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Abstract

In this work, we investigate the dynamics of ion motion in “doubly-polymerized”
ionic liquids (DPILs) in which both charged species of an ionic liquid are covalently
linked to the same polymer chains. Broadband dielectric spectroscopy is used to charac-
terize these materials over a broad frequency and temperature range, and their behavior
is compared to that of conventional “singly-polymerized” ionic liquids (SPILs) in which
only one of the charged species is attached to the polymer chains. Polymerization of
the DPIL decreases the bulk ionic conductivity by four orders of magnitude relative
to both SPILs. The timescales for local ionic rearrangement are similarly found to be
approximately four orders of magnitude slower in the DPILs than in the SPILs, and the
DPILs also have a lower static dielectric constant. These results suggest that copoly-
merization of the ionic monomers affects ion motion on both the bulk and the local
scales, with ion pairs serving to form strong physical crosslinks between the polymer
chains. This study provides quantitative insight into the energetics and timescales of
ion motion that drive the phenomenon of “ion locking” currently under investigation

for new classes of organic electronics.



Introduction

In the past decade, polymerized ionic liquids (PILs) have attracted significant interest as solid
electrolytes due to their high chemical stabilities, broad electrochemical windows, and me-
chanical durability.!® With one of the charged species of an ionic liquid covalently tethered
to the polymer backbone while the other remains free to move, PILs function as single-ion
conductors and allow efficient ion transport in mechanically-robust materials.* % To date,
PIL materials have found applications in battery separators,”® electrolytes for batteries and

911 and gate dielectrics for field-effect transistors,'®!3 to name only a

flexible electronics,
few. Because these applications typically require high ionic conductivities, most work to
date has focused on increasing ion mobility without degrading the mechanical properties of
the material. 1418

Recently, however, Liang et al. demonstrated that dramatically decreasing the ion mo-
bility in ion-containing polymers, in a way that effectively locks non-equilibrium ion distri-
butions in place, may also be useful for new classes of organic electronics.'*2" In this work, a
“doubly-polymerizable” ionic liquid (DPIL), in which both the cationic and anionic species
bore polymerizable groups, was deposited onto a graphene-based transistor and polymerized
under an applied voltage. With an appropriate device configuration, accumulation of ions
near the electrodes induced p-n junctions in the underlying semiconductor. By polymerizing
the DPIL while in this state, it was possible to “lock” the ions in place, producing a stable
p-n junction that persisted even after the programming voltages were turned off.?° Because
two-dimensional semiconductors are difficult to dope using conventional substitutional dop-
ing approaches,?' formation of persistent doping patterns via ion locking offers exciting new
avenues for thin, flexible electronics based on these types of substrates.

This application relies on a significant restriction of ion transport upon polymerization,
and builds on similar phenomena observed in the small number of other doubly-polymerizable

and polyampholyte ionic liquid systems studied to date.??2% In 2002, Yoshizawa et al.

demonstrated that polymerization of ionic liquids composed of vinylimidazole and vinyl-



sulfonic acid led to a precipitous drop in conductivity, with conductivities on the order
of 107 S/ecm measured at room temperature.?? The addition of a small amount of non-
polymerizable LiTFSI increased the conductivity by 4-5 orders of magnitude, highlighting
the critical role of free ions in the overall ion mobility in these materials.?? Shaplov et al.
similarly demonstrated a considerable drop in ionic conductivity upon removal of mobile
counterions from copolymers of pyrrolidinium or imidazolium-based cationic monomers with
sulfonate-based anionic monomers.? More recently, Gu et al. and Fouillet et al. investigated
polyampholytic copolymers of protic ionic liquids. Gu et al. found that the proton conduc-
tivity of these materials was very low in the absence of added mobile ions (ca. 1071 S/cm
to room temperature), similar to results obtained in aprotic systems;?! while Fouillet et
al. did not directly investigate the ion transport properties of the resulting materials, the
high moduli and glassy behavior of the materials suggested significantly reduced molecular-
scale dynamics.? It is thus clear that the ionic conductivity of PILs is strongly affected by
polymerization of both the ionic species. However, a significantly deeper molecular-scale
understanding of the mechanisms of ion locking and ion relaxation in these materials will be
critical for optimizing them for useful applications.

One promising technique for investigating the dynamics of ion motion in polymerized
ionic liquids is broadband dielectric spectroscopy (BDS).?¢ In this technique, an oscillat-
ing voltage is applied across two electrodes that form a parallel plate capacitor with the
sample sandwiched between the electrodes. The measured frequency-dependent dielectric
response directly reflects the timescales of dielectric relaxation in the material, which may
arise from processes such as ion-transport, sidechain reorientation, and segmental motion
of the polymer backbones.?" 3% Recently, broadband dielectric spectroscopy has successfully
been used by a number of groups to unravel the charge transport mechanisms and glassy dy-
namics in imidazolium-based polymerized ionic liquids, revealing that ion hopping is critical
to achieving rapid ion transport and high conductivities in these materials.3"3® Investigation

of polymerized ionic liquids with systematically-varied linkers between the ionic moiety and



the polymer backbone, pendant alkyl chains, and ionic groups have similarly identified a
number of chemical features that affect ion conduction in these materials.?%36738 The dy-
namics of ion motion also appear to be strongly affected by the nanoscale structure of the
materials, which can, depending on the polymer chemistry, separate into polar and nonpolar
domains on the length scale of single monomers.2%3%40 The successful application of BDS to
this wide range of polymerized ionic liquid systems thus makes it an attractive technique for
understanding the dynamics of ion motion in DPILs, as well.

Here, we exploit broadband dielectric spectroscopy to investigate and quantify the time-
scales of ion motion and polymer relaxation in a DPIL analogous to [EMIM]|[TFSI], and
compare the dielectric behavior of the DPIL to the conventional singly-polymerized ionic
liquids (SPILs) obtained from the same cation and anion, respectively. BDS measurements
were carried out as a function of temperature, with measurements made both above and
below the glass transition temperatures of the materials. Interestingly, we find not only that
the bulk conductivities of the DPIL material are significantly lower than those of the SPILs,
as seen in previous work, but their local relaxation timescales are also approximately 4 orders
of magnitude slower, as well. As discussed below, the strong ionic interactions between the
polymer chains appear to significantly restrict both bulk and local ionic motions, providing
exciting new avenues for long-term control of static charge distributions in ion-containing

polymers.

Experimental Methods

Materials

All reagents were purchased from standard commercial suppliers (see Supporting Infor-
mation). Triethylamine was distilled over CaHs under inert atmosphere. 3-sulfopropyl
methacrylate potassium salt was dried under vacuum for 2 h at 25 °C. AIBN was purified

by recrystallization from methanol below 40 °C. All other reagents were used as received.



Synthesis of Singly- and Doubly-Polymerizable Monomers

The polymerized ionic liquid monomers were prepared according to previously reported
procedures. 19443

Briefly, the polymerizable cationic monomer, SPIL(+), was prepared by quaternizing
N-methylimidazole with 2-bromoethanol in the absence of solvent in quantitative yield. Sub-
sequent acrylation with methacryloyl chloride at room temperature yielded the polymeriz-
able imidazolium salt. The imidazolium salt was then ion-exchanged with [Li][TFSI] to yield
singly-polymerizable ionic liquid SPIL(+).1%2341

The polymerizable anionic monomer, SPIL(-), was prepared by converting potassium 3-
(methacryloyloxy)propane-1-sulfonate into its sulfonyl chloride derivative by treatment with
thionyl chloride. This product was subsequently converted into a triluoromethanesulfonamide-
based triethylammonium salt. The triethylammonium cation was then ion-exchanged with
Li* to yield a polymerizable trifluoromethanesulfonamide salt that was finally ion-exchanged
with 1-ethyl-3-methylimidazolium bromide to yield the desired singly-polymerizable ionic
liquid SPIL(-).%3

Finally, the doubly polymerizable ionic liquid, DPIL, was prepared by ion-exchanging
the polymerizable imidazolium salt with the polymerizable trifluoromethanesulfonamide in
a salt-metathesis reaction to yield the doubly-polymerizable ionic liquid DPIL.'® Successful

synthesis of all products was confirmed by 'H and 'F NMR, as shown in the Supporting

Information.

Characterization of the polymerized ionic liquids
Differential Scanning Calorimetry (DSC)

For DSC measurements, the PIL monomers were polymerized directly onto the DSC pan
via thermal initiation with azobisisobutyronitrile (AIBN). Briefly, a stock solution of AIBN

(6.1 mM) was made in dichloromethane. 10 mg of the PIL monomer was then directly



weighed on the DSC pan. AIBN solution was added to the DSC pans containing the PIL
monomers (monomer:initiator = 500:1). The pan was protected from light and dichloromethane
was allowed to evaporate. The DSC pan was then carefully placed in a vacuum oven and the
samples and were heated at 80 °C overnight. The samples were cooled to room temperature
prior to measurement.

The glass transition temperatures (7}) of the polymerized ionic liquids were then mea-
sured with a DSC2500 differential scanning calorimeter (TA Instruments) that was calibrated
for temperature and heat flow with indium reference samples provided by the manufacturer.
Measurements were performed using heat/cool/heat method under a constant flow rate of
nitrogen (50 ml/min). The samples were sealed in a 40 pL hermetic aluminum pan with a
Tzero press. An empty pan sealed with a lid was used as the reference. The PILs were first
equilibrated for 5 min at -80 °C. They were then heated to 180 °C at a rate of 10 °C/min
and held at this temperature for 5 min. The PILs were then cooled to -80 °C at 10 °C/min
and held at this temperature for 5 min. The PILs were finally heated again to 180 °C at
10 °C/min. The T, was determined by the mid-point method on the cooling cycle thermo-

gram.

Broadband Dielectric Spectroscopy

The dielectric response of the polymerized ionic liquids was measured by broadband dielectric
spectroscopy. To prepare samples for dielectric measurements, 200 mg of the PIL monomer
was weighed in a scintillation vial. A stock solution of AIBN (6.1 mM in dichloromethane)
was added to the PIL monomer such that monomer:AIBN = 500:1. The solvent was allowed
to evaporate prior to deposition in the BDS sample cell. The cell’s brass electrodes were
mechanically polished and thoroughly cleaned by sequentially sonicating in methanol fol-
lowed by acetone prior to the measurements. The prepared sample was then loaded onto the
30 mm diameter bottom electrode with 50 pm silica fiber spacers. The 15 mm diameter top

electrode was then placed onto the sample such that the PIL was sandwiched between two



electrodes, forming a parallel plate capacitor. Following deposition, the PIL was polymerized
in the sample cell in a vacuum oven at 80 °C overnight. The top electrode was then pressed
down by hand to ensure contact with the silica spacers and a consistent thickness of 50 pum,
which was verified using calipers. BDS measurements were carried out using a Concept 40
broadband dielectric spectrometer (Novocontrol GmbH). The sample was annealed in the in-
strument at 130 °C for 1 h under flow of dry nitrogen to ensure complete removal of residual
moisture. Frequency sweeps were then carried out at an amplitude of 0.1 V with frequencies
ranging from 0.1-107 Hz for all experiments. Frequency sweeps were carried out between
130 °C and -150 °C following a cool/heat/cool cycle. For each cycle, the temperature steps
were chosen to be 10 °C near the sample’s calorimetric T, and were gradually increased to

30 °C far from Tj,.

Results

Monomers and Polymer Synthesis

The chemical structures of the methacrylate-based ionic liquid monomers investigated in
this study are shown in Scheme 1. The three polymerizable ionic liquids are (a) a singly-
polymerizable imidazolium-based cationic monomer with a mobile TfaN™ counterion (re-
ferred to as SPIL(4)), (b) a singly-polymerizable trifluoromethylsulfonimide-based anionic
monomer with a mobile EMIM™ counterion (referred to as SPIL(-)), and (c) a doubly-
polymerizable ionic liquid containing both the polymerizable cation and the polymerizable
anion without any mobile counterions (referred to as DPIL). The synthesis of these SPIL
and DPIL monomers has been described previously.?#*4543 The PIL monomers were all
viscous liquids at room temperature. Following polymerization, the SPIL samples yielded
very soft solids, while the DPIL yielded a hard, rigid material that was insoluble in both

polar and nonpolar solvents.
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Scheme 1: Chemical structures of polymerizable ionic liquid monomers (a-c) and their cor-
responding polymers (d-f) investigated in the present work.



Thermal Characterization

The glass transition temperatures (7,’s) of the polymerized ionic liquids were measured
using differential scanning calorimetry (DSC). DSC profiles of the polymerized SPILs and
DPIL are shown in Figure 1. All of the polymer samples displayed broad glass transition
temperatures within the scan range, as indicated by the arrows and summarized in Table 1.
As seen in this data, the T, of SPIL(+), at 13 °C (286 K), was approximately 50 °C higher
than that of SPIL(-), while that of the DPIL was even higher, at 75 °C (348 K).

SPIL(-)

SPIL(+)

Heat Flow (endo down)

L L L L L

-50 0 50 100 150 200
Temperature (°C)

Figure 1: DSC thermograms of PILs obtained during the cooling cycle of the DSC run.
Arrows indicate the glass transition temperatures of each material. Complete DSC profiles
including both the heating and cooling cycles are included in the Supporting Information.

Table 1: Glass Transition Temperatures of Polymerized Ionic Liquids from DSC and BDS
Measurements

Sample DSC T, (K) BDS T, (K)*

SPIL(+) 286 260
SPIL(-) 236 236
DPIL 348 331

aReported as the temperature at which the frequency of of ion pair relaxations reaches 0.01 rad/s - see

section on Dielectric Relaxations for details

While the insolubility of the DPIL in standard NMR solvents prevented direct assessment
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of the monomer conversion, the absence of a polymerization exotherm in the DSC trace
suggested the successful polymerization of the majority of the PIL monomers. The DSC
thermograms of the polymers also did not show any signatures of crystallization or melting
during the thermal cycle. Finally, all of the polymerized ionic liquids were found to be

thermally stable up to at least 180 °C, with no signs of thermal decomposition observed in

the DSC profile.

Ionic Conductivity

Changes to the bulk ion transport properties of the samples upon polymerisation of one
or both ionic species were quantified via the measured conductivities of the samples. The

', is shown as a function of

frequency dependence of the real part of the conductivity, o
temperature in Figure 2 for all three PIL materials. As shown in this figure, ¢’ generally
increases with increasing frequency. At high temperatures, each trace exhibits a distinct
plateau corresponding to DC conductivity, as discussed in more detail, below. At frequencies
below this plateau, a decrease in o’ is observed. In the SPIL samples, this response is
attributed primarily to electrode polarization, which reflects a build-up of mobile ions at
the electrodes that in turn decreases the field felt by ions in the bulk of the material and
consequently decreases its apparent conductivity.??4445 This signature is prominent in the
SPILs (Fig. 2a,b), but is not seen in the DPILs even at the lowest frequencies measured (Fig.
2c), qualitatively indicating a significant decrease in the ability of ions to move toward the
electrode interfaces. Although the DPIL materials should still exhibit a small capacitative
response at low frequencies even in the absence of mobile ions, this response was not observed
within the experimental frequency window.

The characteristic DC conductivity, opc, of the sample at each temperature can be ob-
tained from the value of ¢’ across the plateau at intermediate frequencies. 3% The extracted

DC conductivity of each sample across the entire temperature range in this work is shown in

Figure 3. As seen in this figure, the ionic conductivity increases with increasing temperature.
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Figure 2: Plot of the real part of the conductivity (¢’) of (a) SPIL(+), (b) SPIL(-), and (c)
DPIL as a function of angular frequency across the range of temperatures investigated in
this work.

SPIL(-) has a slightly higher conductivity than SPIL(+) across the temperature range, while
the DC conductivity of the DPIL was more than 4 orders of magnitude lower, as discussed
in more detail, below. For the SPILs, the temperature-dependent DC conductivities were fit

to the Vogel-Fulcher-Tammann (VFT) equation above the T} of the materials.*” The VFT

— DT,
ODC = Ooo €XP ( 0 > (1)

fits had the form

T —1Ty
where Tj is the Vogel temperature, o, is the ionic conductivity at infinite temperature,
and D is the strength index describing the strength of temperature dependence of relax-
ation time.*®49 The fitted values of these parameters are summarized in Table 2. As seen
in Figure 3, the conductivity of both SPILs was well-described by VFT dynamics above
their glass transition temperatures, with 7 values approximately 45-70 K below the DSC

50

glass transition temperature,®” in reasonable agreement with previously published work on
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imidazolium-based methacrylate polymers with BF,~ and TFSI counterions.® The conduc-
tivity of SPIL(-) correlates well with SPIL(+), indicating that these materials have similar

ion transport mechanisms, as expected for polymerized ionic liquids with similar chemistries.
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Figure 3: Temperature dependence of DC conductivity of PILs with Arrhenius fit for DPIL
as solid line and VFT fits for SPILs as solid curves above T,.

Table 2: Fit Parameters for the DC conductivity of polymerized ionic liquids above their
glass transition temperatures

PILs O (S/cm) D Ty (K) E, (kJ/mol)
SPIL(+)* 1.29 626 219 -

SPIL(—)* 3.16 844 189 -

DPIL P 2.5 x 10 - - 196

@ VFT fit, ® Arrhenius fit

In contrast to both SPIL systems, the DC conductivity of the DPIL was not well-described

by VET dynamics. The DC conductivity of the DPILs was instead fit to an Arrhenius form

Lo 2)
OpC = Oso €Xp | —
DC p RT
where F, is the activation energy for ion conduction and o, is the predicted high-temperature
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limit of the conductivity. The resulting fit parameters are summarized in Table 2. Interest-
ingly, the fitted value of the prefactor o, is unphysically large, suggesting that the Arrhenius

behavior may break down at higher temperatures than investigated here.

Dielectric Permittivity

Following characterization of the bulk ion transport, local relaxations were investigated using
the dielectric permittivity, e. The real parts of the dielectric permittivities of each sample, €',
and their derivative spectra at different temperatures, are shown as a function of frequency
in Figure 4. As seen in panels (a), (b), and (c), € decreases with increasing frequency. The
electrode polarization appears as a strongly negative-sloped region at low frequencies, and
dominates the dielectric spectra of the SPILs in the low-frequency portion of the spectrum.
As observed in the conductivity, the DPIL has a much weaker contribution from electrode po-
larization, with the spectrum only exhibiting signatures of this response above the material’s
T,. The dielectric spectra of all three PILs show distinct signatures of relaxational processes
in the measured frequency range, which appear as steps in the real part of the dielectric re-
sponse that shift toward higher frequencies with increasing temperatures as the relaxations
speed up. Consistent with previous work on similar polymerized ionic liquid systems, this

relaxation process was attributed to reorientation of ion pairs within the material. 35153

Dielectric Relaxations

The derivative formalism was applied to remove contributions from ionic conductivity and

26,50,54

allow the relaxations to be resolved, as has been reported previously. The derivative

of the real part of the permittivity with respect to frequency was calculated using5°-°%
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Figure 4: Frequency dependence of (a-c) the dielectric permittivity and (d-f) the dielectric
loss derivative function €g, for (a, d) SPIL(4), (b, ) SPIL(-), and (c, f) DPIL across the
range of temperatures investigated in this work.

As shown in Figure 4(d-f), in the derivative spectra, the broad steps in €' are transformed
into distinct peaks that broaden and shift to higher frequencies with increasing temperature.
Quantitative information about the timescales of the dipolar relaxations was then obtained
by fitting the derivative spectra with a combination of a power-law electrode polarization
response and Havriliak-Negami (HN) functions representing dielectric relaxations.?® In pre-
vious work on similar SPIL systems, two HN functions have been required to fully represent
the dielectric response, including one (a3) at lower frequency that is typically attributed to
ion pair rearrangement, and a second («) at higher frequency that is attributed to segmental

29,3738 T the present data, however, we found that the higher

motion of the polymer chains.
frequency a mode was too broad to be accurately fit, and the response was instead analyzed
using a single HN function with a constant offset to account for broad, low-amplitude re-

laxations remaining at high frequency. Thus, the function used to fit the derivative spectra
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was

(4)

er =Aw™® — =
“d v Olnw

g[m]+o

where A and s are the constants representing the amplitude and power-law dependence of
the contribution to €4, from the electrode polarization, C' is a small constant offset, and

€y (w) is a Havriliak-Negami function of the form

, B Ae
egn(w) = Re { 1+ (w%v)a]b} (5)

where Ac is the relaxation strength of the corresponding relaxation mode, a and b are the
shape parameters, and wgyy is the angular frequency. For the HN relaxation mode, the

parameters a, b, and wyy can also be used to calculate the frequency of maximal loss w4z,

B . am . abm ~a (6)
Wmazr = WaN | sin GRS sm2+2b

The frequency of maximal loss is used instead of wy to analyze the temperature dependence

given by 26

Q=

of the relaxation timescale to account for asymmetries in the relaxation spectrum.®”%® Rep-
resentative fits of derivative spectra of each sample to the functional form given in Equation
4 are shown in Figure 5.

To minimize the number of fitting parameters and improve the reproducibility of the fits,
the values of s, a, and b were fixed to the values given in the caption of Figure 5. The shape
parameters in the HN function, a and b, were fixed to the values obtained from fitting the
response at the temperature at which the HN relaxation was most pronounced; because the
a9 relaxation is expected to have the same peak shape at different temperatures, the same
a and b values were used over the entire temperature range.? For the SPILs, the power law
exponent, s, representing the contribution from electrode polarization was fixed to a value
chosen by taking the average of all the s values over the entire temperature range, as reported
for similar ionomer systems.??3738 For the DPIL, the electrode polarization was not well-

described with a fixed value of this parameter, and s was allowed to vary. Interestingly, the
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Figure 5: Dielectric loss derivative spectra at T, fit to the sum of a power law for EP and
derivative form of HN function for ion rearrangement of (a) SPIL(+), (b) SPIL(-), and (c)
DPIL. The solid curves are three-parameter fits to Eqn. 4 with following values of s, a, and
b for (a) SPIL (4): s =1.45,a=0.9, b =0.34 (b) SPIL (-): s = 1.7, a = 0.74, b = 0.45 (c)
DPIL: s=Varied, a = 0.76, b = 1.0.

resulting values, which fell between 0.2 and 0.5, are significantly lower than those obtained
for either SPIL system, again reinforcing the idea that the low-frequency behavior in the
DPIL system is not well-described by electrode polarization models developed for materials
containing mobile ions of one charge.

The fitted values of the relaxation peak frequency, wy,.., and the relaxation strength, Ae,
are shown in Figures 6 and 7. The dynamics of SPIL(-) were too slow below T, to be captured
in the frequency range studied. For the DPIL, the relaxations became too broad at higher
temperatures to be accurately fit independent of the electrode polarization background. For
all datasets for which w;,., could be reliably extracted, the temperature dependences of were

fit to VFT (T > T,) and Arrhenius (T" < T};) dynamics above and below the measured glass

transition temperatures, respectively:37

DT,
Winaz = Woeo EXP (_T — OTO) for ' > T, (7)
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E,
Winaz = Weo EXP (_ﬁ) for T' < T, (8)

Here, w,, is the high-temperature limiting frequency, D is the strength parameter for the
relaxation, Tg is the Vogel temperature, F, is the activation energy for ion pair rearrange-
ment, and R is the universal gas constant. The resulting fits are shown in Figure 6, and the
fit parameters are summarized in Table 3.

Table 3: Fitting Parameters for the Arrhenius (T<T,) and VFT (T>T, ) temperature
dependence of the ion rearrangement frequencies obtained from fits to €4,

PILs T >T, T < Ty

Weo (rad/s) D Ty (K) E, (kJ/mol) ws (rad/s)
SPIL(+) 393 x 107 589 219°  146.3 174 x 10%
SPIL(~) 1.11 x 10> 807 189* - :
DPIL 1.49 x 10*  0.12 328 94.4 3.89 x 10%7

& Ty values for SPIL(+) and SPIL(-) were fixed to the values obtained from fits to opc

10° ' ' "

® SPIL(+H)].
A SPIL()
B DPIL

0
25 3 35 4 45
1000/T (K')

Figure 6: Temperature dependence of relaxation frequency maxima, w4, obtained from
fits to €ger. Overlaid curves indicate fits to an Arrhenius model (dashed lines) below T’y and
a VFT model (solid curves) above T.

For the SPIL samples, the value of Tj, was fixed to the same value obtained from the

fits to opc (Table 2), while for the DPIL sample, for which the opc data did not follow
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VET dependence above T, the value of Tj was allowed to vary. The obtained value of T
for the DPIL was somewhat closer to the materials’ calorimetric T, than observed in the
SPILs, with T, — Ty ~ 20 K. In the DPIL, in which both ionic species were immobilized,
the relaxation process was also up to 4 orders of magnitude slower than in the SPILs.
Interestingly, the activation energy obtained for the DPIL was approximately 35% lower
than that for SPIL(+), suggesting that the individual ion pairs may be more weakly bound
in the DPIL, even if the overall relaxation rate is slower. The dynamic 7}’s listed in Table
1 were found by extrapolation of the VFT fits of the relaxation process to 0.01 rad/s.®
There is a reasonable agreement between the BDS T, and DSC T} for all three materials.
The T, of SPIL(+) extracted from BDS is approximately 26 K lower than that obtained via
DSC, while for SPIL(-), there was no measurable difference. The mismatch is similar for
the DPIL, at 17 K, placing the values for all three systems well within the range observed
in other polymerized ionic liquid materials.?*® We note that this difference likely arises
because the glass transition is a kinetic phenomenon, and as such, depends on the cooling
rate at which the experiment is conducted.®! Because the cooling rate was faster in the
DSC thermal analysis (10 K/min) than in the BDS experiments (averaging 0.1 K/min), it
is expected that DSC should yield a higher T}, as observed here.

The temperature dependence of the relaxation strengths for each PIL is shown in Figure 7.
For the SPILs, the relaxation strengths increase with increasing temperature. This trend is

consistent with similar previously-reported imidazolium-based ionomers. 293738

Interestingly,
SPIL(-) had a larger Ae,e than SPIL(4), likely reflecting greater flexibility in the longer
sidechain. The magnitude of the relaxation strength (8-23) in the SPILs is on the lower end
of the range of relaxation strengths observed in other polymerized systems (20-120).27:50:54

On the other hand, for the DPIL, A¢€,s is much smaller than in the SPILs, with a value of

only 2-3, and has a much weaker temperature dependence.
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Figure 7: Temperature dependence of relaxation strengths Ae corresponding to ion-
rearrangements process for all investigated PILs.

Static Dielectric Constant

The final important characteristic of the PILs investigated in this work is the static dielectric
constant, €,. The static dielectric constant reflects the polarity of the molecule and, in the
absence of electrode polarization, should appear as a plateau in the dielectric response at low
frequency. %93 In the presence of mobile ions, however, electrode polarization overwhelms the
static response at low frequencies. To address this problem, ¢, for all three types of polymer-
izable ionic liquids was estimated from the sum of the relaxation strengths of any molecular

2962 For comparison with

relaxations and the high frequency dielectric permittivity values.
work on other polymerized ionic liquid systems, €, for both SPIL samples was also estimated

using

To0DC
9
’ ()

€s =

where 7, is the conduction timescale extracted from electrode polarization analysis (see
Supporting Information) and op¢ is the DC conductivity obtained from the plateau in o,

as discussed above, 446465
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Figure 8: Temperature dependence of static dielectric constant for all PILs in the current
study calculated by (a) HN fitting of dielectric loss derivative spectra, and (b) electrode
polarization analysis.
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The resulting temperature dependence of €, obtained from both methods is shown in Fig-
ure 8. For SPILs, unexpectedly, the temperature dependence of ¢, calculated using the two
different approaches was markedly different. The values of €, calculated using the electrode
polarization timescales and conductivities (Fig. 8(b)) appeared to pass through a maximum
at intermediate temperatures, and SPIL(+) had a higher value of €5 than SPIL(-) across most
of the temperature range. On the other hand, the values of ¢ calculated by the summation
of HN relaxation strength and high frequency value of ¢ (Fig. 8(a)) increase monotonically
with increasing temperature. Additionally, SPIL(-) has a higher €, than SPIL(+) across the
entire temperature range, in contrast to the result obtained from the electrode polarization
analysis. This discrepancy highlights limitations in the electrode polarization approach to

obtaining €, as discussed below.

Discussion

The small number of previous reports on doubly-polymerized ionic liquid and ionic liquid
copolyampholytes have noted a significant decrease in conductivity relative to conventional
polymerized ionic liquids, consistent with the results presented here. The room-temperature
DC conductivity of the DPIL investigated in this work was below 1071% S/cm, comparable to
values obtained by Yoshizawa et al. (1072 S/cm for a vinyl-type DPIL??) and Shaplov et al.
(107'2-1071% S/cm for a methacrylate copolyampholyte after removal of free counterions??).
However, in this previous work, the molecular-scale origin of the observed decrease in bulk
ion transport was not clear: is it due simply to the conversion of small, mobile molecular
ions to large, immobile polymeric chains? Or do strong ionic interactions between the chains
play an important role, as seen in polyampholyte gels%6?

Here, thorough calorimetric and impedance spectroscopy characterization of a family of

SPILs and their chemically-related DPIL help shed light on this question, as well as bring

insight into the more local motions that are not resolved in bulk conductivity measurements.
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As discussed below, the data presented here is most consistent with a picture in which the
copolymerization of the two ionic species leads to ionic interactions between the chains that
serve as ionic crosslinks analogous to those seen in polyampholyte gels,% and significantly
hinder ion transport in the material.

The glass transition temperatures and physical characteristics of the polymerized DPIL
provide the first piece of evidence supporting this picture. The DPIL material had a higher 7,
than either SPIL, and was a brittle solid that was insoluble in all common laboratory solvents
and could not successfully be hot-pressed even 105 K above its glass transition temperature.
The insolubility of the material, and its lack of thermoplasticity, are more consistent with the
behavior expected for crosslinked solids than non-interacting polymer chains. Comparison
of the T, value measured for the DPIL to those measured for the SPILs is also informative.
At first glance, the DPIL appears to be a statistical copolymer of SPIL(+4) and SPIL(-). In

this case, the T, of the material should be well-predicted by the Fox equation,®

1
S ] (10)

Ty

where T} is the predicted glass transition temperature of the copolymer, w; and w, are the
weight fraction of monomer 1 and 2 in the copolymer, and 7j; and T}, are the glass transition
temperatures of homopolymers 1 and 2. If applied to the present system, this approach
predicts that DPIL’s T, should be approximately 260 K. The observed 7, of the DPIL,
however, is 386 K, roughly 120 K higher than the predicted value. On closer inspection,
however, this disagreement is not surprising because the DPIL is not actually a copolymer of
the two SPILs, as it lacks their mobile counterions. In their absence, the strong interactions
between the two charged monomers effectively serve as crosslinks, making the structure
more rigid and increasing the T,. In this context, including a stoichiometric amount of
non-polymerizable [EMIM][TFSI] would be expected to reduce the T, of the DPIL to a

value consistent with the Fox equation and significantly soften the material, which will
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be investigated in future work. Finally, we note that although only the cooling cycle of
the DSC run is shown in Figure 1 for consistency with the BDS data, the DSC profile of
DPIL revealed that the T} of this material shifted approximately 9 K after being cycled to
high temperature (see Supporting Information); this shift was observed only in the DPIL
system, and was not seen for either of the SPILs. This observation suggests that thermal
polymerization of the DPIL at 353 K may effectively generate a supercooled, crosslinked
glass with a different molecular organization than produced by annealing pre-formed ionic
liquid copolyampholyte materials cooled from a higher temperature.

Results from the BDS experiments reinforce the idea that the properties of the DPIL
materials are dominated by the ionic interactions between the chains. While the DC con-
ductivities of both SPIL samples are comparable to those measured in other polymerized
ionic liquid systems, the conductivity of the DPIL was 4-5 orders of magnitude lower, re-
flecting significantly hindered ion transport. Although we cannot definitively determine the
origin of the small residual conductivity, we suspect that it arises from long-range motion of
a small number of residual unreacted monomers. Interestingly, the temperature dependence
of the DC conductivity was best described using an Arrhenius model rather than VFT dy-
namics, even above the material’s T,. This result suggests that the ion transport process in
the DPIL is some form of activated hopping mechanism, rather than dependent solely on the
amount of free volume available at each temperature. Additionally, the activation energy
obtained from the fit is approximately twice that obtained for ion pair relaxation of the same
material below T,. Both of these pieces of data suggest that the ion transport mechanism
relies on simultaneous relaxation of multiple ion pairs, consistent with the picture of the
DPIL as an extensively ionically-crosslinked material even above its T,,. We do note that the
Arrhenius model yielded an unphysically high value of o, suggesting that this model may
break down above the temperature range accessed here; however, even if the conductivity
transitions to VF'T-like behavior at higher temperatures, the T; value would necessarily be

much higher than seen in the analysis of the individual local relaxations, indicating that ion

23



transport is decoupled from the local relaxations in the DPIL material.

The relaxation frequencies and relaxation strengths extracted from the dielectric relax-
ation analysis provide further insight into the extent to which local ionic motions are re-
stricted in the DPIL materials. The ion pair relaxation rate in the DPIL was significantly
slower than in the SPIL, and the relaxation strength significantly smaller. The relaxation
strength is particularly informative, as it reflects the ion pairs’ ability to reorient in response
to an applied field. Here, the low relaxation strength observed in the DPIL indicates that the
ion pairs physically cannot reorient to the extent that ion pairs in the SPILs can. While ion
pair relaxation in the SPILs may proceed via hopping of the mobile counterions independent

of other ion pairs,31:%®

in the DPILs, the chain connectivity means that relaxation of any
individual ion pair also requires rearrangement of other nearby ion pairs. The ions in each
ion pair in the DPIL effectively have very few degrees of freedom for independent motion,
hindering their response to the applied field and reducing the relaxation strength.

Finally, we note that the lower static dielectric constant observed in the DPILs relative
to the SPILs is largely a result of their reduced local relaxation strength. Interestingly,
we observe that the values of €, calculated from the fits to w,, increase with increasing
temperature. However, for the SPILs, values of ¢, calculated independently from analysis
of the electrode polarizations (see Supporting Information) increase and then drop off again
with increasing temperature, as expected as the increase in available thermal energy and
free volume first makes it easier for the dipoles to reorient, before thermal randomization
of the dipoles begins to dominate the response.% ™ Although we cannot positively identify
the source of this discrepancy from the present data, we suspect that the mismatch arises
from the fact that the MacDonald model used in the electrode polarization analysis ignores

the interactions between ions.%%72

In polymerized ionic liquids, however, the ion density
is high, and it may not be appropriate to ignore these interactions. While we expect a
similar effect would be observed in the DPIL, analogous analysis could not be carried out

for the DPILs because the width of the tand peaks prevented robust fitting of the DPIL
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data to the MacDonald-Coelho model (see Supporting Information). However, application
of the MacDonald-Coelho model to this system is likely inappropriate in any case. One of
the inherent assumptions of MacDonald-Coelho model is that the system contains a mobile
counterion, ®»5+737 hut this assumption fails in the DPIL, in which both ions are immobilized
due to their attachment to the polymer chain. Complete analysis of the electrode polarization
process in the DPIL would require development of a model that is more suitable for these
systems.

Our results thus paint a picture of the DPILs as materials in which extensive ionic interac-
tions between chains significantly hinder both bulk and local ionic motions. The material is
effectively physically crosslinked, and ion motion requires cooperative rearrangement of mul-
tiple ionic crosslinks at the same time. We expect that a similar molecular-scale description
will apply to other DPIL or ionic liquid copolyampholyte materials; however, a significant
number of molecular factors, including the presence of free or unpolymerized ions, different
ion chemistries and linker flexibilities, and incorporation of non-ionic monomers may medi-
ate the ion transport and local relaxations in these systems. Exploring these factors thus
offers a number of exciting directions for future work that will significantly enhance both

our physical understanding of these materials and their potential device applications.

Conclusion

We have demonstrated that tethering both of the ionic species in a polymerizable ionic
liquid to the polymer backbone generates a significantly different dielectric response than
in conventional singly-polymerized ionic liquids. The effect of polymerizing both of the
ionic species in the DPIL is clearly observed in both the glass transition temperature and
conductivity; the DPIL has higher T, and significantly lower ionic conductivity than its SPIL
counterparts. Additionally, the relaxation spectra of SPILs exhibit characteristic signatures

of ion conduction and electrode polarization that are missing in the DPIL sample. Looking
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beyond the ionic conductivity, the molecular-scale relaxations of the DPIL were also much
slower and had lower relaxation strengths for ion-pair rearrangements than observed in either
of the SPILs. The weak relaxation strengths of the DPIL resulted in a lower value of
the static dielectric constant, and further strengthen our conclusion that polymerization of
both ionic species hinders the dipoles from responding to the applied field, even when both
are attached to the polymer backbones via relatively flexible linkers. Taken together, our
results indicate that ionic crosslinking is responsible for the “ion-locking” phenomenon in
DPILs. Further exploration of the chemical and physical factors controlling this phenomenon
should help guide design of DPIL materials for applications requiring significant restriction
of ion transport in ion-containing polymers, and provide further detailed insights into the

molecular-scale mechanisms of this behavior.
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