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ABSTRACT: We use X-ray scattering to investigate morphology and dielectric
spectroscopy to study ionic conduction and dielectric response of imidazolium-based
single-ion conductors with two different counterions [hexafluorophosphate (PF4~) or
bis(trifftuoromethanesulfonyl)imide (F;CSO,NSO,CF;~ = Tf,N7)] with different
imidazolium pendant structures, particularly tail length (n-butyl vs n-dodecyl). A
physical model of electrode polarization is used to separate ionic conductivity of the
ionomers into number density of conducting ions and their mobility. Tf,N~
counterions display higher ionic conductivity and mobility than PF4~ counterions, as
anticipated by ab initio calculations. Ion mobility is coupled to polymer segmental
motion, as these are observed to share the same Vogel temperature. Ionomers with the
n-butyl tail impart much larger static dielectric constant than those with the n-dodecyl 0
tail. From the analysis of the static dielectric constant using Onsager theory, there is
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more ionic aggregation in ionomers with the n-dodecyl tails than in those with the n-
butyl tails, consistent with X-ray scattering, which shows a much stronger ionic aggregate peak for the ionomers with dodecyl tails

on their imidazolium side chains.

1. INTRODUCTION

Ionic conduction in ion-containing polymers is of considerable
interest from both fundamental and applied points of view.
Recently, ionic liquids, which are composed entirely of large
cations and anions with weak interactions (310 kJ/mol for 1-
butyl-3-methylimidazolium cation with Tf,N~ counterion at 0
K in vacuum),' have attracted significant interest due to their
unique physical properties such as high thermal and chemical
stability, negligible vapor pressure, broad electrochemical
window (many are stable up to S V), and high ionic
? In particular, a number of groups have
described imidazolium salts in which the geometric packing
constraints of the planar imidazolium ring, its dangling alkyl
groups, and the delocalization of the charge over the N—C—N
moiety in the ring together reduce ion—ion interactions.®” ™"
These remarkable characteristics make it possible for ionic
liquids to be used as novel and safe electrolytes for advanced
devices such as electrochemical membranes for capacitors,
lithium batteries, fuel cells, and electromechanical transduction
devices for actuators and sensors.">">' There is a wide chemical
composition range of ionic liquids, achieved by pairing various
organic cations with numerous anions that allows for fine
control of their physicochemical properties.

Moreover, imidazoliums and other organic ionic liquid
cations can be synthesized with vinyl groups so that they can
be easily incorporated into polymers, so-called polymerized
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ionic liquids, which carry an ionic liquid species in each of the
repeating units.”>">* The major advantages of using the
polymeric forms of ionic liquids are the enhanced stability
and improved mechanical durability resulting from polymer-
ization and the simplification that only the counterions are able
to move large distances rapidly, making polymerized ionic
liquids single-ion conductors. It is of great interest to
understand the general physical picture of structure—property
relations in polymerized ionic liquids. In this paper we focus on
the effects of varying the tail length of the pendant imidazolium
side chains and of two different popular anions as counterions.

Computer simulations have been used to investigate the
influence of different counterions and cation chain lengths in
imidazolium ionic liquids®*~® that are not polymeric. As tail
length increases, locally heterogeneous environments emerge,
consisting of polar (anion/cation pairs) and nonpolar (tail)
regions. Such a morphology has been suggested to affect
viscosity, diffusion, and ionic conductivity. The polar regions
form a variety of ionic structures, consisting of ion pairs and
aggregates formed by dipolar interactions between pairs.*’

In contrast to the extensive studies on ionic liquids, little is
known about the basic mechanism of counterion transport in
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Table 1. Ab Initio Interaction Energies” at 0 K in a Vacuum for 1-Butyl-3-methylimidazolium Cation with Tf,N~ and PF,~

Counterions
ion pair E,;, triple (+) E,, triple (=) E,_
counteranion (k]/molj) (kJ/mol) (kJ/mol)
PEs 320 417 440
TENT 310 413 415

quadrupole E.q aggregation factor pair di(pole Miaie
D)

(kJ/mol) E uad/ 2E paie
732 1.14 15.1
680 1.10 14.1

“All calculations were performed using density functional theory methods with the Gaussian 03 software package. Exchange and correlation were

included using the hybrid-GGA B3LYP functional.>*~*

polymerized ionic liquids. Here, we demonstrate the effect of
counterion and tail length on ion migration, aggregation,
dielectric constant, and polymer chain dynamics, which provide
better understanding of conduction in polymerized imidazo-
lium acrylate polymers. Polymerized ionic liquids are single-ion
conductors, and this allows not only a transference number
close to unity as required for advanced electrochemical devices
but also the absence of concentration polarization of cations
that is a common problem encountered in the conventional
solid polymeric electrolytes in which both cation and anion are
mobile.*!

To investigate ion and polymer dynamics, the glass transition
temperatures (Tg), ionic conductivities, and dielectric constants
of these polymers were measured. The dielectric measurement
is a particularly powerful tool to investigate the motion of
molecules or substituent groups over a broad time range, 10—
10* 5.** Segmental motion of polymers and ionomers are
observed in a wide frequency range (mHz to MHz), allowing
study over wide temperature ranges.” The macroscopic
electrode polarization at lower frequencies in dielectric
measurements can also be interpreted to determine the number
density of conducting ions and their mobility,**~*® which has
recently been utilized with great success for single-ion
conductors above Tg.3’4’47_49 Our studies of polymer dynamics
are complemented by morphology studies using X-ray
scattering.

We also compare two ionic liquid counterions:
F;CSO,NSO,CF;~ (referred to as Tf,N~) and PFs~. Both
only bind weakly to imidazolium cations: Table 1 compares 0 K
energies’’">> of formation for ion pairs, positive triple ions,
negative triple ions, and quadrupoles of butylmethylimidazo-
lium with TE,NT and PF,~. TE,N™ binds more weakly than
PE4, particularly for the quadrupole energy. Since there is an
equilibrium between quadrupoles and two ion pairs, Table 1
also lists the ratio of quadrupole energy to twice the pair
energy—a useful gauge of the propensity to aggregate, which is
larger for PF¢~ than Tf,N™. This is important because it
indicates immediately that imidazolium—Tf,N~ should aggre-
gate less than imidazolium—PF¢~, and this directly affects the
glass transition temperature of these ionomers, with resultant
effects on ion conduction.

2. EXPERIMENTAL SECTION

Materials. 2,2"-Azobis(isobutyronitrile) (AIBN, Aldrich Chemical)
was recrystallized from chloroform below 40 °C and dried in a vacuum
oven. Acetonitrile (MeCN, Aldrich Chemical) for polymerizations was
distilled over calcium hydride. Imidazole, 1-bromodecane, N-
butylimidazole, 11-bromoundecanoic acid, and 4-hydroxybutyl acrylate
were purchased from Aldrich Chemical and used as received.

1-Dodecylimidazole. To a solution of imidazole (6.81 g, 100
mmol) in NaOH (50%) solution (8.80 g, 110 mmol), 1-
bromododecane (24.92 g, 100 mmol) and tetrahydrofuran (THF)
(30 mL) were added. The mixture was refluxed for 3 days. After the
mixture had cooled, THF was removed by a rotary evaporator. The
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residue was extracted with dichloromethane/water 3 times. The
combined organic layer was washed with water and then dried over
Na,SO,. The drying agent was filtered, and the filtrate solution was
concentrated. Column chromatography through a short silica gel
column with THF gave clear yellow oil (20.51 g, 86.8%).
1-Butyl-3-(10’-carboxydecyl)imidazolium PF~ (1a). A mix-
ture of N-butylimidazole (6.21 g, 50.0 mmol) and 11-bromoundeca-
noic acid (13.97 g, 50.0 mmol) in THF (60 mL) was refluxed for 4
days. After the reaction mixture was cooled to room temperature
(RT), the precipitated bromide salt was filtered and then washed with
cold THEF 3 times. The residual brown solid was dissolved in deionized
water (100 mL), and KPF4 (10.12 g, S5 mmol) was added. The
mixture was stirred for 24 h at 50 °C. After decanting the upper
aqueous layer, the residual oil was washed with deionized water and
ethyl ether 3 times each. Drying in a vacuum oven gave a yellow
viscous liquid (16.58 g, 73.1%). DSC (—80 to 200 °C, heating and
cooling rate 5 K/min in N,): T, =—-422°C (second cycle), no other
transition found.
1-Butyl-3-(10’-carboxydecyl)imidazolium Tf,N~ (1b). A mix-
ture of N-butylimidazole (6.21 g, 50.0 mmol) and 11-bromoundeca-
noic acid (13.97 g, 50.0 mmol) in THF (120 mL) was refluxed for 4
days. After the reaction mixture was cooled to RT, the precipitated
bromide salt was filtered and washed with cold THF 3 times. The
filtered solid was dissolved in deionized water (100 mL), and LiTf,N
(15.6 g, 5SS mmol) was added. The mixture was stirred for 24 h at S0
°C. After decanting the upper aqueous layer, the precipitated oil was
washed with ethyl ether 3 times. The oily product was dissolved in
ethyl acetate (EA) (100 mL) and dried over Na,SO,. After removing
the drying agent by filtration, solvent evaporation and drying in a
vacuum oven gave a yellow viscous liquid (19.4 g, 66%). DSC (—80 to
200 °C, heating and cooling rate 5 K/min in N,): T, = =55 °C, no
other transition found.
1-Dodecyl-3-(10’-carboxydecyl)imidazolium PFs~ (1c). A
mixture of N-dodecylimidazole (4.73 g, 20.0 mmol) and 11-
bromoundecanoic acid (5.30 g, 20.0 mmol) in MeCN (15 mL) was
refluxed for 4 days. After the reaction mixture was cooled to RT, the
MeCN was removed by a rotary evaporator. Ethyl ether (80 mL) was
added to solidify the residual bromide salt. The precipitate was filtered
and washed with ethyl ether 3 times. The colorless crystalline solid
(9.02 g, 90%) was obtained after drying in air. The bromide salt (3.55
g, 7.08 mmol) was dispersed in deionized water (200 mL), and KPFy
(2.76 g, 15 mmol) was added. The mixture was stirred for 24 h at 50
°C. After decanting the upper aqueous layer, the residual oil was
washed with deionized water and ethyl ether 3 times each. Drying in a
vacuum oven gave a light-yellow viscous liquid (3.95 g, 98% from the
bromide salt). The product solidified at RT after several days. DSC
(—80 to 200 °C, heating and cooling rate S K/min in N,): T,=-203
°C, T, = 44 °C (second heating scan).
1-Dodecyl-3-(10’-carboxydecyl)imidazolium Tf,N~ (1d).
From the previous experiment, the bromide salt (5.48 g 11.0
mmol) was dispersed in deionized water (200 mL), and LiTf,N (4.58
g 16 mmol) was added. The mixture was stirred for 24 h at 50 °C.
After decanting the upper aqueous layer, the residual oil was washed
with deionized water and ethyl ether 3 times each. Drying in a vacuum
oven gave a light-yellow viscous liquid (7.65 g, 99% from the bromide
salt). DSC (—80 to 200 °C, heating and cooling rate 5 K/min in N,):
T,, = 0 °C (first heating scan) T,=-57°C (second heating scan), no
other transition found.
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1-{w-[1'-(4"-Acryloyloxy)butoxy]carbonyldecyl}-3-butylimi-
dazolium PF,~ (2a). A solution of 1a (2.98 g, 6.56 mmol) in freshly
distilled SOCl, (8 mL) was stirred for 24 h at RT under a N,
atmosphere. After removing the excess SOCI, by vacuum, the residue
was washed with anhydrous ethyl ether S times and then dried by a N,
stream. The residue (acid chloride of 1a) was dissolved in dry MeCN
(5 mL), and 4-hydroxybutyl acrylate (1.229 g, 8.53 mmol) was added.
Into the reaction mixture, triethylamine (0.665 g, 6.56 mmol) was
slowly added in an ice bath. The reaction mixture was stirred for 24 h
at RT. After water (20 mL) was added, the product was extracted 3
times with EA, and the combined organic layer was dried over
anhydrous Na,SO,. The drying agent was removed by filtration, and
the solvent of the filtrate was removed by a rotary evaporator. The
product was rinsed with ethyl ether S times with vigorous stirring.
Drying in a vacuum oven at RT gave a brown viscous liquid (3.40 g,
89%). DSC (—80 to 60 °C, heating and cooling rate 5 K/min in N,):
T, = —62 °C, no other transition found.

1-{w-[1'-(4"-Acryloyloxy)butoxylcarbonyldecyl}-3-butylimi-
dazolium Tf,N~ (2b). A solution of 1b (6.150 g, 104 mmol) in
freshly distilled SOCI, (12 mL) was stirred for 24 h at RT under a N,
atmosphere. After removing the excess SOCI, by vacuum, the residue
was washed with anhydrous ethyl ether S times and dried by a N,
stream. The residue (acid chloride of 1b) was dissolved in dry MeCN
(20 mL), and then 4-hydroxybutyl acrylate (1.656 g, 10.9 mmol) was
added. Into the reaction mixture, triethylamine (1.052 g, 10.4 mmol)
was slowly added in an ice bath. The reaction mixture was stirred for
24 h at RT. After water (20 mL) was added, the product was extracted
3 times with EA, and the combined organic layer was dried over
anhydrous Na,SO,. The drying agent was removed by filtration, and
the solvent of the filtrate was removed by a rotary evaporator. The
product was rinsed with ethyl ether S times with vigorous stirring.
Drying in a vacuum oven at RT gave a yellow viscous oil (3.16 g,
42%). DSC (—80 to 60 °C, heating and cooling rate 5 K/min in N,):
T, = =69 °C, no other transition found.

1-{w-[1'-(4"-Acryloyloxy)butoxylcarbonyldecyl}-3-dodecyli-
midazolium PF4™ (2c). A solution of 1c (2.94 g, 5.2 mmol) in freshly
distilled SOCI, (10 mL) was stirred for 24 h at RT under a N,
atmosphere. After removing the excess SOCI, by vacuum, the residue
was washed with anhydrous ethyl ether S times and dried by a N,
stream. The residue (acid chloride of 1c) was dissolved in dry MeCN
(10 mL), and 4-hydroxybutyl acrylate (0.823 g, 5.7 mmol) was added.
Into the reaction mixture, triethylamine (0.578 g, 5.7 mmol) was
slowly added in an ice bath. The reaction mixture was stirred for 24 h
at RT. After water (20 mL) was added, the product was extracted 3
times with EA, and the combined organic layer was dried over
anhydrous Na,SO,. The drying agent was removed by filtration, and
the solvent was removed by a rotary evaporator. The product was
rinsed with ethyl ether S times with vigorous stirring. Drying in a
vacuum oven at RT gave a brown viscous liquid (3.33 g, 84%). DSC
(—80 to 60 °C, heating and cooling rate S K/min in N,): T,, = —24
°C, no other transition found.

1-{w-[1'-(4"-Acryloyloxy)butoxylcarbonyldecyl}-3-dodecyli-
midazolium Tf,N~ (2d). A solution of 1d (5.31 g, 7.5 mmol) in
freshly distilled SOCI, (12 mL) was stirred for 24 h at RT under a N,
atmosphere. After removing the excess SOCI, by vacuum, the residue
was washed with anhydrous ethyl ether S times and dried by an N,
stream. The residue (acid chloride of 1d) was dissolved in dry MeCN
(20 mL), and 4-hydroxybutyl acrylate (1.20 g, 8.3 mmol) was added.
Into the reaction mixture, triethylamine (0.839 g, 8.3 mmol) was
slowly added in an ice bath. The reaction mixture was stirred for 24 h
at RT. After water (20 mL) was added, the product was extracted 3
times with EA, and the combined organic layer was dried over
anhydrous Na,SO,. The drying agent was removed by filtration, and
the solvent was removed by a rotary evaporator. The product was
rinsed with ethyl ether S times with vigorous stirring. Drying in a
vacuum oven at RT gave a yellow viscous oil (4.88 g, 79%). DSC (—80
to 60 °C, heating and cooling rate S K/min in N,): T, = =70 °C, no
other transition found.

Radical Polymerizations of Imidazolium Acrylate Mono-
mers. A solution of the imidazolium acrylate monomer and AIBN (2
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mol % of the monomer) in degassed MeCN was bubbled with N, for
30 min. The solution was stirred for 24 h at 65 °C. After removing
MeCN under vacuum, the residue was stirred with EA. Reprecipitation
of the resultant solid from acetone into EA was performed S times, and
the precipitated polymer was washed with deionized water twice.
Drying in a vacuum oven at 60 °C gave high-viscosity materials.

4-(Heptanoyloxy)butyl Acrylate (4). To a solution of n-
heptanoic acid (2.60 g, 20.0 mmol), 4-hydroxybutyl acrylate (1.20 g,
13.0 mmol), and N,N'-dicyclohexylcarbodiimide (2.89 g, 14.0 mmol)
in dried dichloromethane (10 mL), a solution of 4-(N,N-
dimethylamino)pyridine (1.71 g, 14.0 mmol) in dichloromethane (S
mL) was slowly added in an ice bath. The reaction mixture was stirred
for 12 h at RT. After ethyl ether (40 mL) was added, a precipitate was
removed by a short Celite column. The filtrate solution was washed
with 1 N HCI solution 3 times, concentrated NaHCO; 2 times, and
water. The organic layer was dried over anhydrous Na,SO,. The
drying agent was removed by filtration, and the solvent of the filtrate
was removed by a rotary evaporator. Drying in a vacuum oven at RT
gave colorless oil (3.01 g, 90%).

Radical Polymerization of 4. A mixture of 4 (1.28 g, 5.0 mmol)
and AIBN (0.164 g, 0.10 mmol) was bubbled with N, for 30 min. The
mixture was stirred for 24 h at 65 °C. The polymerization mixture was
dissolved in chloroform (S mL). Precipitation from chloroform into
methanol was performed 3 times. Drying in a vacuum oven at 60 °C
gave colorless rubbery material (0.833 g, 65% yield). No T, or T,, in
the range of —80 to 200 °C on DSC.

Spectroscopic and Thermal Characterizations. 'H and *C
NMR spectra were obtained on Varian Inova 400 MHz and Unity 400
MHz spectrometers (results are in Supporting Information). High-
resolution electrospray ionization time-of-flight mass spectrometry
(HR ESI TOF MS) was carried out on an Agilent 6220 Accurate Mass
TOF LC/MS spectrometer in positive ion mode. Differential scanning
calorimetry (DSC) with heating and cooling rates of 5 or 10 K/min on
~10 mg samples was done using a TA Instruments Q2000 differential
scanning calorimeter (see Supporting Information Figure S11). The
thermal stabilities of these polymers were studied by thermogravi-
metric analysis (TGA) under N, using a TA Instruments QS00
thermogravimetric analyzer at a heating rate of 10 K/min heating
under N, purge.

Dielectric Spectroscopy. The dielectric measurements of the
polymers were performed by dielectric relaxation spectroscopy.
Samples were prepared for the dielectric measurement by allowing
them to flow to cover a 30 mm diameter freshly polished brass
electrode at 100 °C in vacuo. To control the sample thickness at SO
pum, silica spacers were placed on top of the sample after it flowed to
cover the electrode. Then a 15 mm diameter freshly polished brass
electrode was placed on top to make a parallel plate capacitor cell
which was squeezed to a gap of S0 ym in the instrument (with precise
thickness checked after dielectric measurements were complete). The
ionomers sandwiched between two electrodes were positioned in a
Novocontrol GmbH Concept 40 broadband dielectric spectrometer,
after being in a vacuum oven at 100 °C for 24 h. Each sample was then
annealed in the Novocontrol at 120 °C in a heated stream of nitrogen
for 1 h prior to measurements. The dielectric permittivity was
measured using a sinusoidal voltage with amplitude 0.1 V and 107>—
107 Hz frequency range for all experiments. Data were collected in
isothermal frequency sweeps every 5 K, from 120 °C to near T,

X-ray Scattering. X-ray scattering was performed with a multi-
angle X-ray scattering system that generates Cu Kar X-rays, 1 = 0.154
nm, from a Nonius FR 591 rotating anode operated at 40 kV and 85
mA. The bright, highly collimated beam was obtained via Osmic Max-
Flux optics and pinhole collimation in an integral vacuum system. The
scattering data were collected using a Bruker Hi-Star two-dimensional
detector with a sample-to-detector distance of 11 cm. To minimize the
exposure of the materials to moisture, previously dried samples were
inserted into 1 mm glass capillaries under vacuum at elevated
temperatures from RT to 110 °C. As the samples flowed into the
capillary under vacuum, bubbles were eliminated. The filled capillaries
were cooled to RT under vacuum. Scans were performed from RT to
120 °C, controlling the temperature in situ using a Linkam
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Scheme 1. Synthesis of Poly(N-alkylimidazolium acrylate)s 3a—d
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Table 2. DSC, DRS, and TGA Thermal Analysis, Total Ion Concentration p,, Refractive Index n, and Fragility m of Ionomers

sample DSC T, (K) DRS* T, (K) TGA (°C) 5% w/w loss po” (x10%° cm™) n? m+6
C,-PF, (3a) 256 248 341 12.1 1.461 105
C,-Tf,N (3b) 230 222 382 10.3 1.462 115
C,»-PF (3¢) 244 245 340 9.62 1.468 83
C.,-TEN (3d) 226 221 336 8.46 1.469 88

“T, determined from dielectric spectroscopy (defined at a)a(Tg) = 1072 rad/s). "Total ion concentration and refractive index from group
contribution method based on structure.’® “m determined from eq 15 using the VET fit parameters for the segmental (a) peak frequency (open

symbols in Figure 8a).

temperature control stage with a step size of ~30 K and heating and
cooling rates of 10 K/min. Adjustments were made to the set
temperature of the heating device so that the temperature of the
sample inside the glass capillary would equal the desired temperature.
The samples were equilibrated at each temperature for 10 min before
starting the X-ray data collection. The X-ray scattering profiles were
evaluated using Datasqueeze software.”> The intensities were first
corrected for primary beam intensity, and background scattering from
an empty 1 mm glass capillary was subtracted. Intensities were not
corrected for sample density. The isotropic 2-D scattering patterns
were azimuthally integrated to yield intensity versus scattering angle.

3. RESULTS AND DISCUSSION

A. lonomer Synthesis. We synthesized new acrylate
monomers and polymers with ionic imidazolium units, as
depicted in Scheme 1. The quarternization reactions of 1-
alkylimidazole and w-bromoalkanoic acids gave water-soluble
carboxy-terminated imidazolium salts. Ion exchange from the
bromide salts to hexafluorophosphate (PFs~) or bis-
(trifluoromethanesulfonyl)imide (Tf,N~) counterions was
done in water with excess KPF4 or LiTf,N. To confirm the
essentially complete removal of the bromide ions from the
imidazolium salts, a Beilstein copper/flame test>* was
performed before the next reaction. The polymerizable acrylate
unit was introduced by the esterification of the imidazolium
carboxyl salts with 4-hydroxybutyl acrylate. The imidazolium
acrylate monomers (2a—d) are soluble in acetone, MeCN,
DMF, and ethyl acetate (EA), but not soluble in either diethyl

3977

ether or water. To prevent a self-polymerization, all monomers
were stored in a freezer (<0 °C) after packing with dry N,.

The radical polymerization of the monomers was done with
2,2"-azobis(isobutyronitrile) (AIBN) in MeCN. The product
polymers were purified by precipitation from EA, which is a
good solvent for the monomers but does not dissolve the
polymers. After purification, the water contents of the polymers
were checked by 'H NMR spectroscopy. In the 'H NMR
spectra (see Supporting Information) the vinyl protons of the
monomers disappeared in the purified polymers, and the
polymers exhibited some peak broadening. The CH, protons
that are close to the polymer backbone were broadened,
whereas the alkyl protons which are well removed from the
polymer backbone still appear as sharp signals because carbon—
carbon bond rotation is much faster in the alkyl chains which
are far from the polymer backbone and they remained sharp.

To compare the dielectric properties, nonionic polymer $§
was prepared similarly to the imidazolium ionomers as shown
in Scheme 2. After coupling heptanoic acid and 4-hydroxybutyl
acrylate to form monomer 4, the polymerization of 4 was
performed with AIBN without any solvent. The nonionic
polymer S was purified by several precipitations from its
chloroform solution to methanol with vigorous stirring. The
nonionic polymer $ is a rubbery elastomer; however, it does
not show a glass transition in DSC down to —80 °C.

B. Thermal Analysis. The new imidazolium pendant
homopolymers each have a single glass transition, as reported

dx.doi.org/10.1021/ma202784e | Macromolecules 2012, 45, 3974—3985
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Figure 1. X-ray scattering intensity as a function of scattering wavevector q for (a) the imidazolium-based ionomers at room temperature and (b) C,-
PF, (3a), (c) C,-T£,N (3b), and (d) C,,-T£,N (3d), each at four temperatures (30, 60, 90, and 120 °C). The arrows indicate peaks that correspond
to the amorphous halo (q;), anion—anion correlations (qy;), and separation between ionic aggregates (qp;). The intensity of the ionic aggregation
spacing peak (qyy) increases enormously as the tail length increases from n-butyl to n-dodecyl, which we interpret to signify that dodecyl tails favor
ion aggregation. The data were shifted on the log intensity scale for clarity.

in Table 2. The polymers do not display crystallization or
melting in the temperature range of —80 to 200 °C by DSC.
Replacing PF4~ with Tf,N™ consistently lowered T, by ~22 K.
The Tf,N™ counterion has previously been shown to act at a
plasticizer for imidazolium ionic liquids®'® and their
polymers.>”**** Since association of ion pairs allows them to
act as temporary cross-links that raise T, the more strongly
associating PF,~ imparts higher T, than Tf,N™ for the
poly(imidazolium acrylate)s, as anticipated from the ab initio
results of Table 1. The length of tail also affects the T,
determined by DSC (denoted DSC T,): ionomers with n-
dodecyl tails exhibit slightly (~8 K) lower DSC Tls than those
with n-butyl tails. However, the T, obtained by dielectric
spectroscopy as the temperature at which the peak segmental
relaxation time was 100 s (denoted DRS T,; listed in Table
23%), shows no effect of tail length between ionomers with n-
dodecyl tails and with n-butyl tails. TGA under nitrogen at 10
K/min suggests that all four ionomers are thermally stable at
least until 300 °C.

C. X-ray Scattering. Figure la compares the room
temperature X-ray scattering profiles for the four imidazolium
acrylate ionomers with different side chain tail lengths and
counterions. Three distinct peaks are observed: the higher-
angle peak at g; ~ 14 nm ™" corresponds to the amorphous halo,
the more subtle intermediate-angle peak at g; ~ 8 nm™' is
attributed to correlation between the anions,”*"’ and the lower-
angle peak at qy; &~ 2 nm™' for the ionomers with n-dodecyl
tails and g; ~ 4 nm™' for the ionomers with n-butyl tails
indicates the spacing between ion aggregates.’® For the
amorphous halos at g;, the peak slightly shifts to lower
wavevector as the size of anion increases from PF,~ to TLN™. A
similar shift is also observed for the anion—anion scattering
peak at g;. However, both g; and gqy; peaks appear at the same
position as the tail length increases from n-butyl to n-dodecyl.
In contrast, the ionic aggregation scattering peak at gy shifts to

3978

lower q and its intensity increases significantly, as the tail length
increases from n-butyl to n-dodecyl. The ionomer peak (qi;)
intensity arises from both the uniformity of the interaggregate
spacing and the electron density difference between the matrix
and the ionic aggregates.”” Both the peak positions and peak
intensities remain nearly the same with increasing temperature
as shown in Figures 1b,c,d. Morphological studies of 1-alkyl-3-
methylimidazolium PF~ or TE,N™ ionic liquids as a function of
the alkyl chain length by means of neutron scattering® and
molecular dynamics simulation®®®" observed quite similar ion
aggregation: ionic liquids with long side chains exhibit a
bicontinuous morphology, one region consisting of polar
moieties (anion/cation pairs and aggregates) and the other
consisting of nonpolar alkyl tails.

D. lonic Conductivity. To understand the influence of
anions and tail length on ionic conductivity, the temperature
dependence of DC conductivity shown in Figure 2 is evaluated
from a roughly 3 decade frequency range where the in-phase
part of the conductivity ¢'(w) = &"(w)eyw is independent of
frequency, as shown in Figure 3. The inset in Figure 2 shows
the strong correlation between ionic conductivity at 25 °C and
T, for these monomers and their polymers. As expected,
monomers with lower T, show higher ionic conductivity than
the polymers with higher T,. There also exists a significant
effect from different anions on ionic conductivity for these
ionomers. Because of the suppression in the T, the larger
T£,N™ anion raises the ionic conductivity of C,-T£,N (3b) and
C,-TE,N (3d) by ~100X at room temperature, compared to
the PF,~ ionomers (C,-PF¢ (3a) and C,,-PF (3c)). However,
an effect from the n-dodecyl vs n-butyl tail on ionic conductivity
is more subtle; that is, ionomers with shorter tail (C,-PFg (3a)
and C,-Tf,N (3b)) showed slightly higher ionic conductivity in
spite of having higher T, In order to better understand
counterion conduction, it is necessary to distinguish whether
the increase in ionic conductivity is due to a larger number
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Figure 2. Temperature dependence of ionic conductivity for PF¢~ and
TE,N~ ionomers. TN~ (C,-TE,N (3b) and C,,-Tf,N (3d)) ionomers
have consistently higher conductivities than PF,~ (C,-PF4 (3a) and
C,,-PF; (3c)) ionomers. Solid and dashed curves are eq 16 with all
parameters fixed (values in Tables 3 and 4): E, and p,, are determined
by an Arrhenius fit to simultaneously conducting ion content p (Figure
4), while pi,, D, and T} are determined by a VFT fit to simultaneously
conducting ion mobility u (Figure S5). The inset shows ionic
conductivity at room temperature as a function of glass transition
temperature for these four ionomers (3a (H), 3b (@), 3c (A), and 3d
(¥)) and two monomers (2b (O) and 2d (V)).
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Figure 3. Dielectric response of imidazolium-based ionomer C,-Tf,N
(3b) to applied AC field at 273 K. The dielectric loss derivative
function &4, (blue circles) shows two relaxation processes: segmental
motion (a) at @, and ions exchanging states (@,) at @,,. After ion
motion becomes diffusive at 7., the @, process not only contributes to
DC conductivity opc, noted as the plateau region in the in-phase part
of conductivity ¢’ (red squares), but also enhances the static dielectric
constant &, in the dielectric permittivity function &' (green triangles).
The peak of the loss tangent tand (orange diamonds) gives the
geometric mean of the time scales of conductivity and electrode
polarization (7gp7,)'/, then determining the number density of
simultaneously conducting ions p and their mobility .

density of simultaneously conducting ions p or to an increase in
their mobility p.

E. Electrode Polarization Analysis. A physical model of
electrode polarization (EP) makes it possible to separate ionic
conductivity into the number density of simultaneously
conducting ions and their mobility,** ***>®* a5 has recently
been done for other single-ion conductors above
Tg.34’47_49’64’65 Electrode polarization occurs at low frequencies,
where the transporting ions have sufficient time to polarize at
the blocking electrodes during the cycle. That polarization
manifests itself in (1) an increase in the effective capacitance of
the cell (increasing the apparent dielectric constant) and (2) a
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decrease in the in-phase part of the conductivity, as the
polarizing ions reduce the field experienced by the transporting
ions. The natural time scale for conduction is the time when
counterion motion becomes diffusive.

&€o

TO’
(1)
At low frequencies the conducting ions start to polarize at the
electrodes and fully polarize at the electrode polarization time
scale

Opc

o= €epéo

EP =
2)
wherein egp is the (considerably larger) effective permittivity
after the electrode polarization is complete (see Figure 3). The
Macdonald and Coelho model* ™ *7%*% treats electrode
polarization as a simple Debye relaxation with loss tangent,

Opc

T
EP
tan 0 =

2
1 + o't 7gp

€©)

allowing a two-parameter fit to determine the electrode
polarization time 7gp and the conductivity time 7, The
Macdonald and Coelho model then determines the number
density of simultaneously conducting ions p and their mobility
u from 7p and 7,

I | 7ep ’
"o E[T_a) (4)
_ eLZ'q7
"= 4ekT (5)
wherein Iy = ¢*/(4negokT) is the Bjerrum length, L is the

spacing between electrodes, k is the Boltzmann constant, and T
is absolute temperature.

Conducting lon Content. The temperature dependence of
the number density of simultaneously conducting ions p
calculated from eq 4 is plotted in Figure 4, and the fraction of
ions participating in conduction (p/p, wherein py, listed in

10” . . . .

@ 10 28 32 36 40 4
€ 4
O, _1000/T [K']
a m C-PF, (3a)
10'®{ ® C,TfN(@3b) ) 4
A C PF,(30) N
v CZ\GN (3d) ooy
10" . . : :
0 1 2 3 4

1000/T [K™]

Figure 4. Temperature dependence of simultaneously conducting ion
concentration p. Solid (PF¢~ ionomers) and dashed (Tf,N~ ionomers)
lines are Arrhenius fits to eq 6 with two fitting parameters (E, and p.,,
listed in Table 3). The observation that ionomers with the n-dodecyl
tails have much lower p,, than ionomers with the n-butyl tails suggests
that the n-dodecyl tails aggregate ions. The inset displays the fraction
of anions simultaneously participating in conduction (p divided by the
total anion concentration po).
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Table 2, is the total anion number density””) is shown in the
Figure 4 inset. The temperature dependence of simultaneously
conducting ion concentration for these imidazolium-based
ionomers is well described by an Arrhenius equation

a

r=reol ) 0

wherein p,, and E, listed in Table 3, are the conducting ion
concentration as T — oo and the activation energy for

Table 3. Fitting Parameters (Eq 6) for the Temperature
Dependence of the Number Density of Simultaneously
Conducting Ions

conducting ion concentration

sample 1((::%1569) lz)cgrr(lpi 030)) (k_]/EnaaoI) pi,/p(,
C,-PF, (3a) 21.1 20.9 17.5 0.29
C,TEN (3b) 21.0 20.5 14.1 0.68
C,,-PF¢ (3¢) 21.0 20.1 12.8 0.86
C,-TEN (3d) 20.9 19.8 10.2 0.93

conducting ions, respectively. The fact that for some ionomers
P is smaller than p, indicates some of the counterions are too
strongly aggregated to participate in ionic conduction, and 1 —
Poo/po (listed in Table 3), tells us the fraction of counterions
that are trapped and are unable to participate in conduction.®®
The observation that ionomers with n-dodecyl tails have much
higher fraction of trapped ions than ionomers with n-butyl tails
suggests that C,-PF4 (3c) and C,,-Tf,N (3d) exhibit stronger
ionic aggregation than C,-PFs (3a) and C,-Tf;N (3b),
consistent with the stronger qy; peak in X-ray scattering in
section 3C and the analysis of the static dielectric constant in
section 3F. The activation energies for the PF,~ ionomers (C,-
PF, (3a) and C,,-PF, (3c)) are higher than those for the
T£,N~ ionomers (C,-Tf,N (3b) and C,,-T,N (3d)),
indicating a lower binding energy for the imidazolium ions
with the larger Tf,N™ ions than for the PF4~ ions,>' as
anticipated by the ab initio calculations presented in Table 1.
The length of tail also affects the activation energy; ionomers
with n-dodecyl tails exhibit lower activation energies of the
simultaneously conducting ions than those with n-butyl tails.
Without microphase separation, the nonpolar n-butyl tails are
included in the dielectric constant of the surroundings, but
when the n-dodecyl tails microphase separate, they no longer
lower the dielectric constant in the phase where the ions reside.
This effectively means that the dielectric constants (before ions
move) are larger for ionomers with n-dodecyl tails than for
those with n-butyl tails, lowering the effective activation energy
for ion motion.

The inset in Figure 4 indicates that the fraction of
counterions simultaneously participating in conduction (p/p,)
in these single-ion conductors is quite low, <0.1% of the total
number of counterions, except at the highest temperatures
studied. The conducting ion content evaluated from the EP
model is the number density of ions in a conducting state in
any snapshot, which sets the boundary condition for the
solution of the Poisson—Boltzmann equation. Only a small
fraction of total ions is in a conducting state at any given instant
in time, similar to observations on other sin§le-ion conducting
ionomers with alkali metal counterions®’ ™" or ionic liquid
counterions.>***%
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Mobility of Conducting lons. The temperature dependence
of the mobility of the simultaneously conducting ions
determined from the EP model is displayed in Figure S as

10" ; . : . .
] m C.PF, (3) ]
10°1 ® C/TiN(3b)
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Figure S. Temperature dependence of simultaneously conducting ion
mobilities for PF~ and Tf,N~ ionomers, determined from (1) the EP
model (filled symbols) and (2) dividing the DC conductivity data by
the product of the elementary charge e and the Arrhenius fit to eq 6 of
simultaneously conducting ion number density p (open symbols,
referred to as extended mobility). Both mobility and extended mobility
are fit to eq 7 as solid and dashed curves. Tf,N~ ionomers (C,-Tf,N
(3b) and C,,-T£;N (3d)) have consistently higher mobilities than
PF,~ ionomers (C,-PFy (3a) and C,,-PF¢ (3c)). The inset shows the
ionic mobilities with respect to inverse temperature normalized by T,
indicating that ionomers with n-butyl tails have higher mobilities than
those with n-dodecyl tails.

the filled symbols. Since conductivity can be measured over a
far wider temperature range, we divide the DC conductivity
data in Figure 2 by the elementary charge e and by the
Arrhenius fit to eq 6 of simultaneously conducting ion number
density p to determine an extended mobility, plotted in Figure
5 as the open symbols. Both mobility and extended mobility are
then fit to the Vogel—Fulcher—Tammann (VFT) equation,

|

wherein i, is the highest temperature limit of the mobility, T,
is the Vogel temperature, and D is the so-called strength
parameter (reciprocally related to fragility m). The ionic
mobilities of THLN™ in C,-TH,N (3b) and C,,-TH,N (3d) are
higher than those of PF,~ in C,-PFy (3a) and C,,-PF¢ (3c)
because the larger Tf,N” anion imparts lower T, To
understand the effect of tail length, the mobilities are also
plotted against To/T (see inset of Figure S). The data do not
merge into a single curve but instead yield two separate curves.
The ionomers with shorter tails (C,-PF¢ (3a) and C,-Tf,N
(3b)) have somewhat higher mobilities than those with longer
tails (C;,-PFg (3c) and C,,-T£,N (3d)) for the same T,/T.
Similar results were reported for pure ionic liquids,""*®
whereby increasing the alkyl chain length from butyl to hexyl
to octyl increases the viscosity of ionic liquids based on 1-alkyl-
3-methylimidazolium with a Tf,N” anion. Since the VFT
temperature dependence of ion mobility reflects the coupling of
segmental motion and ion transport, the lower ion mobility in
our ijonomers with C,, is likely caused by their slower
segmental motion due to their stronger ion aggregation, seen
in the X-ray data in Figure 1.

DT,
T-T,

H=Hy eXP[—
(7)
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F. Static Dielectric Constant. The static dielectric
constant & is defined as the low-frequency plateau of &'(w)
before EP begins, shown in Figure 3 and calculated using eq 1
from the measured opc and 7, obtained from fitting EP to eq

347,646 Figure 6 displays the static dielectric constant for these
160 T T T
m C-PF,(3a) ® C-TiN(3b)
A C_-PF, (3c) v C_-Tf,N(3d)
1204 * Non-ionic polymer (5) 4
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Figure 6. Temperature dependence of static dielectric constant & for
imidazolium-based ionomers and a nonionic polymer. The lines are
predictions of the Onsager equation with fixed concentration and
strength of dipoles: the purple dotted line is eq 8 for nonionic polymer
5 with Y wm?/(9e5k) = 249 K as the sole fitting parameter, and the
colored solid and dashed lines are eq 9 for the four imidazolium-based
ionomers, assuming all ions exist as isolated contact pairs (L/pair = po)
with dipoles given by the ab initio estimates in Table 1 and assuming
the Kirkwood correlation factor g = 1.

imidazolium-based ionomers and the nonionic polymer § vs
inverse temperature. The nonionic polymer 5 having no
imidazolium cation nor anion exhibits & = 8 at room
temperature. & for the ionomers with imidazolium cation and
either PF4~ or Tf,N™ anion is much larger, especially for those
with n-butyl tails (C,-PF4 (3a) and C,-T£,N (3b)) with &, ~ 80
at the lowest temperatures studied. As the tail length increases
from butyl to dodecyl, ¢, in C,-PF¢ (3¢c) and C,,-Tf,N (3d)
significantly decreases.

The temperature dependence of & for the nonionic 9polymer
can be understood through the Onsager equation®”~®

— e.)(2e, +
(85 Eoo)( & Eoo) — 1 Z V,‘miz
o 9€0kT ; (8)

e(ey + 2)
wherein v; is the number density of dipoles, m; is their dipole
moment, and €, is the high-frequency limit of the dielectric
constant (here taken to be an approximate value of &y, = 17,
where 7 is the refractive index, listed in Table 2). The purple
dotted line in Figure 6 is fit to eq 8 with the Y v;m term as the
sole fitting parameter, showing that & of the nonionic polymer
S is well described by the Onsager equation. The polymerized
ionic liquids have an imidazolium cation attached to each side
chain with the associated anion (PF¢~ or Tf,N~) and for such
ionomers the contribution of the ions to the static dielectric
constant can be analyzed*”*® by simply adding the effect of ion

pairs to eq 8:
:|ionomer

[(85 —&.)(2¢ + &)
(6, — &) (26, + €)

e(e, + 2)*
e(e, + 2)*

2
_ ypairmpair [

B 9e,kT

:|nonionic

©)
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wherein v, is the number density of ion pairs and m,,,;, is their
dipole moment. The solid and dashed lines in Figure 6 are the
Onsager predictions of eq 9 for each ionomer, assuming all ions
are in the isolated ion pair state (Vpair P listed in Table 2)
with the contact pair dipole from ab initio listed in Table 1.
Starting at the top of Figure 6, the Onsager prediction for the
ionomers with n-butyl tails, C,-PF¢ (3a) and C,-Tf,N (3b),
agree reasonably with their measured &, The Onsager equation
predicts that the dielectric constant decreases as temperature
increases (as 1/T) from thermal randomization. The Onsager
prediction for C,-PF; (3a) is ~13% above the measured
dielectric constant, presumably indicating that the dipole of the
ion pairs for imidazolium-PFy is overestimated by ~7% in our
ab initio calculations (Table 1). Although the ionomers with n-
dodecyl tails exhibit dielectric constants that parallel the
Onsager prediction of eq 9, C1,-PF (3c) and C,,-TE,N (3d)
show nearly identical dielectric constants across the entire
temperature range, which are more than a factor of 2 below the
Onsager prediction of eq 9. Those ionomers with n-dodecyl
tails are still significantly more polar than the nonionic polymer
5, but many of their ions are aggregated, analogous to lithium
sulfonate—PEQ ionomers.>

Another way to view ion aggregation is that this effectively
correlates neighboring dipoles of ion pairs. Correlation of
neighboring dipoles was considered by Kirkwood”®”' and
Frohlich® by introducing a prefactor g into eq 9, and this idea
is extensively utilized."****® For example, the dielectric
constants for highly associating liquids such as acids, alcohols,
and water are underestimated by the Onsager theory.”" On the
other hand, molecules with internal hindered rotation or
restricted rotational degrees of freedom that prohibit alignment
with the field cannot fully respond to the field as expected from
their individual dipole moments, and therefore, the Onsager
model overestimates the resulting dielectric constant.””

9e,kT

2
U ..m

(6, — &,)(2e, + &)

2
pair’" “pair €s(8oo + 2)

[ :|n0niom'c

If there are no specific correlations, g = 1 and the Kirkwood—
Frohlich equation reduces to the Onsager equation. For polar
liquids in which dipoles tend to orient with parallel dipole
alignments, g > 1. For example, hydrogen bonding in water
makes g = 2.9 at 0 °C, decreasing steadily as temperature is
increased, to g = 2.3 at 100 °C. When dipoles either prefer
antiparallel alignment or a significant fraction of dipoles are
unable to move in response to the field, g < 1. The g factor can
be calculated from eq 10 by assuming that all ions are in the
isolated contact pair state (v, = po where py, listed in Table 2,
is the total anion number density) with the contact pair dipole
from ab initio listed in Table 1. Our imidazolium ionomers
exhibit apparent Kirkwood correlation factors 0.8 < g < 1.1 for
ionomers with n-butyl tails and 0.2 < g < 0.4 for ionomers with
n-dodecyl tails, over the whole temperature range studied. This
can explain the strong increase in intensity of the ionic
aggregate scattering peak in the X-ray data of Figure 1, as the
tail length increases from n-butyl to n-dodecyl. Ionic
aggregation makes g << 1 for the ionomers with n-dodecyl
tails while g & 1 for the ionomers with n-butyl tails.

(e, — &,)(2e, + &)
(e, +2)

(10)
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G. Dielectric Relaxations. In addition to ion conduction of
these ionomers, to assess the effect of anions and tail length on
polymer chain or ion dynamics, the loss peaks of dipolar
relaxation processes are evaluated. However, electrode polar-
ization and conduction can obscure the loss peaks of interest
that are due to ion motion or segmental relaxation.*® Thus, we
use the derivative formalism” which eliminates the con-
ductivity contribution from loss spectra to elucidate relaxation
processes in the temperature range where EP and conductivity

dominate ***°
7 0¢' ()
£, = ——
T 2 9w (11)

In the derivative spectra of Figure 7, these imidazolium-based
ionomers exhibit two dielectric relaxations designated as @ and
a, in the order of decreasing frequency. The dipolar relaxations
were further explored by fitting the derivative spectra with one
power law for EP plus two Havriliak—Negami (HN) functions
for those two dielectric relaxations
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Figure 7. Dielectric loss derivative spectra fit (solid lines) to the sum
of a power law for EP and two derivative forms of the HN function for
ion rearrangement and polymer segmental motion of (a) PF4~
ionomers (C,-PF, (3a) and C,,-PF, (3c)) at 303 K and (b) T{,N~
ionomers (C,-TEN (3b) and Cp,-TEN (3d)) at 273 Ko Two
relaxation processes (@, at lower frequency and « at higher frequency)
are observed, and individual contributions of the relaxations are shown
as dashed lines. The solid curves are five-parameter fits to eq 12 with
fixed values of the EP power law slope”® (s) and shape parameters of
the two HN functions (a and b) for (a) PF~ ionomers: s = 1.88, a,, =
1.0, by, = 0.5, a, = 1.0, and b, = 0.2 and for (b) TE,N~ ionomers: s =
191, a, = 0.88, by, = 0.55, a, = 1.0, and b, = 0.2.
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Ot ()

dlnw
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with
Ae
1+ (iw/wHN)a]h

en(@) = Real

wherein A and s are constants, A¢ is the relaxation strength, a
and b are shape parameters, and @yy is a characteristic
frequency related to the frequency of maximal loss @,

by4 74,75
)l/u(Sin abn’ )—l/a
2+ 2b (13)

In each fit of the ionomer derivative spectrum at each
temperature, five of the ten parameters in eq 12 are fixed
(EP power law exponent’® s and the two sets of HN shape
parameters a and b) to values given in the Figure 7 caption, and
the relaxation strengths are constrained with Ag, + Ag, + &4, =

an

[0) =w sin —
max HN( 2+ 2b

&;. The peak relaxation frequency w,,,, and relaxation strength
Ae of the a and @, processes are determined from this fitting,
and their temperature dependences are displayed in Figure 8. In
ionic liquids, dielectric relaxation processes from motions of
anions and cations are observed.”””® Tonomers exhibit two
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Figure 8. Temperature dependence of (a) relaxation frequency
maxima @y, and (b) relaxation strengths A¢ of the a (open symbols)
and @, (filled symbols) processes. The solid (PFs ionomers) and
dashed (Tf,N™ ionomers) curves are fits of the VFT equation (eq 14)
using T, from the mobility VFT fits in Figure S.
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Table 4. Fitting Parameters of the VFT Temperature Dependence of the &, and a Processes and Mobility of Simultaneously

Conducting Ions

a, process a process conducting ion mobility
sample log(®,,) (rad/s) D log(w,,) (rad/s) D log(4e,) (cm? V7' s7h) D T, (K) DSC T, — T, (K)
C,-PF, (3a) 8.8 43 111 43 -1.0 3.7 217 39
C,-TE,N (3b) 8.7 41 113 4.1 ~11 34 196 34
C,,-PF, (3¢) 92 5.6 11.0 5.6 —0.8 5.0 207 37
C» TEN (3d) 8.8 5.0 10.8 5.0 -0.8 45 189 37

dipolar relaxations,"*” assigned to the usual segmental motion

of the polymer (@) and a lower frequency relaxation that
increases in strength with ion content,” (a,) attributed to ions
rearranging, for instance, exchanging states between isolated
pairs and aggregates of pairs.

The peak relaxation frequencies of the a process of glass-
forming liquids, polymers, and ionomers follow VFT temper-
ature dependence with the same Vogel temperature T, as was
found for the mobility of simultaneously conducting ions.

DT, ]
T-T (14)

The curves in Figure 8a are fits to eq 14 using the T, from the
mobility VFT fits in Figure S with strength parameter D and
high-temperature limiting frequency @, listed in Table 4 for
the a and a, processes. The a process involves segmental
motion and hence is related to the glass transition. This is why
PF¢” ionomers having higher T, exhibit slower a processes than
TE,N™ ionomers having lower T,. Many glass-forming liquids
and nonionic polymers have @,,,, of the a process ~0.01 rad/s
at their Tg.79 Here we extrapolate the VFT fits of the a process
(eq 14 and curves in Figure 8a) to 0.01 rad/s to get the DRS T,
listed in Table 2. There is reasonable agreement between DRS
T, and DSC T, for the ionomers with C,, tails but those with
C, tails have DRS T, ~ 8 K lower than DSC T, and the DRS
T,s of the ionomers with the same anions (PF,~ or Tf,N™) are
nearly identical in spite of different tail length (also evident in
Figure 8a). The ionomers with C,, tails aggregate most of their
ions so the magnitude of the a, relaxation involving ion
rearrangement is much smaller than for the ionomers with C,
tails, and this is likely why there is a large difference in DRS and
DSC T,s of the ionomers with C, tails. Calorimetry sees both a
and a, processes and is more impacted by the latter, slower
process when its magnitude is stronger (see Supporting
Information Figure S11).

In polymers with polar side groups, generally an a process is
assigned to side-chain motion.*® The observation that ionomers
with n-butyl tails (C,-PFs (3a) and C,-TE,N (3b)) having
higher T, show even faster a process than those with n-dodecyl
tails (C;,-PFs (3¢) and C,,-TH;N (3d)) having lower T, is
connected to their fragility m, calculated by

Doy = O exp(_

DT,

T,(In 10)(1 — T,/T,)*
, RR00-LY
wherein D and T, are VFT fitting parameters for w, (open
symbols in Figure 8a). The estimated fragility m values of these
imidazolium-based ionomers are given in Table 2 with error
estimates based on the extrapolation of the VFT fit to T,
discussed above. The 25% higher fragility of ionomers with C,
tails can be understood by the enhanced aggregation of the
ionomers with Cy, tails, reflected in the X-ray data of Figure 1.

__ d log(w)
a/m],
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Aggregated ions present a strong energetic barrier for
segmental motion that always lowers fragility.*"® Similar
reductions in fragility with increasing side chain length have
been reported for poly(n-alkyl methacrylates)** and poly(a-
olefins).**

The peak relaxation frequencies of the a, processes of these
ionomers occurring at frequencies ~2 orders of magnitude
lower than those of the @ processes also follow a VFT
temperature dependence. Like the a process, Tf,N~ ionomers
have faster @, process than PF¢~ ionomers due to Tf,N~
counterion imparting lower T, Ionomers with the same
counterion have almost identical a, relaxation frequencies in
spite of having different tail length. This suggests that the a,
processes must be primarily related to rearrangements of ions
that are not strongly aggregated, consistent with literature on
dielectric spectroscopy of other single-ion conducting ion-
omers.****? In Figure 8b, the relaxation strength Ae for the a,
process is much larger than that for the o process. Additionally,

Ag, has a strong temperature dependence, but Ag, has no

temperature dependence with Ag, ~ 8 for all four ionomers.
The stronger @, process involving ionic rearrangements
primarily determines the temperature dependence of &
shown in Figure 6. Interestingly, ionomers with n-butyl tails
(C4-PF¢ (3a) and C,-Tf,N (3b)) have much larger Ag,, than

those with n-dodecyl tails (C,,-PF4 (3c) and C,-Tf,N (3d)),
consistent with n-dodecyl tails promoting ion aggregation as
seen in X-ray (Figure 1). The n-butyl tails in C,-PF¢ (3a) and
C,-TE,N (3b) allow more ions to participate in conduction
(Figure 4) and rearrange in the a, process, by not having so
many aggregated ions.

H. Temperature Dependence of lon Conduction and
Polymer Relaxation. Conductivity is the product of charge e,
number density of carriers p, and their mobility y for single-ion
conductors, so the temperature dependence of op,c(T) shown
in Figure 2 has already been evaluated by our Arrhenius fit of
p(T) = po exp[—E,/(RT)] in Figure 4 and our VFT fit of
extended mobility u(T) = opc(T)/[exp(T)] to eq 7 in Figure

S.
()
exp| ——
P RT
Predictions of eq 16 with parameters listed in Tables 3 and 4
are shown as the solid and dashed curves in Figure 2. The fact
that @, @4, #, and op all share a common Vogel temperature
demonstrates strong coupling between motion of counterions
and polymer segmental dynamics. The Vogel temperature T
lies 37 K below the DSC glass transition temperature for each
ionomer (T, — T, ~ 37 K). A vital point is that the VFT fit in
Figure S to extended mobility data calculated from conductivity
enables this conclusion because conductivity is measured with
high precision very close to T,. Independent VFT fits to the

DT,
T - T,

Opc = e P, exp(— (16)
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significantly less precise @, or w,, would not yield identical T
to that from extended mobility, but the Vogel temperature from
extended mobility can give a good description of the
temperature dependences of @, and @, (compare curves
and data in Figure 8a).

Barton, Nakajima, and Namikawa®>~*" (BNN) suggested
that conduction and dielectric relaxation have their origins in
one diffusion process and proposed a simple empirical scaling
correlation between ionic conductivity opc and the product of
relaxation strength Ae and frequency at the loss maximum
0]

max*

Opc X Aew,

(17)

As shown in Figure 9, the conductivity can be successfully
scaled in accordance with eq 17, further demonstrating that

10* e B
//,
k| % A g
74 :
10°4 ; Zy[@é@ 1
,Q/
T ’
S 10° 7 ¢ -PF, (3a) 1
@, C,-TE,N (3b)
|
g . C,-PF, (3c)
© 104 C_TINGd) 4
] a, (filled symbols) ]
o (open symbols)
10™ e e

10* 10° 10°

Aew  [rad/s]

Figure 9. DC conductivity opc against the product of relaxation
strength A¢ and frequency w,,,, of the a, (filled symbols) and & (open
symbols) processes. The solid and dashed lines are fits of the BNN law
(eq 17) with slopes of unity.

conductivity is strongly coupled with both ion motion (a,
process) and polymer segmental motion (@ process).

4. CONCLUSIONS

This paper correlates morphology, ion conduction, and
dielectric response of imidazolium-based single-ion conductors
with two different anions and with two different imidazolium
tail lengths. The effect of counterions is clearly observed in the
glass transition temperature and ionic conductivity; THN
ionomers with lower T,s have higher ionic conductivities
than PF¢~ ionomers with higher Tis, as anticipated by ab initio
calculations that show that the imidazolium cation is less prone
to aggregation with Tf,N~ counterions than with PF,~
counterions. The ionic conductivity is also strongly coupled
with ion motion (a,) and polymer segmental motion («) from
the observation of a common Vogel temperature in the VFT
temperature dependence of the mobility of simultaneously
conducting ions y, ion rearrangements (a,), and polymer
segmental motion ().

The n-dodecyl tail results in strong ion aggregation over the
whole temperature range studied, as clearly seen in X-ray
scattering and dielectric constant. The n-butyl tail promotes
very little ionic aggregation, with a significantly larger dielectric
constant that agrees reasonably with the Onsager prediction.
Significant increase of the relaxation strength of the ion
rearrangement o, for ionomers with n-butyl tails accounts for
the significantly larger static dielectric constants and higher
mobilities for the simultaneously conducting ions.
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