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ABSTRACT: A series of acrylic polymerized ionic liquids (PILs) with imidazolium cations and bis(trifluoromethylsulfonyl)imide
(TFSI) anions were synthesized via reversible addition−fragmentation chain-transfer polymerization. The absolute molecular
weights (MWs) of PILs were determined from size exclusion chromatography with light scattering. The degree of polymerization
(N) ranged from 15 to 254, and steady rotational rheology indicated the zero-shear viscosity (η0) measured at a constant distance
above the glass transition scales as η0 ∼ N1.0 for N < 92, in agreement with the theory for unentangled polymer melts. In the range
from N = 92−254, we measured η0 ∼ N2.3 which is interpreted as a transition region. The N1.0 scaling in the unentangled regime is in
contrast to the prior report of η0 ∼ N1.7 in polyethylene-based PILs (Macromolecules, 2011, 44, 7719) but in agreement with a
calculated η0 ∼ N1.1 of acrylic ammonium TFSI PILs (Macromolecules, 2016, 49, 4557). Oscillatory shear rheology revealed that
electrostatic interactions in this system were weak enough to have no impact on delaying the onset of flow, which was supported by a
lack of ion aggregation in wide-angle X-ray scattering. The polymer nanostructure was also found to be minimally influenced by the
degree of polymerization. Ionic conductivity slightly decreased as MW increased but overlapped when normalized to the calorimetric
glass transition temperature.

■ INTRODUCTION

Polymerized ionic liquids (PILs) are a class of macromolecules
with ionic liquid (IL) groups attached to the polymer
backbone. They have been intensively studied in recent years
due to their desirable properties such as high thermal and
electrochemical stability, tunable glass transition temperature
(Tg) and mechanical properties, and moderate ion con-
ductivity.1,2 As a result, they have been demonstrated in
various applications including energy-storage devices,3−7 gas/
liquid separation membranes,8−13 and stimuli-responsive
materials.14−17 Linear chains are the most common system
for studying the impact of various parameters such as
counterion type,18−21 side chain chemistry,22,23 IL place-
ment,24,25 ionic content,26 and molecular weight (MW)27,28 on
PIL properties. Simulations have also elucidated these
effects29−32 and provided key insights on how the nanostruc-
ture affects polymer properties. In the vast majority of studies
to date, the ionic conductivity is the metric of interest. Less
work exists on other key dynamic properties and how they

depend on MW. Parameters such as viscosity and polymer
center of mass diffusion will be important to understand for
future applications in the context of processing, electrode
adhesion, and transference number which will depend critically
on not only the mobile ion diffusion but also the transport of
the polyionic backbone.
The zero-shear viscosity is a key property for understanding

polymer dynamics. To the best of our knowledge, only two
studies have presented or mentioned the relationship between
viscosity and MW in PILs. Nakamura et al.27 investigated
polyethylene-based imidazolium TFSI PILs and reported η0 ∼
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Mv
1.7 in the unentangled regime and η0 ∼ Mv

4.2 in the
entangled regime at Tg + 35 K, where Mv is the viscosity-
average MW. Classical results for neutral polymers are η0 ∼
Mn

1.0 and η0 ∼ Mn
3.4 for unentangled and entangled polymer

melts,33 respectively. The authors attributed the larger power
law factors to electrostatic interactions between the charged
polymer backbone and mobile anions, although it is not
obvious why such a phenomenon would have a MW
dependence. Converting from viscosity to number-average
MWs is not trivial, and it is unclear how these data would scale
with Mn. In a separate work by Fan and coworkers,28 the
viscosity scaling of acrylate-based ammonium TFSI PILs was
found to be η0 ∼ Mn

1.1 with proper Tg normalization, which
suggested that the ion interaction plays a minimal role. We
noted that this scaling was not presented in the original paper
but was analyzed by us using their viscosity-temperature data.
To resolve these conflicting results, we hypothesize that the
viscosity scalings of linear ionic polymer melts should be the
same as those of neutral polymer melts, and the electrostatic
interaction should not affect the scaling since zero-shear
viscosity is measured in the terminal flow regime where all
ionic associations are fully relaxed.
To determine the scaling laws, accurate MW determination

of ionic polymers is required. PILs are typically difficult to
characterize by size exclusion chromatography (SEC) due to
ion aggregation and interaction with the column, leading to
difficulty in measuring the degree of polymerization (N) and
the MW distribution. Adding salt to the SEC solvent is a
common strategy to screen the charges and reduce the
polymer−column interaction. Early MW measurements of PIL
homopolymers used dimethylformamide (DMF) with LiBr salt
as the elution mixture and were calibrated against polyethylene
oxide (PEO) standards. The work by Lee et al.34 found that an
acrylate-based imidazolium TFSI PIL, made by free-radical
polymerization, had an Mn = 6.65 kDa and a dispersity (D̵) of
2.4 when eluted with DMF + 0.05 M LiBr. The refractive index
(RI) signal showed a broad, two-hump elution peak, suggesting
either inhomogeneous polymerization or strong interaction
between the ionic polymer and the SEC column. Subsequent
work by Ye and Elabd35 investigated a series of methacrylate-
based imidazolium PILs with five different anions using the
same solvent and compared the MW data calibrated with PEO
and polystyrene (PS) standards. The reported dispersity (D̵)
ranged from 2.45 to 2.77 against PEO standards while D̵ =
1.21−1.32 against PS standards, highlighting the perils of citing
dispersity values against relative MW standards to infer the real
MW distributions of ionic polymers. Nevertheless, calibration
against known standards is easy to perform and only requires a
RI detector, hence the wide spread use of this method.36−41 A
more detailed study on the SEC conditions for PILs42 found
that DMF and tetrahydrofuran with 10 mM LiTFSI appear to
work for styrenic TFSI PILs, resulting in “normal” SEC peaks
and the authors were able to construct a calibration curve using
a separate batch of PIL standards to obtain the absolute MWs.
Alternatively, some studies analyzed the uncharged precursor
polymers and assumed the same N following functionalization
and ion exchange.28,42,43 Ideally, absolute MW determination is
needed to probe scaling relations which has been determined
for ammonium bromide ionenes44 using a mixture of water,
methanol, acetic acid, and sodium acetate. The quantity of
each component was carefully tuned to minimize polymer
aggregation and polymer−column interaction. Monomodal
SEC curves were observed, and the measured MW correlated

well with the stoichiometry of the two monomers, as well as
the polymerization time.
Due to the low polarity of most polymer matrices, ion pairs

tend to aggregate45−47 and generate ionic cross-links that can
impact both conductivity and rheological behaviors.48

Recently, the effect of MW on PIL aggregation has been
studied49 by wide-angle X-ray scattering (WAXS), with N
ranging from 2 to 109. The authors found that the positions of
three scattering peaks, which correspond to the amorphous
halo, anion correlation, and intercluster scattering from high-
to-low wave vector (q), were invariant for N > 10. However,
the low q ion aggregation peak was not observable for the
dimer and the trimer which was attributed to the lack of
structural periodicity.49 Similarly, ion transport in PILs was
less-affected by MW once N exceeds some critical value. This
is evident in a previous report28 where the PIL ionic
conductivity overlapped for N above 10. This work also
showed that the degree of decoupling between ion transport
and segmental dynamics was the same once the PIL had
sufficient repeating units (N > 10). While conductivity appears
to be minimally affected, the clustering of ions at the nanoscale
is potentially more important in determining chain level
dynamics depending on how many clusters per chain are
formed.
In this work, we synthesized a series of linear imidazolium

TFSI PILs with an acrylate backbone and a range of N from 15
to 254 via controlled radical polymerization to achieve low
dispersity. The MW was determined by SEC with multiangle
light scattering (MALS). The viscoelastic properties were
characterized by both oscillatory and rotational shear rheology,
and zero-shear viscosity was extracted at Tg + 43 K for
comparison. The viscosity-MW scaling relationship in the
unentangled regime was found to be η0 ∼ Mn

1.0, which
confirmed the hypothesis that electrostatic interactions have
no effect on viscosity scaling for this system. The power law
increased to 2.3 in the transition region as N increased but did
not reach the fully entangled regime due to synthetic difficulty
in pushing to higher N. The nanostructure inferred from
WAXS was not affected by increasing MW, and Tg normal-
ization allows for conductivity to superpose suggesting that ion
conduction was similarly coupled to segmental dynamics
across this broad range of MWs.

■ MATERIALS AND METHODS
Materials. Acryloyl chloride (97%, 200 ppm MEHQ stabilizer), 3-

bromo-1-propanol (97%), 1-methylimidazole (99%), 2,2′-azobis(2-
methylpropionitrile) (AIBN, 99%, recrystallized), N,N-dimethylfor-
mamide (DMF, anhydrous, 99.8%), butylated hydroxytoluene (BHT,
≥99%, FCC, FG), and lithium bis(trifluoromethanesulfonyl)imide
salt (LiTFSI, 99.95%) were purchased from Sigma-Aldrich and used
as received. Cyanomethyl dodecyl trithiocarbonate (98%) was
purchased from Sigma-Aldrich and Strem Chemicals. Methanol
(HPLC grade), glacial acetic acid (HPLC grade), sodium acetate
(anhydrous, >99%), diethyl ether (ACS grade, BHT stabilized),
hexane (ACS grade), ethyl acetate (ACS grade), and triethylamine
(Et3N, 99%) were purchased from Fisher Scientific and used as
received. Dichloromethane (DCM, stabilized, HPLC grade) was
purchased from Fisher Scientific and dried with molecular sieves prior
to use. Deionized water (DI H2O) was acquired from a Millipore
Ultrapure water system. Dialysis bags with 1 kDa molecular weight
cutoff (MWCO) were purchased from Spectrum Labs.

Synthesis of 3-Bromopropyl Acrylate. 3-Bromopropanol (4.94
g, 35.6 mmol) was dissolved in 20 mL of DCM in an oven-dried,
nitrogen-purged flask. The solution was cooled to 0 °C and acryloyl
chloride (3.38 g, 37.3 mmol) dissolved in 20 mL of DCM was added.
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Next, triethylamine (4.32 g, 42.7 mmol) dissolved in 20 mL of DCM
was added dropwise with stirring. The reaction mixture was allowed
to recover to room temperature and stirred for 4 h. The mixture was
purified by silica gel flash chromatography (25:1 hexane/ethyl acetate,
Rf = 0.2). The fractions were collected, and 6 mg (∼0.1 mol %) of
BHT was added to stabilize the acrylate. The product was
concentrated under reduced pressure to afford a clear liquid (6.68
g, 97% yield). 1H NMR (CDCl3, 500 MHz): δ (ppm) 6.43 (CH2
CH−, d, 1H), 6.12 (CH2CH−, q, 1H), 5.86 (CH2CH−, d, 1H),
4.31 (−CH2−CH2−O−, t, 2H), 3.49 (Br−CH2−CH2−, t, 2H), 2.23
(−CH2−CH2−CH2−, p, 2H)
Synthesis of 1-(3-(Acryloyloxy)propyl)-3-methyl-imidazo-

lium Bromide (Br IL). 3-Bromopropyl acrylate (4.11 g, 21.3
mmol), methylimidazole (2.62 g, 31.9 mmol), and BHT (19.4 mg,
0.088 mmol) were dissolved in 10 mL of anhydrous DMF and purged
with nitrogen for 20 min. The reaction mixture was stirred at 35 °C
for 24 h and precipitated in 200 mL of diethyl ether three times to
remove the solvent and unreacted compounds. The viscous
precipitate was collected using DCM, and the solution was
concentrated under reduced pressure to afford a clear viscous liquid
(4.26 g, 73% yield). 1H NMR (CDCl3, 500 MHz): δ (ppm) 10.5
(Im+, s, 1H), 7.54 (Im+, s, 1H), 7.48 (Im+, s, 1H), 6.41 (CH2CH−,
d, 1H), 6.10 (CH2CH−, q, 1H), 5.87 (CH2CH−, d, 1H), 4.51
(−CH2−CH2−Im+−, t, 2H), 4.25 (CH2−CH2−O−, t, 2H), 4.10
(CH3−Im+−, s, 3H), 2.38 (−CH2−CH2−CH2−, p, 2H).
Synthesis of Poly(1-(3-(acryloyloxy)propyl)-3-methyl-imida-

zolium Bromide) (Br PIL). The polymerization of the Br IL
monomer was achieved using reversible addition−fragmentation
chain-transfer (RAFT) polymerization. For an example synthesis of
10 kDa Br PIL, Br IL monomer (0.57 g, 2.08 mmol), cyanomethyl
dodecyl trithiocarbonate (18.1 mg, 0.057 mmol), and AIBN (3.8 mg,
0.023 mmol) were dissolved in 2 mL of anhydrous DMF in a Schlenk
flask. The solution was freeze−pump−thawed three times and heated
at 70 °C for 24 h. After the reaction, the mixture was precipitated in
50 mL of diethyl ether three times, and the polymer was collected and
vacuum-dried at 70 °C for 12 h to afford a white-yellow solid (0.51 g,
89% yield).
Synthesis of Poly (1-(3-(acryloyloxy)propyl)-3-methyl-imi-

dazolium Bis(trifluoromethane-sulfonyl)imide) (TFSI PIL). PILs
with TFSI anions were prepared by ion exchange. As an example,
dried Br PILs (0.29 g, 1.05 mmol Br−) and LiTFSI (3.05 g, 10.6
mmol, ∼10 equiv) were dissolved in 10 mL of methanol separately
and two solutions were mixed in the 1 kDa MWCO dialysis bag and
dialyzed against 500 mL of 1:1 (v/v) methanol/water mixture. This
large excess of LiTFSI is needed, as shown in our prior work on PIL
ion exchange.50 A fresh solvent mixture was switched every day and
the ionic conductivity of the dialysate was monitored until it reached
2 μS/cm or below. The polymer was collected and vacuum-dried at
100 °C for 24 h and stored in an argon glovebox for further use.

Elemental analysis was performed to determine the fluorine and the
residue bromine contents in the TFSI PILs.

Thermal Characterization. The glass transitions of the TFSI-
anion PILs were measured using a TA instruments DSC2500
differential scanning calorimeter with a 10 °C/min heating/cooling
rate between −50 and 150 °C. The glass transition temperature (Tg)
was determined from the second heating curve using the 1/2 ΔCp
method.

Dynamic Light Scattering. Dynamic light scattering (DLS)
measurements were performed on Br PILs dissolved in the SEC
solvent mixture to check the polymer aggregation behavior. The data
were collected on a Malvern Zetasizer Nano-ZS series equipped with
a 633 nm He-Ne laser operating in the 175° backscattering mode.
The solutions were equilibrated at 50 °C for 5 min before
measurements, and average data from three consecutive DLS runs
were reported.

MW Characterization. The absolute MWs of Br PILs were
determined using a Tosoh EcoSEC Elite Model HLC-8420, equipped
with two Tosoh TSKgel Alpha-M columns, a Tosoh Dual-Flow RI
detector, and a Tosoh LenS3 MALS detector. The elution solvent was
a mixture of water, methanol, and acetic acid (55:23:23 by volume
ratio) with 0.54 M sodium acetate (measured pH = 4.06), which was
previously reported for successful MW determination of Br ionenes.44

The bulk solvent was prepared and filtered through two layers of 0.22
μm nylon disc filters (Thomas Scientific) under low vacuum to
remove any impurities. The polymers were dissolved at room
temperature for at least 3 h and filtered through 0.45 μm Teflon
syringe filters (Fisher Scientific). The sample concentrations were 2−
14 mg/mL depending on the PIL MW, and the injection volumes
were 50 μL. The flow rate was 0.6 mL/min, and the column
temperature was 50 °C. A narrow polydispersity index (PDI)
poly(ethylene oxide) (PEO) standard (20.9 kDa, PDI = 1.04,
PolyAnalytik) was used for detector calibration and elution time
correction. A dextran standard (74.8 kDa, PDI = 1.31, PolyAnalytik)
was used for MW validation. Seven PEO standards (23.6−903 kDa,
Tosoh) were used for conventional calibration. The data were
processed using Tosoh SECview software.

Nuclear Magnetic Resonance. The intermediate compounds, IL
monomers, and Br PILs were measured at room temperature on
either U500 or VXR500 spectrometer, and the TFSI PILs were
measured on a CB500 spectrometer. The end group analysis on TFSI
PILs was conducted on baseline and phase-corrected spectra by
integrating and comparing the imidazolium protons (1H per
monomer, ∼9 ppm) and the CH3 protons on the RAFT chain end
(3H per chain, 0.8−0.9 ppm).

Wide-Angle X-ray Scattering. The ionic aggregate morphology
was characterized using transmission WAXS. The WAXS setup is
composed of a Xenocs GeniX3D Cu Kα X-ray source (1.54 Å) and a
Pilatus 2D detector. A rod beam stop was placed in front of the

Scheme 1. Synthesis of Linear TFSI PILs Using RAFT Polymerization Followed by Ion Exchange
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detector to attenuate the primary beam. The sample-to-detector
distance was calibrated with silver behenate. All samples were lined up
on the same sample holder and the scattering patterns were collected
with a 30 min exposure time on each sample under ambient
conditions. The 2D diffraction data were processed using FIT2D
software, and the intensity was plotted as a function of scattering
vector q.
Ionic Conductivity Measurements. The ionic conductivities of

TFSI PILs were measured using electrochemical impedance spec-
troscopy. All samples were prepared in an argon glovebox. Each
polymer was placed in between two stainless-steel electrodes with a
Kapton spacer. The assembly was put into a sample holder (Bio-Logic
CESH) and connected to a potentiostat (Bio-Logic SP-300) under
nitrogen purging. The sample was first heated to 70 °C and
equilibrated for at least 1.5 h. Then, the impedance spectra were
collected from 70 °C to near Tg with a 5 K interval and a 30 min
equilibration time. The applied voltage was 100 mV, and the
frequency range was 106 Hz to 10−1 Hz. The sample thickness was
checked before and after the measurement to ensure no significant
deformation. The impedance data were processed to make a plot of
real (σ′) and imaginary (σ″) conductivities versus frequency. The
ionic conductivity was taken as the real conductivity at the tan(δ) =
σ′/σ″ maximum.
Shear Rheology. The viscoelastic properties of TFSI f-PILs were

measured using a stress-controlled rheometer (TA instruments DHR-
2) equipped with an environmental chamber and an 8 mm parallel-
plate geometry. The polymer was loaded at 110 °C under nitrogen
and equilibrated for 1 h. Then, frequency sweeps were performed
every 10 °C between 50 °C and near Tg, as well as at Tg + 43 K. The
polymer was allowed to equilibrate in the chamber for 10 min at each
temperature before shear experiments. Torque/stress sweeps were
performed prior to frequency sweeps to ensure linear response from
the polymer. Additional flow curve measurements (viscosity vs shear
rate) were conducted at Tg + 43 K to measure the zero-shear viscosity.
The reported η0 values were averaged from at least two repeated runs.
Data were processed using TA instruments TRIOS software.

■ RESULTS AND DISCUSSION
PIL Synthesis. Linear PILs were synthesized via RAFT

polymerization (Scheme 1). Briefly, 3-bromo-1-propanol was
first reacted with acryloyl chloride to form a polymerizable
acrylate group. The bromine end was converted into
imidazolium bromide by quaternization with 1-methyl-
imidazole. The ionic acrylate monomer was polymerized
with a trithiocarbonate RAFT agent, and the MW was
controlled by the ratio of monomer to RAFT agent. At very
high MW, Br PILs tended to precipitate out of solvent, and the
highest degree of polymerization investigated was N = 254.
The Br anions were ion-exchanged to TFSI anions with a large
excess of LiTFSI (10 equiv based on our prior studies of
exchange conditions)50 and extensive dialysis to minimize
residual Br content, which was found to be less than 0.1 wt %
by elemental analysis (Table S1). The final dried TFSI PILs
had glass transition temperatures ranging from −19 to −12 °C.
The Tg versus N relationship was well-described using the
Fox−Flory equation (Figure S1)

= −∞T N T
B
N

( )g g, (1)

where Tg,∞ is the plateau glass transition temperature and B is
an empirical parameter. The majority of our TFSI PILs had Tg
close to the plateau Tg (13 °C).
MW Characterization. The MW was first obtained by

analyzing the Br PILs via SEC. The elution solvent was a
mixture of water, methanol, and acetic acid (54:23:23 by
volume) with 0.54 M sodium acetate, which was adapted from

a previous report by Layman and co-workers.51 This solvent
mixture dissolved Br PILs well, and no polymer aggregation
was found in the solution based on DLS measurements (Figure
S2). The TFSI PILs, on the other hand, were not soluble in
this aqueous mixture due to the hydrophobic nature of TFSI
anions. A solvent of DMF with 10 mM LiTFSI, which worked
well for styrenic imidazolium TFSI PILs,42 was not suitable for
the acrylate PILs in this study.52 Hence, SEC was performed
on the Br form to determine N values and MW distributions,
which change little upon exchange to the TFSI form. The ion
exchange was performed in a 1 kDa MW cutoff dialysis bag to
minimize polymer loss, and end group analysis of the TFSI
polymer by nuclear magnetic resonance (NMR) provides good
agreement with the initial Br polymers. One representative
SEC curve with an RI signal is shown in Figure 1. The RI peak

was relatively symmetric with a slight tail at lower MW,
possibly due to a small fraction of oligomeric PILs. A more
symmetric SEC peak was observed for the light-scattering
signal measured at 90° angle (i.e., right-angle light scattering,
RALS). The peak positions between RI and LS signals were
offset, possibly due to the detector sensitivity. The RI detector
is sensitive to concentration, so polymer fractions in the middle
of the MW distribution that have the highest concentration
will give the strongest RI response. The LS detector is sensitive
to both concentration and MW, so polymer fractions at the
high end of the MW distribution will provide the highest
scattering intensity. SEC curves of all samples were plotted for
each detector and are shown in the Supporting Information
(Figures S3−S6). The signal-to-noise ratios were good for all
four detectors except for low angle (10°), which is potentially
due to low polymer concentrations and the close proximity of
the elution line and the scattered light. The MW information
of Br PILs derived from LS distribution measured at 90° angle
is summarized in Table 1. The samples will be referred as “PIL-
N” for the rest of the paper, where N is the degree of
polymerization derived from number-average MW (Mn) of Br
PILs measured by SEC.

Figure 1. Representative SEC chromatogram of the Br PIL with Mn =
25.4 kDa (N = 92), showing the signals of RI and RALS. The MW on
the x-axis was derived from the RALS signal.
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The Br PILs exhibited narrow MW distributions with
dispersity ranging from 1.02 to 1.23 because of the controlled
nature of RAFT polymerization. The low D̵ is helpful in
minimizing dispersity effects on viscoelastic properties, which
was known to broaden the relaxation spectrum in the terminal
region and alter the viscosity response of polymer melts.53−56

When comparing the degrees of polymerization calculated
from Mn,Br and from NMR analysis on TFSI PILs (Figure S7),
there is a good agreement across the studied MW range. At
higher MWs (N > 162), deviations are observed, which is
expected as end group analysis becomes less accurate.
Therefore, MW information from SEC was used for
subsequent analyses.
Rheological Characterization and Viscosity-MW Scal-

ing. The effect of MW on viscoelasticity of TFSI PILs was

characterized by conducting oscillatory and rotational shear
rheology. Time−temperature superposition (TTS) was
successfully applied to frequency sweep data of TFSI PILs
with Tref = Tg + 43 K. The shifted moduli data were plotted in
Figure 2a,b. The data showed that the loss modulus (G″) was
always higher than the storage modulus (G′) except near the
glass transition. With increasing N, a systematic shift of the
terminal region to lower frequency was observed, consistent
with the emergence of entanglements which become more
prominent as the MW increases. At low MWs (N = 15, 19, and
31), a rubbery plateau is not observed, suggesting that the
imidazolium and TFSI ion pairs do not form strong enough
physical cross-links to perturb the rheology. This is also
supported by the absence of ion aggregation peaks in WAXS
measurements, which will be discussed later. The scaling of G′

Table 1. Summary of MW Distributions of Br PILs from SEC, Degree of Polymerization of TFSI PILs from NMR End Group
Analysis, and Tg of TFSI PILs from DSC

Br PILs TFSI PILs

sample: PIL-Xa Mn,Br(SEC) (kDa) Mw,Br(SEC) (kDa) D Br(SEC) NTFSI(NMR) Tg,TFSI (°C)
PIL-15 4.3 4.4 1.02 15 −18
PIL-19 5.1 5.4 1.07 23 −19
PIL-31 8.4 9.6 1.15 46 −16
PIL-92 25.4 29.2 1.15 98 −15
PIL-115 31.7 36.8 1.16 119 −13
PIL-123 33.9 39.7 1.17 158 −14
PIL-162 44.7 52.0 1.16 159 −12
PIL-192 52.7 63.2 1.20 271 −14
PIL-254 69.8 85.8 1.23 290 −13

aX is the degree of polymerization calculated from Mn,Br(SEC) (X = Mn,Br(SEC)/MWBr IL).

Figure 2. Horizontally shifted (a) storage and (b) loss modulus of TFSI PILs based on frequency sweep data from 30 °C to near Tg. Tref = Tg + 43
K. (c) Horizontal shift factors (αT) vs T − Tref. Data were fitted with the WLF equation. (d)Viscosity of TFSI PILs vs shear rate at Tg + 43 K. Zero-
shear viscosities were calculated by averaging the data in the plateau regions.
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in the terminal regime was G′ ∼ ω1.8±0.2, slightly lower than the
characteristic ω2.0 scaling, while G″ ∼ ω1.0±0.1 as anticipated.
The temperature dependence of horizontal shift factors (αT) is
shown in Figure 2c, and the data overlapped on a Tg-
normalized scale. The shift factor was analyzed using the
Williams−Landel−Ferry (WLF) equation

=
− −

+ −
a

C T T
C T T

log( )
( )

T
1 ref

2 ref (2)

where C1 and C2 are empirical constants. The values are
tabulated in Table S2. C1 and C2 remained relatively constant
in the studied MW range. We also shifted the frequency data to
a fixed temperature (Tref = 30 °C, Figure S8) and found that
the shift factors at low temperature systematically increased
with decreasing MW due to the increase in Tg.
Flow curves of TFSI PILs were measured at Tg + 43 K

(Figure 2d), and η0 was obtained from the plateau region. The
experiments started from low shear rates and were stopped
when nonlinear behavior was observed (i.e., viscosity
decreased). The effect of MW on zero-shear viscosity of
TFSI PILs is illustrated in Figure 3, where η0 was plotted

against N derived from SEC measurements. We observed two
distinct regions. Below N = 92, η0 ∼ N1.0±0.1, which
corresponds to the unentangled regime. This is consistent
with the scaling of neutral polymer melts.33 Above N = 92, η0
∼ N2.3±0.3, which is lower than the well-known N3.4 for
entangled polymer melts. We attribute the 2.3 power law to a
transition region where the polymers are not fully entangled.
The zero-shear viscosity data were also plotted against NTFSI
from NMR end group analysis, and the scaling factors are the
same within fitting errors (Figure S9).
Viscosity scaling relations from two previous PIL studies

were analyzed and compared with the present work. Zero-

shear viscosities of five polyethylene-based imidazolium TFSI
PILs from Nakamura et al.27 were measured at Tg + 35 K and
plotted against viscosity-average degree of polymerization Nv.
The authors found power law exponents of 1.7 (unentangled)
and 4.2 (unentangled), compared to 1.0 and 3.4 for neutral
polymer melts. They attributed the higher scaling factors to
electrostatic interactions between polymer chains and counter-
ions.27 In a separate work by Fan et al.28 which looked at the
acrylate-based ammonium TFSI PILs with different MWs, the
viscosity scaling relationship was not explicitly discussed, but
we were able to use the reported Vogel−Fulcher−Tammann
(VFT) fit parameters to calculate PIL viscosities at Tg + 43 K
(Table S3) to compare with our zero-shear viscosity data. The
degree of polymerization in this case is a number-average N,
and we found that the viscosity scaling was N1.1 throughout the
entire N range. This scaling factor is similar to what we
observed and followed the expectation from the sticky Rouse
model (see Supporting Information for derivations).57,58 The
key differences among the three scaling studies are the PIL
design and determination of MWs. Free radical polymerization
was used by Nakamura and co-workers and the MW was
determined by viscometry.27 No dispersity was reported, but it
is expected to be larger than PILs obtained by controlled
radical polymerization. In addition, Mv of PILs in that study
were determined using Mark−Houwink parameters of PS in
methyl ethyl ketone. Although the solvent and temperature
conditions for solution viscometry were the same between PS
and PILs, and additional salt was added to PIL solution to
reduce aggregation, it is not clear if the conformation of the
charge-screened PIL is the same as that of PS. In the work of
Fan et al.,28 RAFT polymerization was used to achieve low D̵
(<1.2) and Mn was determined from the unquaternized
polymer precursors. In the present study, polymers were also
made by RAFT, and absolute MWs were measured using light
scattering and SEC on the intermediate Br PILs and the N
values corresponded well with that of TFSI PILs. It is also
worth noting that the ammonium PILs did not show any
indication of entanglement even at N = 333, while two
imidazolium PILs appeared to show the emergence of
entanglement effects above N ∼ 100. Such a variation in the
critical degree of polymerization (Nc) for the onset of
entanglements has been observed in neutral polymer melts,
for example, Nc = 337 for PS and Nc = 124 for
polybutadiene.33 This may be related to a difference in
persistence length of the chains with different side groups, but
further work is needed. Another important observation is the
vast difference in viscosity of three different PIL structures
even when they were all normalized to Tg + 35 K (Figure S10).
To obtain this data, we also calculated the zero-shear viscosity
of our PILs using the G″ master curves with Tref = Tg + 35 K
and the following relation

η
ω

= ″
ω→

G
lim0 0 (3)

The viscosity data in the present work and those of Fan et
al.28 were shifted up compared to Figure 3 to account for the
difference between Tg + 43 K and Tg + 35 K. The MW scaling
factors were consistent between shear and rotational experi-
ments. However, the viscosities of the two acrylate-based PILs
were still 2−4 orders of magnitude lower than that of the
polyethylene-based PIL, and the ammonium acrylates were
more viscous than imidazolium acrylates with a similar side
chain length, suggesting that strong intermolecular interactions

Figure 3. Effect of MW on Tg-normalized zero-shear viscosity of three
TFSI PILs. The plot includes viscosity vs viscosity-average Nv at Tg +
35 K from Nakamura et al.27 (red circles), viscosity vs number-
average N at Tg + 43 K from Fan et al.28 (blue triangles), and viscosity
vs number-average N at Tg + 43 K from this study (black squares).
The scaling factors (number below solid lines) and PIL structures are
shown. The 3.4 scaling factor (dash line) was drawn to illustrate the
anticipated scaling in the entanglement regime.
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can come from either a rigid backbone or stronger ionic
interactions.
PIL Morphology. The effect of MW on PIL nanostructure

was investigated using WAXS (Figure 4). The assignments of

PIL scattering peaks were presented in prior reports based on
both experimental and simulation studies.18,20,59,60 The high q
peak corresponds to the amorphous halo of the polymer (qI =
14.4 ± 0.1 nm−1) and the intermediate peak reflects the
anion−anion correlations (qII = 9.2 ± 0.1 nm−1). With
increasing MW, the correlation peak positions remained the
same. The characteristic low q peak at ∼4 nm−1 which
corresponds to intercluster ionic aggregates was not observed
in this system. This indicates that the extent of ion aggregation
was too weak to show significant scattering correlations and is
consistent with the rheology data where no obvious ionic
cross-link plateau was observed. This low extent of aggregation

is attributed to weak ionic interactions between imidazolium
cations and TFSI anions, as well as low fraction of nonpolar
groups, which was also found in 1-propyl-3-methylimidazolium
TFSI IL,61 a small-molecule analogue to our PILs. Thus,
increasing MW had no discernible effect on PIL morphology in
the studied N range.

Ionic Conductivity. The ionic conductivity of TFSI PILs
with varying MW was measured from 70 °C to near Tg (Figure
5a). The ionic conductivity decreased as temperature
decreased, which is typical for ionic polymers due to a
reduction in segmental dynamics. In addition, the conductivity
at a fixed temperature was reduced with increasing MW, which
is likely due to the difference in Tg. After the data were
normalized by Tg (Figure 5b), the ionic conductivities among
different PILs are approximately the same. The data were well-
described using the VFT equation

σ σ= −
−∞
DT

T T
exp 0

0

i
k
jjjjj

y
{
zzzzz (4)

where σ∞ is the theoretical high-temperature conductivity, D is
the VFT strength parameter, and T0 is the reference
temperature at which conductivity drops to infinitesimal. The
fit parameters are summarized in Table S4. The strength
parameter, which reflects the rate of conductivity reduction as
temperature decreases, is approximately independent of the
MW. The reference temperature T0 tracked with glass
transition temperature where the difference Tg − T0 remained
nearly constant. This indicates that ion conduction is coupled
to the segmental dynamics to a similar degree within the
studied N range. This is in agreement with the previous
report28 that conductivities of TFSI PILs exhibited very small
variations when N changed from 10 to 333.

■ CONCLUSIONS
In conclusion, we systematically studied the effect of degree of
polymerization, ranging from 15 to 254, on the dynamic
properties and nanostructure of linear imidazolium TFSI PILs.
The polymers were synthesized via controlled radical polymer-
ization to achieve low dispersity, and MW information was
obtained using SEC with water/methanol/acetic acid/sodium
acetate as the solvent mixture. In-line MALS was successfully
applied to obtain absolute MWs without the need of relative
standards such as PEO. The number-average MW from SEC

Figure 4. WAXS patterns of five TFSI PILs with increasing MW
(from bottom to top). The curves were vertically shifted for clarity.
The middle qII peak (∼9 nm−1) is the anion−anion correlation peak
and the high qI peak (∼14 nm−1) is the amorphous halo.

Figure 5. (a) Ionic conductivity as a function of temperature of TFSI PILs from 70 °C to near Tg. (b) Tg-normalized ionic conductivity of TFSI
PILs.
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and NMR end group analysis is consistent, except for the
largest samples where NMR accuracy decreases. Oscillatory
and rotational shear rheology were used to measure the
viscoelastic properties of the TFSI PILs, and TTS worked well
in the frequency sweep data. Flow curves were analyzed to give
zero-shear viscosities which showed η0 ∼ N1.0 below N = 92,
consistent with expectations of unentangled polymer melts
according to the sticky Rouse model and in agreement with
our analysis of data from Fan et al.28 Above N = 92, deviations
from this scaling were observed as η0 ∼ N2.3 and did not reach
the value expected for fully entangled polymers. The rheology
of unentangled PILs indicated that electrostatic interactions
have a minimal effect on the PIL viscoelasticity for the present
imidazolium-TFSI polymers. WAXS measurements showed no
ionic aggregation peak in the low wave vector region,
suggesting a minimal extent of ion clustering and supporting
the observation that there is no ionic cross-link plateau in the
TTS curves. In addition, no significant change in correlation
peaks was observed with increasing MW in the studied N
range. Finally, ionic conductivity of PILs at a given
temperature slightly decreased as MW increased, but when
the temperature was normalized by Tg, the data overlapped.
This is consistent with the idea that ion transport is coupled to
more local dynamics and is not sensitive to chain level
processes.
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