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ABSTRACT: Polymerized ionic liquids (PILs) are a special class
of ion-containing polymers with ionic liquid structures. The
viscoelastic properties of PILs in IL solutions are expected to be
influenced by both polymer−polymer interaction and charge
screening by IL ions, which becomes complex at high IL
concentrations due to strong ionic correlations. In this work, we
aim to understand the effect of the ionic correlations on the shear
rheology of PIL in IL solutions in the semidilute unentangled (SU)
polymer regime, with moderate polymer−polymer interactions. We
conducted systematic rheological characterization of a PIL, poly(1-
butyl-3-vinylimidazolium bis(trifluoromethanesulfonyl)imide), in a
mixture of an IL, 1-butyl-3-methyl imidazol ium bis-
(trifluoromethanesulfonyl)imide, and a non-ionic solvent, dime-
thylformamide, to evaluate the specific viscosity ηsp and the longest
relaxation time λ with varying IL concentrations cIL, at a fixed polymer concentration. We found that both ηsp and λ initially
decreased with the increasing cIL, following the scaling theory of polyelectrolyte solutions in the low salt concentration regime.
However, these values exhibited an upturn at high cIL. We explained the observed non-monotonic viscoelastic behavior by proposing
a charge screening model for SU solutions, accounting for both modified screening length in concentrated IL solutions and complete
charge screening. Our results demonstrate how the strong ionic correlation in concentrated IL solutions modifies the electrostatics of
PILs and their corresponding viscoelastic properties in the presence of moderate polymer−polymer interactions.

1. INTRODUCTION

Ionic liquids are organic molten salts in the liquid state.1

Polymerized ionic liquids (PILs) are a special class of ion-
containing polymers with ionic liquid structures being
covalently attached to the repeating unit.2−5 Because PILs
combine the unique features of ILs (e.g., thermal/electro-
chemical stability)6 with those of polymers (good mechanical
properties), they have found wide applications as electrolytes
in batteries,7,8 membranes for molecular separation,9 stabilizers
for nanoparticles in solutions,10 and lubricant additives for
coating.11 The performance of PILs can be further enhanced
by using ILs as solvents to increase the mobility of PIL
chains.12−17 Consequently, the viscoelastic properties of PILs
in solutions are critical to optimize PIL-based material design
and performance.
The viscoelastic properties for ordinary ion-containing

polymers [e.g., poly(sodium styrenesulfonate)] are governed
by both ion−ion and polymer−polymer interactions.13,18−33 In
particular, their solution properties are influenced by the
electrostatic interactions, which can be tuned by adjusting the
amount of salt in the solution.18 For example, zero shear
viscosity becomes significantly larger for polyelectrolytes in

comparison to the corresponding neutralized polyelectrolyte
due to electrostatic repulsion.22 At a fixed polymer
concentration, zero shear viscosity decreases with increasing
salt concentrations due to the charge screening.29 The effect of
the charge screening on viscoelastic properties of polyelec-
trolytes20,27,28,34−37 has been captured by the scaling theory
proposed by Dobrynin et al. on the basis of the Debye−Hückel
(DH) theory for dilute solutions (see more details in Section
S1).
However, the DH theory is expected to become inapplicable

at high salt concentrations due to ion−ion interactions. Gebbie
et al.38 first experimentally examined the charge screening
length in pure ILs using a surface force apparatus. By
measuring the separation force generated by an IL confined
between two charged plates, they observed that the long-range
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force decayed exponentially over distance. The characteristic
decay length (much larger than the value predicted by the DH
theory) was considered as the screening length in the IL.
Similar long-range exponential decay of separation forces,
therefore larger screening lengths, have been confirmed by
several experimental39−44 and theoretical45−51 studies for both
ILs and ordinary salts. Moreover, the ionic correlation effect on
the charge screening is found to become more important for
salts having large ion diameters, such as ILs.41

Motivated by the above observation, we recently examined
the viscoelastic properties of PIL (PC4-TFSI) in a mixture of a
non-ionic solvent [dimethylformamide (DMF)] and an IL [1-
butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
(Bmim-TFSI)] in the dilute (DL) polymer regime, where the
polymer−polymer interactions were essentially negligible.23 By
measuring the specific viscosity ηsp and the longest relaxation
time λ (related to the end-to-end distance of PIL chains in the
DL regime) of this solution, we found that both ηsp and λ
decreased with increasing IL concentrations cIL due to the
charge screening effect at low cIL, reached a minimum, but
increased again at higher cIL due to strong ionic correlations.23

Because the end-to-end distance of PIL chains, the character-
istic length in the DL regime, is related to the screening length,
we proposed a modified scaling theory by introducing a
modified screening length in concentrated IL solutions (see
more details in Section S4), showing good agreement with the
observed non-monotonic dependence of ηsp and λ on cIL in the
DL regime.23,41,42

When the polymer concentration is increased to reach the
semidilute unentangled (SU) regime, polymer chains in
solutions are no longer isolated and start to overlap with
each other. This concentration regime is very important for
polymer-processing operations such as high-speed coating, as
moderate elasticity of the solution is required.13,17,22 In the SU
regime, the dynamics of polymer chains is affected by the
partial screening of the hydrodynamic interactions by the
intermolecular interactions,52 and the correlation blob is
introduced as a characteristic length to describe the viscoelastic
properties of SU polymer solutions.52 For ordinary polyelec-
trolyte solutions in the SU regime, Dobrynin et al.20 showed
that the concept of correlation blobs was still applicable, but its
length was influenced by the electrostatic interactions,
analogous to the end-to-end distance of polyelectrolytes in
the DL regime (see Figure 1). However, we anticipate that at
high IL concentrations in the SU regime, the electrostatic

interactions between IL ions would affect the correlation
length of PIL chains in a different manner from those predicted
by Dobrynin’s scaling theory.20

In this work, we investigate whether the viscoelastic
properties of PILs in IL solutions in the SU regime can be
captured by the scaling laws of Dobrynin et al.20 over the full
IL concentration range. We measure ηsp and λ at a fixed PIL
concentration cp while varying the IL concentration until it
reaches its saturation value, that is, the concentration of pure
IL. Our results show that both ηsp and λ decrease initially with
increasing IL concentrations in the low IL concentration
regime, in good agreement with the scaling predictions by
Dobrynin et al. for ordinary polyelectrolyte solutions in the SU
regime. However, a significant deviation from Dobrynin’s
scaling predictions is observed for both ηsp and λ in the high IL
concentration regime: both values first reach a minimum but
exhibit an upturn when the IL concentration is increased
further. We explain this discrepancy by proposing a charge
screening model for SU solutions, accounting for both the
modified screening length in concentrated IL solutions and
complete charge screening.

2. EXPERIMENTAL SECTION
2.1. Materials. 1-Vinylimidazole was purchased from Tokyo

Chemical Industry and used after distillation at 85 °C under vacuum.
Lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI), 1-bromobu-
tane, 2,2′-azobis(isobutyronitrile) (AIBN), and super dehydrated
DMF were purchased from Wako Pure Chemicals. Silver nitrate
(AgNO3) at 0.1 M in an aqueous solution was purchased from Sigma-
Aldrich. Bmim-TFSI (Purity > 99.5%) was purchased from Ionic
Liquid Technologies. Deuterated water was purchased from Merck
and used as a solvent for NMR measurements. After passing through a
Q-POD Element unit (Merck Millipore), Milli-Q water with a
resistivity higher than 18.2 MΩ cm was used as a solvent.

2.2. Synthesis of PILs. The monomer 1-butyl-3-vinylimidazolium
bromide (C4−Br) was first prepared by quaternizing 1-vinylimidazole
with 1-bromobutane. After removing the unreacted 1-vinylimidazole
and 1-bromobutane, the polymerization of C4−Br was carried out by
using AIBN as an initiator in Milli-Q water. The purity of C4−Br was
confirmed by 1H NMR in deuterated water at 25 °C. The peak
chemical shifts in δ (ppm) were: 8.9 (1H, s, N−CHN), 7.6 (1H, d,
N−CHCH−N−Bu), 7.4 (1H, d, N−CHCH−N−Bu), 7.0 (1H,
q, CH2CH−N), 5.6 (1H, dd, trans−CH2CH−N), 5.2 (1H, dd,
cis−CH2CH−N), 4.1 (2H, t, N−CH2−CH2−CH2−CH3), 1.7
(2H, m, N−CH2−CH2−CH2−CH3), 1.2 (2H, m, N−CH2−CH2−
CH2−CH3), 0.7 (3H, t, N−CH2−CH2−CH2−CH3). Here, “H”
denotes the proton corresponding to each peak chemical shift.

Figure 1. (a) Conformation of a polyelectrolyte chain in a SU solution proposed by Dobryinin et al.20 The polyelectrolyte chain is assumed to be a
random walk of correlation blobs with length ξ consisting of multiple electrostatic screening blobs. In the low-salt limit, the correlation length ξ is
on the order of the screening length rB, that is, ξ ≈ rB for 2Acsalt/cp ≪ 1. (b) In the proposed charge screening model, a modified polyelectrolyte
chain in the SU regime is a random walk of modified correlation blobs with length ξmod, consisting of multiple modified electrostatic screening
blobs.
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Poly(1-butyl-3-vinylimidazolium bromide (PC4−Br) was prepared
via free radical polymerization of the C4−Br. The polymerization was
initiated by AIBN at 60 °C for 16 h in Milli-Q water. The molar ratio
of the monomer to the initiator was set as 100. After polymerization,
PC4−Br was dialyzed against Milli-Q water for 1 week using a dialysis
tube (Fisher Scientific, Ltd.) with a nominal molecular weight cut-off
at 6000−8000 Da. During the dialysis, the Milli-Q water was refreshed
daily. The resultant solution was then dried via a freeze-drying
method, and PC4−Br was obtained in a powder form and stored
under vacuum before usage.
Poly(1-butyl-3-vinylimidazoliumbis(trifluoromethanesulfonyl)-

imide) (PC4-TFSI) was prepared by using the counterion conversion
method proposed by Mecerreyes et al.53 Specifically, an aqueous
solution containing Li-TFSI was slowly titrated into an aqueous
solution containing PC4−Br, and the mixture was stirred for 3 days at
room temperature. The molar ratio of the Li-TFSI to the monomer
was 1.5. During this process, bromide counteranions were replaced
with TFSI anions, and PC4-TFSI was precipitated. The precipitate
was then washed with Milli-Q water until the filtrate remained
transparent when adding an aqueous solution containing 0.1 M
AgNO3. PC4-TFSI was finally obtained in a powder form.
2.3. Preparation of the Test Mixtures. Test mixtures consisted

of PIL (PC4-TFSI) in a solvent mixture of the IL (Bmim-TFSI) and a
non-ionic solvent (DMF). The Bmim-TFSI acts as both a solvent and
the source of salt ions to regulate the electrostatic screening. Test
mixtures were prepared by using two different methods, depending on
the concentration of PC4-TFSI and Bmim-TFSI in DMF. At high
concentrations of PC4-TFSI and Bmim-TFSI, test mixtures were
prepared by directly adding the components into a glass vial. At low
concentrations of PC4-TFSI and Bmim-TFSI, test mixtures were
prepared by diluting concentrated solutions of PC4-TFSI and Bmim-
TFSI. The concentration of Bmim-TFSI, cIL, was calculated as cIL =
mILρ/M0mtot, where ρ and M0 = 419.36 g mol−1 are the density of the
solvent mixture23 and the molar mass of Bmim-TFSI, respectively,
while mIL and mtot are the mass of Bmim-TFSI and the mass of the
mixture of DMF and Bmim-TFSI, respectively. Note that the density
of the solvent mixture varies with the Bmim-TFSI concentration cIL,
ranging from 0 M (pure DMF) to 3.42 M (pure Bmim-TFSI), as
shown in Figure S8 of the Supporting Information. The monomer
concentration of PC4-TFSI, cp, was calculated as the ratio of the
number of moles of the repeating unit of PC4-TFSI to the volume of
the mixture of DMF and Bmim-TFSI: cp = mpρ/Mrmtot, where mp is
the mass of PC4-TFSI, and Mr = 431.43 g mol−1 is the molar mass of
the repeating unit associated with the counteranion. Because DMF is
a hygroscopic solvent, sample preparation was conducted in a
glovebox under an argon atmosphere. The prepared solutions were
hermetically sealed in borosilicate glass vials and then stored in a
desiccator while maintaining humidity lower than 20% until use.
2.4. Shear Viscosity and Complex Shear Modulus Measure-

ments. The shear viscosity η at 25 °C was measured using a strain-
controlled rheometer ARES-G2 (TA Instruments) by varying the
shear rate γ̇ from 0.01 to 1,000 s−1. A stainless steel cone and plate
geometry with 50 mm in diameter and 1° in cone angle was used as
an upper geometry, while a stainless steel flat plate with 60 mm in
diameter was attached into an advanced Peltier system (TA
Instruments) as a lower geometry to regulate temperature with a
temperature accuracy of ±0.1 °C. The loaded solution was covered
with a solvent trap to prevent both moisture absorption from the
ambient environment and the sample evaporation.
The same rheometer, fixtures, and the solvent trap were used to

measure the complex shear modulus G*(= G′ + iG″) in the frequency
range of 0.1 ≤ ω ≤ 100 rad s−1 at 25 °C. The shear strain γ was set at
3% for high-viscosity solutions and 10% for low-viscosity solutions to
ensure the linear regime where the value of G* is independent of γ.54

2.5. Dielectric Constant Measurements. The complex
permittivity ε* (= ε′ − iε″) in a frequency range 1 MHz ≤ f ≤ 3
GHz was measured using a RF LCR meter (4287A, Agilent
Technologies) equipped with a homemade stainless steel electrode
cell. The instrument was calibrated using an ultrapure water (Wako
pure Chemicals). The vacant electric capacitance C0 was measured

without samples and obtained as C0 = 0.23 pF. After loading a test
sample in the cell, the experiment was performed at room temperature
(∼25 °C), and the electric capacitance C and conductance G of the
sample as a function of frequency f were determined using a parallel
connected equivalent circuit model. The real and imaginary parts of
the complex permittivity were then calculated as ε′ = CC0

−1 and
ε″ = G(2πC0 f)

−1, respectively.

3. SCALING THEORY OF POLYELECTROLYTE
SOLUTIONS IN THE SU REGIME AT LOW SALT
CONCENTRATIONS

Existing scaling theories discuss the effect of the electrostatics
on the polyelectrolyte conformation in solutions.20,21,55−58 In
particular, the scaling analysis by Dobrynin et al.20 has matched
many experimental results well for polyelectrolyte solutions in
the SU polymer regime.13,28−30,59−62 Accordingly, we review
their scaling theory for polyelectrolytes in good solvents in the
SU regime.20

Dobrynin et al. applied the DH theory to predict the
viscoelastic properties of polyelectrolyte solutions in the
presence of salts. Specifically, the scaling law involves the
conformation parameters of polyelectrolytes, such as the end-
to-end distance R for the dilute (DL) regime, and the
correlation length ξ for the SU regime, while these
conformation parameters are functions of the screening length.
According to the DH theory, the Debye screening length rDebye
is given by

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjjj

y

{
zzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑ

π
= +

−

r
N l c

A
Ac
c

4000
1

2
Debye

A B p salt

p

1/2

(1)

where NA, A, and csalt are the Avogadro constant, the number
of monomers between uncondensed charges, and the total
molar concentration of salts. Here, lB = e2/4πεrε0kBT is the
Bjerrum length, where e, εr, ε0, kB, and T are the elementary
charge, the dielectric constant of solvent mixture, the dielectric
constant of vacuum, the Boltzmann constant, and the absolute
temperature. The parameter A characterizes the number of
dissociated ions on a polyelectrolyte chain, which depends on
the type of polyelectrolytes and solvents.20,60 Dobrynin et al.
argued that a screening length rB larger than rDebye was required
to screen ions on the polyelectrolyte chain
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where b is the monomer size and B = (bA2/lB)
2/7 is the

dimensionless contour length parameter.
Figure 1a depicts the conformation of a polyelectrolyte in a

good solvent in the SU regime, proposed by Dobrynin et al.20

The polyelectrolyte chain is assumed to be a random walk of
correlation blobs with length ξ, consisting of multiple
electrostatic screening blobs. The scaling law of the correlation
length ξ of the polyelectrolyte chain was derived using the
general scaling assumption20
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Equation 3 predicts that the correlation length on the order
of the screening length in the low-salt limit, that is, ξ ≈ rB for
2Acsalt/cp ≪ 1, increases monotonically with increasing csalt at a
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fixed cp. The scaling law of the specific viscosity ηsp and the
longest relaxation time λ in the SU regime was then derived
using the Rouse−Zimm model
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where ηs is the solvent viscosity. Equations 4 and 5 predict a
monotonic decrease of ηsp and λ/ηs at a fixed cp in the SU
regime with increasing csalt.

4. RESULTS AND DISCUSSION
4.1. PC4-TFSI in Non-Ionic DMF. The viscoelastic

properties of polyelectrolytes in non-ionic solvents are sensitive
to salt residues present in the system.21 Here, the residual salt
concentration is estimated as cres,tot = (9.24 × 10−6

+ 0.009cp) M, by considering contributions from both solvent
and polyelectrolyte samples (see details in Section S2). The
total salt concentration csalt in the solution is thus given by
csalt = cIL + cres,tot.
We measured the shear viscosity η of the PIL as a function

of shear rate γ̇ in non-ionic DMF (cIL = 0 M), at various

monomer concentrations cp ranging from 1.0 × 10−3 to 1.0 M,
shown in Figure 2a. The measured η below the minimum
measurable shear viscosity ηmin (dashed line) of the instrument
was removed.54 The values of η increased with increasing cp in
general. For a fixed cp, η remained as a constant at low γ̇, but
started to decrease above a critical shear rate, exhibiting typical
shear-thinning behavior for polymer solutions.
To determine polymer concentration regimes of the PIL in

DMF, we plotted the specific viscosity ηsp = η0 − ηs/ηs as a
function of cp, shown as black circles in Figure 2b, with ηs the
solvent viscosity. The zero-shear viscosity of the polymer
solution η0 was estimated by averaging the shear viscosity data
in Figure 2a over shear rates, where η was independent of γ̇ at
low γ̇. In Figure 2b, the specific viscosity for cIL < 3.0 × 10−3 M
increased linearly with increasing cp until its value reached
ηsp = 1 at cp ≈ 3.0 × 10−3 M. The obtained power-law
exponent of ηsp(∝ cp

1.0) agreed well with the general scaling
exponent for dilute polymer solutions.52 Thus, the overlap
concentration cp*of the PC4-TFSI in DMF was determined as
cp* = 3.0 × 10−3 M. Above the overlap polymer concentration,
the tested solution enters typically to the SU regime. For 3.0 ×
10−3 ≤ cp ≤ 2.0 × 10−2 M, ηsp in DMF increased with
increasing cp and scaled as ηsp ∝ cp

0.5, showing good agreement
with Dobrynin’s scaling prediction of ηsp,SU shown as the blue-
dotted curve in Figure 2b. The agreement between the
experimental data and the theoretical prediction was also
reported for SU solutions of PILs in DMF.13 When cp > 2.0 ×

Figure 2. (a) Shear viscosity curves at 25 °C for PC4-TFSI in non-ionic DMF at cIL = 0 M with different monomer concentrations cp. The dashed
line indicates the minimum measurable shear viscosity ηmin of the instrument.23 (b) Dependence of the specific viscosity ηsp at 25 °C on the
monomer concentration cp for PC4-TFSI at cIL = 0 M in DMF (black circles) and at cIL = 3.42 M in pure Bmim-TFSI (blue triangles). The blue-
dotted line is plotted based on eq 4 for ηsp,SU at A = 2 and csalt = cres,tot = (9.24 × 10−6 + 0.009cp) M. The power-law fits of the measured ηsp for
dilute and SU regimes are represented as black solid- and red-dashed lines, respectively. The error bars of ηsp were originated from the experimental
errors of shear viscosity η.
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10−2 M, the specific viscosity increased more rapidly with
increasing cp, suggesting usually the transition from the SU to
semidilute entangled or concentrated regimes.32,63 However,
by performing additional microrheology measurements, we
confirmed that entanglements were not formed for the PC4-
TFSI in DMF at cp = 1 M, and thus the viscoelastic properties
of PC4-TFSI solutions for 3.0 × 10−3 < cp < 1 M should be
captured by the scaling laws of SU solutions (see more details
in Section S3). Nevertheless, a similar discrepancy between the
measured ηsp and Dobrynin’s scaling prediction of ηsp,SU was
reported for several polydisperse polyelectrolytes in pure water
with negligible salt residues.23,27,32,34,36,61,64−74 Although we
do not have definitive interpretation, we speculate that the
polydispersity of our PC4-TFSI, synthesized via free radical
polymerization, caused the discrepancy between the measured
ηsp and its scaling prediction of ηsp,SU at high cp, leading to a
more gradual transition of the polymer concentration regime.27

We will not discuss this point further, but emphasize that the
polydispersity of PC4-TFSI will not influence the dependence
of the specific viscosity and the longest relaxation time on the
IL concentration at a fixed polymer concentration discussed in
the following sections.
4.2. Proposed Charge Screening Model for Polyelec-

trolyte Solutions in the SU Regime: Low to High Salt
Concentrations. When the salt concentration becomes
sufficiently high, the scaling predictions of ηsp and λ shown
in eqs 3−5 are expected to become inapplicable due to the
breakdown of the DH theory.41 Indeed, several research
groups recently reported an unexpectedly large screening
length in concentrated salt solutions, including both ionic
liquids and ordinary salts.38,39,41−44,46 In particular, Smith et
al.41 showed that the screening length in the low-salt
concentration regime decreased with increasing salt concen-
trations, consistent with the DH prediction. With a further
increase in the salt concentration, the screening length reached
a minimum, followed by an upturn due to strong ionic
correlations at high salt concentrations. The same group
proposed a modified scaling law of the Debye screening length
rDebye
mod for electrolyte solutions42
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where a is the salt ion diameter.
We assume that eq 6 holds for polyelectrolyte solutions. In

this case, a modified scaling law of the screening length rB
mod for

polyelectrolyte solutions can be obtained by replacing rDebye
above with rB
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Following the same approach we conducted for DL
solutions (see details in Section S4),23 we derive the modified
scaling law of the correlation length by simply replacing the
screening length rB in eq 3 with the modified screening length
rB
mod in eq 7
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On the basis of the Rouse−Zimm model, the modified
scaling laws of the specific viscosity ηsp,SU

mod and the longest
relaxation time λSU

mod can be rewritten using ξmod in eq 8
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Bear in mind that the scaling law of ξmod, ηsp,SU
mod , and λSU

mod at
low salt concentrations recovers Dobrynin’s scaling law of ξ in
eq 3, ηsp,SU in eq 4, and λSU in eq 5, respectively.
Nevertheless, the modified scaling laws proposed above may

not be sufficient to describe the viscoelastic properties of
polyelectrolyte solutions due to complete charge screening at
high salt concentrations. Specifically, polyelectrolyte chains in
low-salt solutions are extended from their initial size due to
electrostatic forces. With increasing salt concentrations,
polyelectrolyte chains shrink and eventually reach the initial

Figure 3. (a) Shear viscosity ηs of the solvent mixture of DMF and Bmim-TFSI at 25 °C is plotted as a function of the concentration of Bmim-TFSI
cIL. The measured ηs is fitted with a polynomial function (eq 13), and the best fit (red solid curve) is given by B = 0.11 M−1, D = 1.1 M−2, and E =
1.8 × 10−4 M−10. The error bars are smaller than the symbol size and therefore omitted in the plot. (b) Dielectric constant εr of the solvent mixture
of DMF and Bmim-TFSI at 25 °C is plotted as a function of cIL. The measured εr is fitted with a polynomial function (eq 14), and the best fit (red
solid curve) is given by G = −0.23 M−1 and H = 1.5 × 10−2 M−2.
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polyelectrolyte chain size, that is, the charge effect can be
screened completely at high salt concentrations. Indeed,
several scattering75,76 and viscosity27,77−80 measurements
showed an asymptotic decrease of properties with respect to
increasing salt concentrations. Such an asymptotic behavior has
been empirically captured by introducing a constant parameter
in their corresponding properties,78−85 corresponding to the
size of polyelectrolytes in the absence of electrostatic
interactions. Accordingly, we adjusted the modified scaling
laws of ηsp,SU

mod and λSU
mod by adding a constant parameter ηsp,SU

int

and λSU
int , denoting the intrinsic specific viscosity and the

intrinsic longest relaxation time of polyelectrolyte solutions.
Finally, we propose a new charge screening model for the

specific viscosity ηsp,SU
mod,int and the longest relaxation time λSU

mod,int

of polyelectrolyte solutions in the SU regime as follows
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where K1 and K2 are scaling prefactors.
4.3. PC4-TFSI in the Mixture of DMF and Bmim-TFSI.

We next investigated the charge screening behavior of PC4-
TFSI in the mixture of DMF and Bmim-TFSI in the SU regime
by measuring the specific viscosity ηsp and the longest
relaxation time λ while varying the Bmim-TFSI concentration
cIL at a fixed monomer concentration cp. We tested five
different cp at (0.050, 0.100, 0.136, 0.185, and 0.250) M, all
falling under the SU regime.
4.3.1. Effects of the Solvent Mixture. 4.3.1.1. Viscosity and

Dielectric Constant. The original and our new charge
screening models for SU solutions of polyelectrolytes predict
that the specific viscosity (eqs 4 and 11) and the longest
relaxation time (eqs 5 and 12) depend on the solvent viscosity
ηs and the solvent dielectric constant εr. For the binary solvent
of DMF and Bmim-TFSI, the values of ηs and εr can vary with
cIL.
Figure 3a shows the dependence of ηs at 25 °C on cIL. The

value of ηs was estimated by averaging shear viscosity η values
of the solvent mixture at shear rates γ̇ ranging from 0.1 to 1000
s−1. The solvent viscosity increased monotonically with
increasing cIL, similar to the behavior observed for ionic
liquids.86−88 In particular, there is a drastic increase in ηs for cIL
> 1 M, suggesting the formation of ionic structures in the
solvent mixture.1 Thus, we expect that the longest relaxation
time is significantly affected by the change of the solvent
viscosity for cIL > 1 M. We fitted the measured ηs as a function
of cIL using an empirical polynomial function

η η= + + +Bc Dc Ec(1 )s DMF IL IL
2

IL
10

(13)

where ηDMF = 8.8 × 10−4 Pa s is the shear viscosity of DMF at
25 °C. The best fit is shown as the red solid curve in Figure 3a,
corresponding to the fitting coefficients B = 0.11 M−1, D = 1.1
M−2, and E = 1.8 × 10−4 M−10.
Figure 3b shows the dependence of the dielectric constant εr

at 25 °C on cIL. The value of εr was estimated as the value of
the real part of the complex permittivity ε′ in the plateau
regime at low frequencies, observed after subtracting the
contribution of electrode polarization (see Section S5 in the
Supporting Information for more details). We obtained εr =
38.3 for DMF and εr = 14.7 for Bmim-TFSI, also consistent

with the literature values.89,90 The dielectric constant
decreased monotonically with increasing cIL in the measured
cIL range, in good agreement with the literature report.91 We
fitted the measured εr as a function of cIL using an empirical
polynomial function

ε ε= + +Gc Hc(1 )s r,DMF IL IL
2

(14)

where εr,DMF = 38.3 is the dielectric constant of DMF at 25 °C.
The best fit is shown as the red solid curve in Figure 3b,
corresponding to the fitting coefficients G = −0.23 M−1 and
H = 1.5 × 10−2 M−2.

4.3.1.2. Solvent Quality. The solvent quality for a given
polymer is controlled by the excluded volume of the polymer
chain in a solvent determined by the balance between
monomer−monomer and monomer−solvent attractions. The
Flory exponent ν is commonly used to evaluate the solvent
quality of a polymer for a given solvent.52 According to
Dobrynin’s scaling theory for polyelectrolytes in good solvents,
ν = 1 is predicted for fully extended polyelectrolytes in the low-
salt limit and ν = 0.6 for coiled polyelectrolytes at high-salt
limit, consistent with the value ν = 0.588 predicted for
electrically neutral polymers in good solvents.52 Note that our
proposed charge screening model also yields the same values of
ν in both low- and high-salt limits.
We estimated the value of ν for PC4-TFSI in both non-ionic

DMF and mixtures of DMF with Bmim-TFSI by using the
scaling relationship between the specific viscosity ηsp and the
monomer concentration cp for SU solutions,52 given by ηsp ∝
cp
1/(3ν−1). Applying the scaling of ηsp ∝ cp

0.5 observed for the SU
solutions of PC4-TFSI in DMF (see Figure 2b), we obtained
ν = 1, in good agreement with the predicted value of ν = 1 for
polyelectrolytes in good solvents in the low-salt limit. Similarly,
Figure 2b includes the plot of ηsp at various cp for PC4-TFSI in
pure Bmim-TFSI (blue triangles). Here, the values of η0 were
estimated by averaging shear viscosity η values over shear rates
in the Newtonian regime (see Figure S9 of the Supporting
Information). In Figure 2b, we observed two clear power-law
regimes of ηsp with respect to cp for PC4-TFSI in pure Bmim-
TFSI: ηsp ∝ cp

1.0 for cp < 4.0 × 10−2 M in the DL regime, and
ηsp ∝ cp

1.3 for 4.0 × 10−2 M ≤ cp < 0.2 M in the SU regime.
Thus, we obtained the Flory exponent ν = 0.59 for the SU
solutions of PC4-TFSI in Bmim-TFSI, very close to the
predicted value of ν = 0.6 for polyelectrolytes in good solvents
in the high-salt limit. These results indicate that both non-ionic
DMF and pure Bmim-TFSI act as a good solvent for PC4-
TFSI. Because the solvent mixture consists of DMF and Bmim-
TFSI, both acting as good solvents for PC4-TFSI, it is
reasonable to assume that our solvent mixtures also serve as
good solvents for PC4-TFSI, further supported by the fact that
PC4-TFSI was dissolved very quickly in the mixture of DMF
and Bmim-TFSI.

4.3.1.3. Solvent Dynamics in the Presence of Polymers. In
calculating the specific viscosity, we inherently assumed that
the solvent contribution to the polymer solution viscosity was
given by the solvent viscosity ηs. However, previous dynamic
and calorimetric studies reported that the effective solvent
viscosity, that is, the solvent contribution to the polymer
solution viscosity, was different from the viscosity of the neat
solvent.92−95 Some prior studies also showed that the addition
of salts modified the viscosity of ionic liquids.96−100 These
results suggest that the effective solvent viscosity of our solvent
mixtures in the PC4-TFSI solution may be altered by the
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addition of PC4-TFSI. Therefore, we examine the effect of the
polymer addition on the dynamics of solvent molecules by
measuring the complex modulus G* of PC4-TFSI solutions as
a function of the angular frequency ω. We chose cIL = 3.42 M
and cIL = 2.53 M as representative Bmim-TFSI concentrations
where their specific viscosity values were different from each
other.
Figure 4a compares the dependence of the complex modulus

G* (= G′ + iG″) on ω before and after the addition of PC4-
TFSI in pure Bmim-TFSI at cp = 0.250 M and cIL = 3.42 M.
Here, we used the method of reduced variables, the so-called
time−temperature superposition principle, to construct the
composite curves.101 The reference temperature was chosen as
Tr = −40 °C for both the polymer solution and the neat
solvent. The obtained time−temperature shift factors aT are
provided in Figure S10 of the Supporting Information. For ωaT
> 107 rad s−1, the dependence of G* on ω of the neat solvent
was close to those of the PC4-TFSI solution at cp = 0.250 M.
However, as the frequency decreased from 107 rad s−1 to

105 rad s−1, the values of G* for the PC4-TFSI solution started
to deviate toward low frequencies in comparison to those of
the neat solvent. A similar deviation was observed for solutions
of polymers with higher glass transition temperatures than
those of solvents and accounted for by the increase in local
friction due to the cooperative motions of polymer chains and
solvent molecules.93,102 When ωaT < 105 rad s−1, the value of
the storage modulus G′ was significantly larger than that of the
neat solvent, corresponding to the polymer relaxation
processes. We observed a similar trend of G* at cIL =
2.53 M between the PC4-TFSI solution at cp = 0.250 M and
the neat solvent (see Figure S11 of the Supporting
Information). These results indicate that the solvent dynamics
of the solvent mixture of DMF and Bmim-TFSI are retarded by
the addition of PC4-TFSI.
When the degree of the retardation of the solvent dynamics

by the addition of polymers depends on cIL, the specific
viscosity needs to be calculated using the effective solvent
viscosity in PC4-TFSI solutions. We, therefore, compared the

Figure 4. (a) Dynamic storage G′ (circles) and loss G″ (squares) moduli as a function of the angular frequency ω for PC4-TFSI in Bmim-TFSI at cp
= 0.250 M (black symbols) and for the neat Bmim-TFSI (red symbols). The composite curves are constructed by using the reduced variable
method with shift factors aT at a reference temperature Tr = −40 °C. (b) Comparison of the frequency dependence of the complex modulus G* for
two PC4-TFSI solutions at cp = 0.250 M with cIL = 3.42 M (black symbols) and cIL = 2.53 M (red symbols).

Figure 5. (a) Shear viscosity curves for PC4-TFSI solutions at cp = 0.250 M with different Bmim-TFSI concentrations cIL at 25 °C. The dashed line
indicates the minimum measurable shear viscosity ηmin, below which the measured η are removed. (b) Specific viscosity ηsp at 25 °C as a function of
the Bmim-TFSI concentration cIL for PC4-TFSI solutions at cp = 0.250 M. Blue-dashed curve represents the scaling law of ηsp,SU for SU solutions
(eq 4) with A = 2 and cres,tot = (9.24 × 10−6 + 0.009cp) M, predicted by Dobrynin et al.20 Green-dotted curve represents the modified scaling law of
ηsp,SU
mod for polyelectrolyte SU solutions, given by eq 9 with A = 2, cres,tot = (9.24 × 10−6 + 0.009cp) M, and a = 0.54 nm. The red solid curve represents
the predicted curve of ηsp,SU

mod,int, based on our new charge screening model for polyelectrolyte SU solutions, given by eq 11 with A = 2, csalt = cres,tot =
(9.24 × 10−6 + 0.009cp) M, ηsp,SU

int = 6.0, and a = 0.49 nm. The error bars are smaller than the size of symbols and thus omitted.
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frequency dependence of G* for two PC4-TFSI solutions at
cIL = 3.42 M and cIL = 2.53 M, at a fixed polymer concentration
cp = 0.250 M. In Figure 4b, the G* data at cIL = 2.53 M were
horizontally shifted such that the crossover frequency of G′
and G″ at high frequencies matched with that of the G* at cIL =
3.42 M. For ωaT > 106 rad s−1, the frequency dependence of
G* at cIL = 2.53 M was found to be identical with that at cIL =
3.42 M, indicating an equivalent retardation of the solvent
dynamics between these solutions. On the other hand, we
observed the difference in G* for ωaT < 10−5 rad s−1,
suggesting the conformation change of the PC4-TFSI chains.
Our results demonstrate that the solvent dynamics is

retarded by the addition of PC4-TFSI, but the degree of
retardation of the solvent dynamics is independent of cIL.
Therefore, we will treat the effective solvent viscosity in the
PC4-TFSI solution as the viscosity of the solvent mixture
provided in Figure 3a in the following studies of the
viscoelastic properties of PC4-TFSI in the mixture of DMF
and Bmim-TFSI.
4.3.2. Specific Viscosity. We now discuss the charge

screening mechanism of PIL (PC4-TFSI) in IL (Bmim-
TFSI) solutions by performing systematic rheological charac-
terizations, varying both IL and PIL concentrations. Figure 5a
shows the dependence of the shear viscosity η at 25 °C on
shear rate γ̇ at various representative IL concentrations for
PC4-TFSI solutions with cp = 0.250 M. At cIL = 9.81 × 10−6 M,
η was initially independent of γ̇ until γ̇* = 102 s−1, followed by
the shear-thinning behavior when γ̇ > γ̇*. The value of η
decreased with increasing cIL for cIL < 0.535 M, but started to
increase as cIL was further increased. On the other hand, the
value of γ̇* increased with increasing cIL at low cIL, but
decreased with increasing cIL at high cIL. The observed increase
in η is mainly due to the increase in the shear viscosity of the
solvent mixture ηs with increasing cIL (see Figure 3a).
In order to eliminate the contribution of the variation in ηs

to the solution viscosity, we plotted the specific viscosity ηsp as
a function of cIL in Figure 5b. The values of ηsp were always

above one, verifying that our solutions are in the SU regime
over the entire cIL range at cp = 0.250 M. The specific viscosity
ηsp was initially a constant for cIL < 3.0 × 10−3 M and started to
decrease with increasing cIL, exhibiting a typical charge
screening behavior predicted by Dobrynin et al. (see eq 4).20

Interestingly, the value of ηsp reached a minimum at cIL ≈ 2 M,
but started to increase when cIL > 2 M.
We compared the dependence of the measured ηsp on cIL

with Dobrynin’s scaling law for SU solutions (eq 4 with A = 2
and cres,tot = (9.24 × 10−6 + 0.009cp) M), shown as the blue-
dashed curve in Figure 5b, displaying good agreement with the
measured data for cIL ≤ 0.1 M. At higher IL concentrations, the
measured ηsp deviated from Dobrynin’s scaling prediction and
its value was always larger than predicted with a non-
monotonic trend. This observation indicates that the DH
theory breaks down at high IL concentrations, similar to the
discrepancy between the experimental data and Dobrynin’s
scaling predictions being reported for PIL solutions in the
dilute regime at high IL concentrations.23

Next, we fit the measured ηsp to our proposed modified
scaling law of ηsp,SU

mod , given by eq 9 with the modified screening
length rB

mod. The best fit was obtained with the ion diameter
a = 0.54 nm and shown as the green-dotted curve in Figure 5b.
Here, the monomer size b was assumed to be equal to the ion
diameter a because the chemical structure of the repeating
units of PC4-TFSI is similar to the chemical structure of Bmim-
TFSI. The predicted curve of ηsp,SU

mod captured the dependence
of the measured ηsp on cIL in the measured cIL range. In
particular, the upturn observed at high cIL was explained by our
modified scaling law of ηsp,SU

mod . However, the measured ηsp is still
larger than the predicted values of ηsp,SU

mod for SU solutions at
cIL > 0.1 M.
The observed small discrepancy between the measured ηsp

and the modified scaling predication ηsp,SU
mod can be potentially

explained by the complete charge screening effect at high IL
concentrations. The measured ηsp was, therefore, fitted to our
new charge screening model of ηsp,SU

mod,int for SU solutions of

Figure 6. (a) Dependence of the specific viscosity ηsp at 25 °C on the Bmim-TFSI concentration cIL for PC4-TFSI solutions at various monomer
concentrations cp: cp = 0.185 M (black circles), cp = 0.136 M (blue squares), cp = 0.100 M (green triangles), and cp = 0.0500 M (orange diamonds).
Solid curves represent the predicted curve of ηsp,SU

mod,int for SU solutions of polyelectrolytes, given by eq 11 with A = 2, cres,tot = (9.24 × 10−6 + 0.009cp)
M, and a = 0.49 nm at ηsp,SU

int =4.0 for cp = 0.185 M, ηsp,SU
int =2.3 for cp = 0.136 M, ηsp,SU

int =1.6 for cp = 0.100 M, and ηsp,SU
int = 0.75 for cp = 0.050 M. The

obtained values of the scaling prefactor K1 are provided in Table S1 of the Supporting Information. The error bars are smaller than the size of
symbols and thus omitted. (b) Dependence of the intrinsic specific viscosity ηsp,SU

int at 25 °C on the monomer concentration cp. Red-dashed line
represents the power-law fit of ηsp,SU

int with an exponent of 1.3.
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polyelectrolytes, given by eq 11 with rB
mod and the intrinsic

specific viscosity ηsp,SU
int . The best fit was obtained at a = 0.49

nm and ηsp,SU
int = 6.0, shown as the red solid curve in Figure 5b.

The predicted curve of ηsp,SU
mod,int agreed remarkably well with the

measured ηsp over the measured cIL range covering low to high
IL concentration regimes. We tested further the validity of our
proposed model of ηsp,SU

mod,int based on eq 11, showing a
monotonic decrease of the normalized specific viscosity,

η η η= − +( )( )/ 1 a
rsp

nor
sp sp ,SU

int
3/23

B
3 , with increasing cIL, con-

sistent with Dobrynin’s scaling prediction of ηsp,SU, given by
eq 4 (see Section S6 of the Supporting Information for more
details). The ion diameter from our curve fit was about 1.2
times larger than the value predicted by Lee et al.42 This might
be explained by considering a three dimensional charge
screening process on charged molecules, leading to a larger
effective ion diameter due to steric constraints compared to the
ion diameter estimated from the screening process on a
smooth plate from surface force measurements.41,42

When the monomer concentration cp varied from 0.250 to
0.0500 M, the specific viscosity ηsp at a given cIL, shown in
Figure 6a, decreased with decreasing cp. Here, the shear
viscosity curves at each cp used to estimate the zero-shear
viscosity η0 at 25 °C are provided in Figure S12 of the
Supporting Information. The decrease in the solution viscosity
with decreasing cp is a reasonable trend because the number of
polymer chains decreases with decreasing cp. More impor-
tantly, we found that the dependence of ηsp on cIL at a fixed cp
did not change when cp was decreased. In particular, we
observed consistent upturns of ηsp at cIL ≈ 2 M regardless of cp.
These results suggest that the variation of ηsp with cIL is caused
by the charge screening phenomena by IL ions. We, therefore,
compared the measured ηsp with our charge screening model
ηsp,SU
mod,int, given by eq 11, using the ion diameter a = 0.49 nm
estimated from the curve fit of ηsp at cp = 0.250 M. Thus, there
are only two adjustable parameters in the curve fitting, that is,
the scaling prefactor K1 and the intrinsic specific viscosity

ηsp,SU
mod,int. Figure 6a includes the best fit curve for ηsp at each cp,
showing good agreement with the experimental data at varying
cp in the SU regime. The values of K1 used in the curve fitting
are provided in Table S1 of the Supporting Information.
Using ηsp,SU

int estimated from the curve fitting, we can justify
the use of the constant quantity of intrinsic specific viscosity
introduced in our charge screening model. If ηsp,SU

int is not an
arbitrary constant but related to the size of PC4-TFSI chain
without charges, the value of ηsp,SU

int must increase with
increasing cp and follow the scaling of ηsp for neutral polymers
in good solvents. Figure 6b shows the dependence of ηsp,SU

int on
cp obtained from the curve fitting of the measured ηsp shown in
Figures 5b and 6a using ηsp,SU

mod,int in eq 11 at a = 0.49 nm. The
value of ηsp,SU

int increased with increasing monomer concen-
trations and scaled as ηsp,SU

int ∝ cp
1.3. The obtained power-law

exponent agreed well with the predicted exponent of
ηsp (∝ cp

1.3) for neutral polymers in good solvents.52

4.3.3. Longest Relaxation Time. The longest relaxation
time λ of a viscoelastic liquid is an important rheological
parameter because it can be connected to the shear viscosity η
through a viscoelastic model, such as the Rouse model. Thus,
the measurement of both λ and η allows the verification of the
proposed model.
Figure 7a displays the dependence of the longest relaxation

time λ on cIL at cp = 0.250 M. Here, the values of λ at 25 °C
were estimated from the dependence of the storage, G′, and
loss, G″, modulus on angular frequency ω (see more details in
Section S7). The longest relaxation time λ was initially a
constant for cIL < 3.0 × 10−3 M and decreased with increasing
cIL until cIL = 0.6 M. At higher cIL, λ first reached a minimum
but increased significantly with increasing cIL by a factor of 10
until cIL reached its saturation value, that is, the salt
concentration of pure IL (Bmim-TFSI). The significant
increase in λ at high cIL is due predominantly to the increase
in the shear viscosity of the solvent mixture ηs at high cIL (see
Figure 3a). Based on eqs 5, 10, and 12, λ was therefore
normalized by ηs, and its value was plotted as a function of cIL

Figure 7. (a) Longest relaxation time λ at 25 °C as a function of the concentration of Bmim-TFSI cIL for PC4-TFSI solutions at cp = 0.250 M. (b)
Normalized longest relaxation time by the solvent viscosity λ/ηs as a function of cIL at cp = 0.250 M. In the plot, blue-dashed curve represents the
scaling law of λSU for SU solutions, given by eq 5 with A = 2 and cres,tot = (9.24 × 10−6 + 0.009cp) M, predicted by Dobrynin et al.20 The green-
dotted curve represents our modified scaling law λSU

mod for polyelectrolyte SU solutions, given by eq 10 with A = 2,
cres,tot = (9.24 × 10−6 + 0.009cp) M, and a = 0.54 nm, while the red solid curve represents our new charge screening model of λSU

mod,int for
polyelectrolyte SU solutions, given by eq 12 with A = 2, cres,tot = (9.24 × 10−6 + 0.009cp) M, a = 0.49 nm, and λSU

mod,intηs
−1 = 0.15.
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in Figure 7b. The value of λ/ηs remained as a constant for cIL <
3.0 × 10−3 M, and decreased with increasing cIL until cIL ≈ 2
M, similar to the trend of λ versus cIL. On the other hand, the
value of λ/ηs started to increase with increasing cIL, similar to
the trend of ηsp versus cIL as shown in Figure 5b.
We compared the dependence of the measured λ on cIL with

Dobrynin’s scaling law of λSU for SU solutions in the low-salt
concentration regime, given by eq 5. The predicted curve
(blue-dashed curve) of λSU with A = 2 and cres,tot = (9.24 ×
10−6 + 0.009cp) M agreed well with the experimental data for
cIL ≤ 0.05 M, but the measured λ for cIL > 0.05 M was always
larger than predicted. In the curve fitting, we used eq 13 to
predict the value of ηs of the solvent mixture. The deviation
from Dobrynin’s scaling prediction was also observed in the
plot of λ/ηs versus cIL, shown in Figure 7b. In this case, while
Dobrynin’s scaling law predicted a monotonic decrease of λ/ηs
with the increasing IL concentration, the experimental data
showed an upturn at cIL ≈ 2 M, similar to the behavior of the
measured ηsp (see Figure 5b). Therefore, we fitted the
measured λ with the modified scaling law of λSU

mod for
polyelectrolyte SU solutions accounting only for the modified
screening length, given by eq 10 using the value a = 0.54 nm
obtained from the previous curve fitting of ηsp. The predicted
curves of λSU

mod and λSU
mod/ηs (shown as the green-dotted curve in

Figure 7a,b) captured the dependence of both λ and λ/ηs on
cIL, but the measured λ is still larger than λSU

mod for cIL > 0.1 M,
similar to the observation on the comparison between the
measured ηsp and the scaling prediction of ηsp,SU

mod (see Figure
5b). Subsequently, we compared the measured λ with the
proposed charge screening model of λSU

mod,int, and the best fit of
both λ and λ/ηs (red solid curve in Figures 7a,b) was obtained
using eq 12 with a = 0.49 nm and λSU

int /ηs = 0.15 Pa−1. The
predicted curve of λSU

mod,int/ηs described well the dependence of
both λ and λ/ηs on cIL over the measured cIL range. We
emphasize that the estimated ion diameter a = 0.49 nm is
identical with that obtained from the curve fitting of the
measured ηsp with ηsp,SU

mod,int.

Similar to the discussion on the intrinsic specific viscosity
ηsp,SU
int , if λSU

mod,int reflects the initial size of the PC4-TFSI chain,
the scaling of λSU

mod,int with respect to cp must follow the scaling
of λ predicted for electrically neutral polymers in good
solvents. Figure 8a shows the dependence of λ/ηs on cIL for
PC4-TFSI solutions at different cp in the SU regime. The value
of λ at low cIL increased slightly with increasing cp, which
disagrees with Dobrynin’s scaling prediction of λ (∝ cp

−1/2).
Considering the observed deviation of the measured ηsp from
Dobrynin’s scaling prediction of ηsp,SU at high cp in the SU
regime (see Figure 2b), this discrepancy might be caused by
the complexity of the scaling for solutions where both
electrostatic and polydispersity effects coexist. Nevertheless,
the dependence of λ/ηs on cIL was independent of the
monomer concentration cp, suggesting that the variation of
λ/ηs with cIL occurs due to the charge screening by IL ions.
We, therefore, compared the measured λ/ηs with λSU

mod,int/ηs in
eq 12, proposed by our charge screening model. Again, we
applied the ion diameter a = 0.49 nm obtained from the curve
fitting of λ/ηs for the solution at cp = 0.250 M. The best fits are
provided as solid curves in Figure 8a and showed good
agreement with the experimental results for all the tested
solutions. The obtained value of λSU

int/ηs for each cp is then
plotted as a function of cp in Figure 8b. We found that λSU

int/ηs
increased with increasing cp and was scaled as λSU

int/ηs ∝ cp
0.3, in

good agreement with the predicted scaling of λ ∝ cp
0.31 for

neutral polymers in good solvents.52 The values of K2 obtained
from the curve fitting are provided in Table S1 of the
Supporting Information.

4.4. Electrostatic Length Scales for PC4-TFSI in IL
Solutions. Comparison among different electrostatic length
scales allows quantitative argument on which charge screening
mechanism operates in a given IL concentration regime. We
computed three electrostatic length scales: the Bjerrum length
lB, the screening length rB, and the modified screening length
rB
mod for PC4-TFSI in the mixture of DMF and Bmim-TFSI,
based on Dobrynin’s and our modified charge screening

Figure 8. (a) Dependence of the measured λ/ηs at 25 °C on the Bmim-TFSI concentration cIL for the PC4-TFSI solutions at three different
monomer concentrations cp: cp = 0.185 M (black circles), cp = 0.136 M (blue squares), and cp = 0.100 M (green triangles). Solid curves represent
the best fit of the measured λ/ηs to the proposed charge screening model of ηsp,SU

mod,int for polyelectrolyte SU solutions, given by eq 12 at a = 0.49 nm
with the varying intrinsic longest relaxation time λSU

int . (b) Value of λSU
int/ηs is plotted as a function of the monomer concentration cp. Red-dashed line

represents the power-law fit of the measured λSU
int /ηs with a power-law exponent of 0.3. The values of the scaling prefactor K2 obtained from the

curve fitting are provided in Table S1 of the Supporting Information.
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models. The values of lB, rB, and rB
mod at T = 25 °C were

calculated using cp = 0.25 M, a = 0.49 nm, and cres,tot = (9.24 ×
10−6 + 0.009cp) M, and plotted as a function of the Bmim-
TFSI concentration cIL, see Figure 9a. The Bjerrum length lB
increases with increasing cIL due to a monotonic decrease in
the dielectric constant of the solvent mixture of DMF and
Bmim-TFSI, shown in Figure 3b. On the other hand, the
screening length rB decreases monotonically with increasing cIL,
as predicted by the DH theory. The crossover of lB and rB is
observed at cIL ≈ 0.3 M, suggesting the breakdown of the DH
theory for cIL > 0.3 M because the DH theory assumes
lB ≪ rB.

42 Consistently, the measured ηsp after subtracting the
intrinsic specific viscosity ηsp,SU

int , that is, (ηsp − ηsp,SU
int ), becomes

larger than Dobrynin’s scaling prediction value for cIL > 0.3 M,
as shown in Figure 9b. Note that subtraction of ηsp,SU

int is
necessary because the measured ηsp values are influenced by
both electrostatic interaction and the complete charge
screening effects, while Dobrynin’s scaling prediction of ηsp
accounts only for the electrostatic effect.
Above the crossover ion concentration, ion−ion interactions

are expected to play a significant role in the charge screening
mechanism in IL solutions. Lee et al.42 proposed that strong
ionic correlation would modify electrostatic behavior in IL
solutions, and the charge screening is characterized by a
modified screening length rB

mod. In particular, the strong ionic
correlation effect was predicted to become dominant when rB
approaches the salt ion diameter a. We observed rB ≈ a (= 0.49
nm) at cIL ≈ 2 M, at which an upturn in rB

mod is also displayed
with increasing cIL. Consistently, an upturn of the measured
(ηsp − ηsp,SU

int ) is observed at cIL ≈ 2 M, as seen in Figure 9b.
Figure 9 clearly demonstrates that the Debye screening
mechanism operates at low cIL, while strong ion correlation
dominates the charge screening behavior at high cIL.
In summary, we have demonstrated that the charge

screening effect on the viscoelastic properties of PILs in IL
solutions can be quantitatively explained by using our new
charge screening model, which accounts for both the modified
screening length and complete charge screening at high IL
concentrations. Our charge screening model suggests that the
correlation length of PC4-TFSI chains increases initially with
the increasing IL concentration at low IL concentrations, but

reaches a maximum and then decreases as the IL
concentrations are further increased. According to eq 8, the
observed behavior at high IL concentrations will be enhanced
as the ion diameter increases. On the other hand, when the ion
diameter of salts is sufficiently small, such as sodium chloride,
our model predicts either a monotonic decrease or an
asymptotic behavior of properties with the increasing IL
concentrations, depending on the flexibility of polyelectrolyte
backbones. Such a behavior has been experimentally observed
in many ordinary polyelectrolyte solutions containing small
salts.27,75,77,78,80,84,85,103,104 These interesting features warrant
more in-depth studies in the future.

5. CONCLUSIONS

In this work, we investigated the effect of the electrostatic
screening on the viscoelastic properties of PILs in IL solutions
in the SU polymer regime by measuring the specific viscosity
ηsp and the longest relaxation time λ of a PIL, PC4-TFSI, in a
mixture of a non-ionic solvent, DMF, and an ionic liquid,
Bmim-TFSI. We observed that both ηsp and λ were initially a
constant at low cIL and started to decrease with increasing cIL at
intermediate cIL. At sufficiently high cIL, the values of ηsp and λ
reached a minimum and then increased with increasing cIL.
Comparing the measured trend of ηsp and λ versus cIL with the
scaling laws by Dobrynin et al.,20 we found good agreement in
the low IL concentration regime, beyond which there was a
significant deviation between the experimental data and the
existing scaling predictions. We propose a new charge
screening model by revising the scaling law accounting for
both the modified screening length in concentrated salt
solutions and the complete charge screening. This new
model captured the measured ηsp and λ values remarkably
well over the entire IL concentration range. These results
suggest that the correlation length of polymer chains increases
initially with increasing cIL due to the charge screening effect,
but reaches a maximum, followed by a downturn due to strong
ionic correlations at high IL concentrations. Our studies
demonstrate how the strong ionic correlation modifies the
electrostatics of PILs in the presence of moderate polymer−
polymer interactions, thus providing good strategies for the

Figure 9. (a) Dependence of the Bjerrum length lB, Dobrynin’s screening length rB (eq 2), the modified screening length rB
mod (eq 7), and the

modified correlation length ξmod (eq 8) on the IL concentration cIL at 25 °C. The values of rB, rBmod, and ξmod are computed with A = 2, cp = 0.25 M,
a = 0.49 nm, and cres,tot = (9.24 × 10−6 + 0.009cp) M. (b) Measured specific viscosity ηsp,exp at cp = 0.25 M subtracted by the intrinsic specific
viscosity ηsp,SU

int = 6.0, that is, (ηsp − ηsp,SU
int ), is compared with Dobrynin’s scaling prediction of ηsp,SU, given by eq 4.
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material design of PIL solutions to improve polymer-
processing operations.
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