an increase in polarizability.
This enhanced polarizability likely explains the high conductivity of the PBDT-IL phase in the
MICs. Enhancing the static dielectric constant should lead to an increase in conductive ions that

can be accounted for in DRS.>
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Figure 9: Real permittivity (¢”) at -20°C for BMIm-BF; IL and for MICs of varying PBDT wt%.
The solid lines represent the static dielectric constant (&) determined by the summation of the

dielectric constants of all observed relaxations prior to electrode polarization (EP), and we list
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these values in in Table 2. Inset: & as a function of PBDT wt% in MICs. The increase in ¢ with

PBDT content suggests that the PBDT-rich bundle phase is highly polarizable.

Diffusion of Ionic Liquid in MICs

In order to further explore MIC ion transport behaviors, we employ pulsed-field-gradient (PFG)
NMR diffusometry to separately quantify self-diffusion coefficients for the BMIm" cation and
BF4 anion in each MIC and in neat IL. Figure 10a compare the cation and anion diffusion
coefficients between the neat IL and the MIC with 13 wt% PBDT. In both neat IL and the MIC,
the BMIm" cation shows slightly faster diffusion than the BF4 anion at T < 80°C. At T > 80°C,
BF4 anion diffusion becomes slightly faster. Additionally, the 13 wt% MIC shows cation and
anion coefficients that are comparable to the neat IL This is due to the ions’ ability to rapidly
diffuse among the PBDT bundles.!*?**%>7 We might expect that the BMIm" cations will diffuse
much slower in an anionic matrix due to their associations with the fixed sulfonated groups off of
the polymer backbone. However, because the interactions between the IL and the PBDT rods are
weak, these associated ions will only have a very short lifetime (a few ns)?® on the fixed sulfonate
groups meaning that these ions are diffusing and exchanging with dissociated ions over this quick

timescale.

To understand the temperature-dependent diffusion behavior and its comparison with ionic

conductivity (o), we have fit the cation and anion diffusion coefficients using the VFT equation,

BT, ) 4)

0

where Do is the infinite temperature diffusion limit, B is a strength parameter and 7o is the Vogel

temperature listed in Table 3. For a proper comparison of ¢, and self-diffusion, we fix 7y to the
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same Vogel temperature found from the VFT fit of the o, as that data set covers a broader
temperature range. Figures 10b and 10¢ show diffusivity fitted to the VFT equation. Increasing
the PBDT wt% in the MICs leads to a decrease in the diffusion coefficient, paralleling the trends
shown in g,. Additionally, fixing 7y in the VFT equation to the 7y from o, for each of the samples
lead to good agreement in the diffusion data suggesting that o, and diffusion processes correlate

well with one another.
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1010 g DAAA O 13wt% | 107104 ® 10wt%
DDAA —~ B 13wt%
. ogA 2
2 o5 E
1011A A i ~ 1011 4
é o A A '
(@] B DA P
10-12A D A i o 1012 3 4
A
1 0_13 (a) T T T T 1 0_13 (b) T T T T
2.5 3.0 3.5 4.0 2.5 3.0 35 4.0
1000/T (K™ 1000/T (K™)

AL
Awt%

® 10wt% |

B 13wt%

25 3.0 35 40
1000/T (K™)

Figure 10: (a) Comparison of the cation and anion diffusion coefficients for the neat IL and for

MIC with 13 wt% PBDT. Temperature-dependence of the (b) cation diffusion, Dgmm ', (¢) anion

diffusion, Dgr4, for neat IL and for all MIC samples. Solid lines are fits to the VFT equation

(Eq. 4) with parameters listed in Table 3. Ion diffusion coefficients only mildly reduce inside

MICs, and the temperature dependencies of IL and MICs match almost exactly. Above 80°C,
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anions are slightly faster than cations while cations are slightly faster below 80°C, indicating a

mild change in ion association behavior with temperature.

Table 3: Fitting parameters from the VFT temperature dependence (Eq. 4) for the cation and
anion diffusion coefficients
DiMim" Dgr/
Sample log Do (m?/s) | B To (K) | log Dw (m?/s) B To (K)

BMIm-BF4 -7.6 7.5 148 -7.5 7.8 148

4 wt% MIC -7.8 6.3 158 -7.8 6.5 158

10 wt% MIC -7.9 59 162 -7.9 6.1 162

13 wt% MIC -8 6.2 162 -7.9 6.4 162

Nernst-Einstein Equation and the Haven Ratio

We can further assess the effects of ionic interactions in MICs by comparing diffusion coefficients
with ionic conductivities. In the limit of freely moving ions, with no interactions among them,
ionic conductivity should be related to the diffusion coefficients from NMR through the Nernst-

Einstein equation,*® which in this case is

()

2
piLe

Op = HokT (Dpmim* + DBF;)

where o, is the ionic conductivity, Demim' and Dgr, are the temperature-dependent diffusion

coefficients for the cation and anion respectively from NMR, pr is the number density of each IL
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ion, e is the elementary charge, Hr is the Haven ratio and 4T is thermal energy. This equation
neglects the number density and the diffusion coefficient of the Na” counterions from the PBDT
because the number density of IL ions is much higher and the diffusion coefficients of IL ions are
potentially greater than that of the Na“ counterions. Hr represents the ratio between the
conductivity determined through NMR over the ionic conductivity determined through DRS.>-¢!
A Haven ratio of unity indicates that the diffusion of all ions present is properly accounted for in
ionic conductivity, meaning that ions move independently as in a dilute solution. Figure 11 shows
the Hr as a function of temperature, and for all samples 1 < Hr < 2, suggesting that the Nernst-
Einstein equation works reasonably well for this class of materials.®? The trends in Hr are similar
to previous results by Watanabe et al. on ILs where HR is nearly independent of temperature.5® The
4 wt% and 10 wt% MIC samples have similar Hr values to the neat IL, possibly representative of

ion pairs that do not contribute to ionic conductivity,>*64

or other ionic aggregates that contribute
less strongly than separated ions.’®>” However, the 13 wt% sample has an Hr value close to 1.
This may be due to the relatively high static dielectric constant causing an increase in conductive
ions that are present through DRS. Additionally, this suggests that at higher PBDT wt%, ionic
interactions between the PBDT and IL within their closely associated bundles play a role in a

lowering Hr. By increasing the PBDT wt%, free IL puddles in the MIC shrink, shown earlier in

Figure 4b, leading to formation of a near single PBDT-IL bundle-dominated phase.
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Figure 11: Temperature-dependence of the Haven ratio, determined through Eq. 5, for BMIm-
BF4 IL and MICs of varying PBDT wt%. Open green triangles represent the Haven ratio data of
BMIm-BF, from Watanabe et al.® Increasing PBDT content causes more dissociated ions to
contribute to the ionic conductivity due to an increase in the static dielectric constant as well as
the formation of a near single PBDT-IL bundle dominated phase.

Conclusions

In this study, we examine molecular ionic composites (MICs) based on a combination of poly(2,2'-
disulfonyl-4,4'-benzidine terephthalamide (PBDT) and the non-crystallizable ionic liquid (IL) 1-
butyl- 3-methylimidazolium tetrafluoroborate (BMIm-BF4) as a function of PBDT wt% . We
analyze the surface morphology as well as the macroscopic mechanical and ionic dynamics
through shear rheology, dielectric and ion diffusion measurements. As PBDT wt% increases, shear
modulus increases into the MPa range while ionic conductivity shows a minimal decrease, by
approximately a factor of two, when compared to the neat IL at room temperature. We discuss this
combination of simultaneous high modulus and conductivity in terms of two phases in MICs, an
[L-rich “puddle” phase and a PBDT-IL “bundle” phase which allow for the IL and PBDT to

contribute to the mechanical and dielectric dynamics simultaneously. We show that this ionic
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conductivity is higher than other solid polymer-based electrolytes,?® and spans a wide temperature
window. Linear viscoelastic measurements show that the shear modulus has only very weak
frequency and temperature dependences above room temperature, with a minimal increase in glass

transition temperature (7) by 2 K due to the segmental motion of the IL.

NMR diffusometry illustrates that the diffusion of cations and anions in the neat IL and in the
highest wt% MIC are comparable due to the ions’ ability to diffuse quickly among PBDT chains.
We correlate ionic diffusion with ionic conductivity through the Nernst-Einstein equation and the
Haven ratio, which shows values between one (high PBDT wt% MICs) and two (low PBDT wt%
MICs or neat IL). This dependence suggests that more ions contribute to conduction when a nearly
single phase of PBDT-IL bundles exist throughout the MIC and that correlated ion rearrangements
cause a relatively high static dielectric constant. These materials exhibit distinctly new phenomena
and show promise as a new and tunable platform for high modulus electrolytes with fast ion

transport.
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