
Physical Gels of [BMIM][BF4] by N-tert-Butylacrylamide/Ethylene
Oxide Based Triblock Copolymer Self-Assembly: Synthesis,
Thermomechanical, and Conducting Properties

Nitin Sharma,1 Rubinder Kaur Lakhman,1 Yuxiang Zhou,2 Rajeswari M. Kasi1,2
1Polymer Program, Institute of Materials Science, University of Connecticut, Storrs, Connecticut-06269
2Chemistry Department, University of Connecticut, Storrs, Connecticut-06269
Correspondence to: R. M. Kasi (E-mail: kasi@ims.uconn.edu)

ABSTRACT: We report a strategy to prepare and characterize mechanically robust, transparent, thermoreversible physical gels of an

ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate, [BMIM][BF4], to harness its good ionic conductivity and electrolytic

properties for solid-state electrolyte and lithium ion battery applications. Physical gels are prepared using a triblock copolymer

comprising central polyethylene oxide block that is soluble in [BMIM][BF4] and the end blocks, poly(N-tert-butylacrylamide), that

are insoluble in [BMIM][BF4]. Transparent, strong, physical ion-gels with significant mechanical strength can be formed at low

concentration of the triblock copolymer (�5 wt %), unlike previous reports in which chemical gels of [BMIM][BF4] are obtained at

very high polymer concentration. Our gels are thermoreversible and thermally stable, showing 1–4% weight loss up to 200�C in air.

Gelation behavior, mechanical properties, and ionic conductivity of these ion-gels can be easily tuned by varying the concentration or

N-tert-butylacrylamide block length in the triblock copolymer. These new non-volatile, reprocessable, mechanically robust,

[BMIM][BF4]-based physical ion-gels obtained from a simple and convenient preparation method are promising materials for solid-

state electrolyte applications. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 128: 3982–3992, 2013
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INTRODUCTION

The development of solid polymer electrolytes for device appli-

cations with high ionic conductivities is essentially driven by

key disadvantages of liquid electrolytes, including but not

limited to, flammability, leakage, toxicity, short-circuiting, and

undesirable detrimental side-reactions.1,2 The use of polymer

electrolytes not only overcomes the problems of liquid electro-

lytes, but also offers other features such as shape versatility and

flexibility in design (thickness, area, and shape).3–5 Conven-

tional electrolytes in this category consist of solid solutions of

electrolyte salts in polyethylene oxide (PEO)-based polymers.

However, the performance in polymer electrolytes is often

limited by low ionic conductivity.6 Several studies have shown

that lower ion mobility in these polymeric electrolytes arises

due to segmental and chain mobility of the polymer which is

dictated by high glass transition temperature (Tg) and crystallin-

ity.7 This is a significant drawback in their utilization as solid

electrolytes and as a result research efforts are directed to

increase the conductivity of polymer electrolytes including

synthesizing various types of polymers with different architec-

tures to achieve lowest possible Tg and suppression of crystalli-

zation of polymer chains to improve chain mobility.7–9 Several

researchers have reported the addition of carbonate-based plas-

ticizers as chain lubricants to enhance the ionic conductivity by

effectively decreasing the crystallinity of polymer electro-

lytes.10,11 Though the magnitude of ambient conductivity is

significantly enhanced using these carbonate-based organic

liquids, these are highly flammable with low flash points and

lead to safety hazards.12,13

In recent years, room temperature ionic liquids (RTILs) have

been considered for electrolyte applications.14–16 They are mol-

ten salts composed entirely of ions with low melting points and

exist in liquid state at room temperature. Unlike liquid electro-

lytes, their unique properties such as negligible vapor pressure,

high thermal and chemical stability, nonflammability, high ionic

conductivity and wide electrochemical window makes them

serious contenders as electrolytes in electrochemical processes

and devices.17–21 However, the issues of handling and leakage
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problems in ionic liquids (ILs) due to lack of structural integrity

puts limitations in harnessing their outstanding electrochemical

properties for device applications. This shortcoming is overcome

by gelling ILs22,23 using different approaches such as: (1) solidi-

fication of ILs by polymers24–30; (2) addition of inorganic

nanoparticles,31,32 carbon nanotubes,33–35 and low-molar mass

compounds,36,37 and (3) Aqueous gelation of ILs.38,39

Specifically, ion-gels consisting of a swollen polymeric network

in an IL constitute a promising class of solid state electrolytes

owing to their combined advantages of good mechanical

properties and high ionic conductivity which have potential

applications in Li-ion batteries, electrochemical devices, sensors,

electromechanical actuators, gas separation membranes, and

dye-sensitized solar cells.31,32,40–46 Most of the studies on ion-

gels derived from polymers are based on doping of ILs with

polymers and in situ polymerization (or crosslinking) of vinyl

monomers in ILs.22 For example, Watanabe and coworkers have

synthesized transparent ion-gels with high ionic conductivity

(�10 mS/cm) by in situ polymerization of methyl methacrylate

(MMA) monomers in an imidazolium-based IL.7 Carlin and

coworkers have demonstrated the formation of stable gel elec-

trolytes by doping poly(vinylidene fluoride)-hexafluoropropy-

lene copolymer with 1-ethyl–3-methylimidazolium salts of

triflate and tetrafluoroborate.27 Recently, Lodge and coworkers

have demonstrated the gelation of IL through the process of

self-assembly of ABA triblock copolymer in a B-block compati-

ble IL.24,25 This is an attractive method of making solid electro-

lytes, which requires small amount of block copolymer to form

ion-gels of sufficient mechanical strength and higher ionic

conductivities. Unlike other methods such as chemical cross-

linking to make ion-gels, this method affords thermally reversi-

ble sol–gel transition which offers liquid-state processing

(similar to thermoplastics) and usage in solid-state and has

opened unprecedented possibilities in the design of advanced

materials for solid-state electrolyte applications.

Despite the availability of hundreds of ILs,19 to our knowledge

there are only three reports on ion-gels preparation based on

gelation of two ILs ([BMIM][PF6]24 and 1-ethyl-3-methylimida-

zolium bis(trifluoromethyl-sulfonyl)imide, [EMI][TFSI]25),

obtained from the self-assembly of block copolymers. It should

also be noted that there is only one report in which the effect

of concentration, temperature, and polymer identity on the

ionic and viscoelastic motions of ion-gels is studied using Poly-

styrene (PS)-PEO-PS and PS-Poly(methyl methacrylate)

(PMMA)-PS triblock copolymer in [EMI][TFSI], to design high

performance electrolyte materials.47 To expand the repertoire of

functional polymer and IL composites and gels, systematic and

comprehensive mechanical and electrical property evaluation of

ion-gels formed via self-assembly of block copolymers is desira-

ble. One of the objectives of this article is to demonstrate the

gelation of IL, 1-butyl–3-methylimidazolium tetrafluoroborate

([BMIM][BF4]) using poly (N-tert-butylacrylamide-b-ethylene

oxide-b-N-tert-butylacrylamide) (NtBAMyEOxNtBAMy, where x

and y are number of repeat units) triblock copolymer through

the process of self-assembly. The gelation arises from the nonco-

valent association of IL solvophobic N-tert-butylacrylamide ter-

minal block, bridged by IL solvophilic EO mid block.

[BMIM][BF4] has one of the highest conductivities observed in

the general class of ILs and based on task-specific properties, it

stands out as a good electrolyte solvent for lithium ion batteries

due to its high ionic conductivity, Li-salt solubility at room tem-

perature, and broad electrochemical window with high anodic

stability (5 V) compared to other IL.48–50 [BMIM][BF4] ion-gels

have been prepared previously by in situ copolymerization of ac-

rylonitrile (AN), MMA, and poly(ethylene glycol) methyl ether

methacrylate (PEGMEMA) in [BMIM][BF4].51 However, these

ion-gels are formed at high copolymer concentration (> 30 wt

%) which significantly lowers their ionic conductivity as com-

pared to the bulk [BMIM][BF4] and limits their applications.

Nevertheless, there have been neither reports on the gelation of

[BMIM][BF4] by macromolecular self-assembly nor mechanical,

thermal, and conductivity investigations of the corresponding

ion-gels. Thus, the current study focuses on designing highly con-

ductive, mechanically robust ion-gels of [BMIM][BF4] at low co-

polymer concentration so that conductivity of these ion-gels is

comparable to the bulk IL. To the best of our knowledge, this is

the first effort to gel [BMIM][BF4] by macromolecular self-assem-

bly of block copolymers and comprehensive structure–property

and conductivity investigations of the corresponding ion-gels.

EXPERIMENTAL

Materials

N-tert-butylacrylamide (Acros organics, Pittsburgh, PA), 1, 4-

dioxane (Aldrich, St. Louis, MO, 98%), [BMIM][BF4] (Aldrich),

and 2,20-Azobisisobutyronitrile (AIBN, Aldrich, 98%) are used

as received. PEO is purchased from Aldrich (Mv ¼ 35,000 g/

mol, Mn,GPC ¼ 26,000 g/mol). A RAFT (reversible addition-

fragmentation chain transfer) based chain transfer agent (CTA),

dodecyl-S0-(a,a0-dimethyl-a00-aceticacid) trithiocarbonate is pre-

pared according to a published work by Lai et al.52

[BMIM][BF4] is a colorless room temperature hygroscopic IL

with a density of 1.20 g/cm3 and viscosity of 75 mPa s at

25�C.50,53 The ionic conductivity (r) of the bulk [BMIM][BF4]

is 3.5 mS/cm at 25�C.50 The chemical structure of the IL is

shown in Figure 1(A).

Figure 1. Chemical structures of 1-butyl-3-methylimidazolium tetrafluoro-

borate, [BMIM][BF4] (A) and NtBAMyEOxNtBAMy triblock copolymer (B).
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Polymerization

Synthesis of Macromolecular Chain Transfer Agent,

CTA-EO592-CTA. The macromolecular CTA, CTA-EO592-CTA, is

prepared according to a reported procedure.25 CTA (0.26 g, 0.71

mmol) is dissolved in 25 mL dichloromethane in an air-free flask

capped with rubber septa and connected to a bubbler. The flask

is purged with N2 for 20 min, after which oxalyl chloride (0.30

mL, 3.55 mmol) is injected into the flask for 15 min. The mix-

ture is stirred under N2 atmosphere for about 2 h until the gas

evolution stops. The volatiles are then removed under vacuum.

The flask is again purged with N2, and then 40 mL dichlorome-

thane solution of PEO 26,000 g/mol (5 g, 0.19 mmol, 0.38 mmol

OH endgroups) is added through a cannula. The reaction is

allowed to proceed for 24 h. The product is precipitated in

n-hexane and washed numerous times with n-hexane to remove

unreacted CTA and dried in vacuo at room temperature (Light

yellow powder, yield 95%). 1H-NMR (CDCl3, d ppm): 4.25

(t, 2H, ACOOCH2A in EO end group), 3.62 (m, ACH2CH2OA,

repeating units of EO), 3.25 (t, 2H, CH3C10H20CH2ASA), 1.50–

1.75 (m, 6H, ASAC(CH3)2COOA), 1.25 (m, 20H,

CH3C10H20CH2 SA), 0.87 (t, 3H, CH3C10H20CH2 SA).

Synthesis of Triblock Copolymer Using Ethylene Oxide Macro

Chain Transfer Agent (CTA-EO592-CTA). A series of triblock

copolymers are prepared and their chemical structure is shown

in Figure 1(B). The representative procedure of synthesizing

sample NtBAM24EO592NtBAM24 is described here. CTA-EO592-

CTA (3 g, 0.0857 mmol), N-tert-butylacrylamide (2.74 g, 21.5

mmol), and AIBN (106.25 mg, 0.647 mmol) are dissolved in

1,4-dioxane (100 mL) in an air-free flask equipped with a stir

bar. The flask is then sealed with a rubber septum and degassed

by purging N2 for 30 min. After that the flask is placed in a

75�C oil bath and the reaction is allowed to proceed for 24 h.

The contents are precipitated in excess of n-hexane, filtered, and

dried in vacuum oven for 24 h. The chemical structure of the

triblock copolymer is shown in Figure 1(B). 1H-NMR (CDCl3,

d ppm): 1.0–2.3 (br, CH3, CH2, CH), 3.4–3.9 (br, CH2) and 5.5

(br, NH) ppm. Gel permeation chromatography (GPC) (40�C,

Tetrahydrofuran (THF) mobile phase, polystyrene standards):

Mn,NtBAM ¼ 6000 g/mol, polydispersity indices (PDI) ¼ 1.22.

Characterization
1H-NMR (500 MHz) spectra is recorded on a Bruker DMX-500

at 24�C in CDCl3 (Aldrich; 0.03% vol/vol TMS as an internal

standard). The number-average molecular weight (Mn) and weight

percentage of N-tert-butylacrylamide (NtBAM) in the triblock co-

polymer is determined by 1H-NMR spectroscopy. GPC analysis is

performed at 40�C on a Waters 150-C Plus gel permeation chro-

matograph equipped with a Waters 2487 dual wavelength absorb-

ance UV–vis detector set at 254 nm, a Polymer laboratories PL-

ELS 1000 evaporative light scattering detector, and with a Jordi

Flash Gel 105 Å, 2 � 104 Å, 1 � 103 Å column setup. THF

(Fisher; 99.9% High-performance liquid chromatography (HPLC)

grade) is used as an eluent at a flow rate of 2 mL/min. The PDI

are determined using calibration plots from polystyrene standards.

Preparation of Sol and Gels

The triblock copolymers in the present study have significant

weight fraction of N-tert-butylacrylamide block and therefore it

was difficult to prepare solutions and gels by direct dissolution

of triblock copolymers in [BMIM][BF4]. To prepare stable

solutions and gels, we followed co-solvent aided dissolution

method. In this procedure, a pre-weighed triblock copolymer is

first dissolved in dichloromethane (DCM), a common solvent

for both the blocks, with subsequent addition of [BMIM][BF4]

to get the desired concentration. The sample is set aside in a

hood for 2 weeks at ambient temperature and DCM was

removed by gradual evaporation. Thereafter, the mixture is

maintained at (80 6 5)�C for 6 h and optically clear solutions

and gels are obtained. In this study, the concentration is

expressed in wt %. The prepared solutions and ion-gels are

stored in air-tight vials and aged for a week at room tempera-

ture prior to rheological experiments. Newly prepared samples

are used for each experiment.

Rheology. The rheological properties of triblock copolymer sol-

utions and ion-gels are analyzed using the AR-G2 rheometer

(TA Instruments, minimum torque oscillation: 0.003 lN m and

torque resolution: 0.1 lN m) with peltier plate-temperature

control. A cone-plate geometry with a diameter, d ¼ 40.0 mm,

and cone angle (deg : min : s ¼ 1 : 59 : 24), is used for more

fluid-like samples with approximately 2 mL of sample added at

experimental temperatures. Parallel plate geometry (20 mm di-

ameter) is used for more solid-like samples. Dynamic frequency

sweep experiments are performed from 10�2 to 102 rad/s

between 10 and 100�C while cooling the samples. Dynamic tem-

perature ramp experiments are performed to determine the

temperature dependent rheological properties by heating the

samples at a rate of 1�C/min and oscillation frequency (x) 0.1

rad/s. Only linear viscoelastic properties are measured for

dynamic frequency and temperature ramp experiments and the

linear range is determined using strain sweep experiments.

Strength of the ion-gels is qualitatively ascertained by running

dynamic strain sweeps at oscillation frequency (x) of 6.283 rad/

s. In each experiment, 30 min conditioning time is allowed for

thermal equilibration and to get rid of any shear history intro-

duced while transferring the copolymer solutions to the appro-

priate geometry.

Thermogravimetric Analysis. Thermogravimetric analysis

(TGA) measurements were performed on the ion-gels using a

Hi-Res TGA-2950 thermogravimetric analyzer (TA instruments)

from 20�C to 800�C at a heating rate of 20�C/min in air.

Ionic Conductivity Measurements. The ionic conductivity (r)

measurements are carried out in an in-house designed and

machined cell using an Agilent 4284A Precision LCR meter. The

amplitude of the AC voltage signal is 10 mV and the applied

frequency range is 20 Hz to 60,000 Hz. The solutions and gels

are heated at 90–100�C and then filled into the multi-sample

cell consisting of two stainless steel blocking electrodes sepa-

rated by a teflon ring of diameter (d ¼ 22.2 mm) and thickness

(L ¼ 2.05 mm). The cell is calibrated using a 0.1N aqueous KCl

standard solution at 25�C. Before each conductivity measure-

ment, the sample cell is equilibrated at the testing temperature

for 20–30 min. Since [BMIM][BF4] is hygroscopic, all measure-

ments are performed under stringent experimental conditions

to prevent any significant moisture absorption from air and
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repeated for reliability of data. The reported conductivity values

for bulk [BMIM][BF4], solutions, and ion-gels are based on the

measurements from three repetitions in the temperature

dependent experiments. Error bars in the plots are reported as

standard error of the averaged values of conductivity (r).

RESULTS AND DISCUSSION

As stated previously, [BMIM][BF4] has one of the highest con-

ductivities observed in the general class of ILs and has been

used as an electrolyte solvent for lithium ion batteries due to its

high ionic conductivity, Li-salt solubility at room temperature,

and broad electrochemical window with high anodic stability (5

V) compared to other ILs. We are interested in obtaining ion-

gels of [BMIM][BF4] with tunable mechanical and electrical

properties using macromolecular self-assembly of block copoly-

mers at low concentrations in this IL as a better alternative to

chemical gelation using high concentration of polymers. General

perusal of literature shows that [BMIM][BF4] may be gelled

using block copolymers with PEO as the IL soluble block.54,55

Solubility experiments performed in our laboratory suggests

that poly(N-tert-butylacrylamide) homopolymer remains insolu-

ble in [BMIM][BF4] over a temperature range of 25–100�C and

therefore suggests N-tert-butylacrylamide moiety can be used as

an IL-solvophobic block in block copolymers. We have previ-

ously reported the synthesis of N-tert-butylacrylamide-based

block copolymers56,57 and have used a similar controlled-radical

based synthetic strategy to prepare triblock copolymers with EO

as the central block and N-tert-butylacrylamide as the end

blocks. These block copolymers were further used to gel

[BMIM][BF4]. The use of glassy N-tert-butylacrylamide block

(Tg ¼ 128�C)58 allows the formation of junctions in the gel

network due to its insolubility in [BMIM][BF4], which predom-

inantly provides mechanical robustness to the corresponding

ion-gels. Thus, the synthesis of these block copolymers provides

us a handle to explicitly tune the mechanical properties of the

ion-gels.

Synthesis and Molecular Characterization of Macrochain

Transfer Agent and Triblock Copolymer

Detailed synthetic protocol to prepare triblock copolymers are

discussed in the experimental section. In the first step, macro-

molecular chain transfer agent CTA-EO592-CTA is prepared

through the coupling reaction between the hydroxyl end groups

of EO and the CTA acid chloride (Supporting Information

Figure S1).25 To ensure that both ends of the EO have been

modified by CTA, a large excess of CTA with respect to EO is

used ([CTA] : [EO] ¼ 3.7 : 1). In the second and final step,

using CTA-EO592-CTA as the macromolecular CTA, N-tert-

butylacrylamide as monomer, and AIBN as radical initiator,

triblock copolymers (NtBAMyEOxNtBAMy) are prepared

(Supporting Information Figure S1) and the results of polymer-

ization are summarized in Table I.

The molecular weights and composition of the triblock copoly-

mers are summarized in Table I. All the GPC traces of the

triblock copolymers are unimodal (Supporting Information

Figure S2). In the 1H-NMR spectra of a representative sample,

NtBAM24EO592NtBAM24 (Supporting Information Figure S3),

protons of N-tert-butylacrylamide end block appears at a, c, d,

and e corresponding to ANHA, ACHA, ACH2A, and ACH3A
(tert-butyl) protons of the substituent group, respectively, in

addition to the ACH2A signals of EO block.59,60 1H-NMR is

used to determine the number-average molecular weight (Mn)

and copolymer composition in NtBAMyEO592NtBAMy.

Gelation of [BMIM][BF4] Using NtBAMyEOxNtBAMy Triblock

Copolymer: Strong Ion-Gels

Using triblock copolymers of different NtBAM block length,

stable solutions and ion-gels are formed in [BMIM][BF4].

Sol–gel transition can easily be determined by tube inversion

tests and rheology. Sol–gel transitions and preliminary phase

diagram of the copolymer solutions at room temperature is

mapped by tube inversion experiments in which the sample

Table I. Molecular Characteristics of Poly(N-tert-butylacrylamide-b-

ethyleneoxide-b-N-tert-butylacrylamide), NtBAMyEO592NtBAMy

Entries Polymer

Wt %
(NtBAM block)

Mn,NtBAM
a

(g mol�1) Mw/Mn

(NMR) (NMR) (GPC)

1 NtBAM24

EO592NtBAM24

19 6,000 1.22

2 NtBAM41

EO592NtBAM41

29 10,500 1.24

3 NtBAM51

EO592NtBAM51

33 13,000 1.33

EO: ethylene oxide block; NtBAM: N-tert-butylacrylamide block.
aTotal Mn of the acrylamide block in the triblock copolymer; molecular
weight (Mn) of PEO homopolymer from GPC: 26,000 g mol�1. The sub-
scripts in NtBAMyEO592NtBAMy are number of repeat units.

Figure 2. Storage modulus (G0) and loss modulus (G00) (filled and open

symbols) versus angular frequency (x) of NtBAM51EO592NtBAM51 in

[BMIM][BF4] for various concentrations at 25�C. The curves at different

concentrations are shifted vertically by the factor 10 a as indicated to

avoid overlapping. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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having a yield stress (gel or elastic solid) will not flow whereas a

viscous but inelastic sample (sol) will show an appreciable flow

when tube containing sample is inverted, as shown in Table II.

Interestingly, the sol–gel transition for triblock copolymers with

24, 41, and 51 repeat units of NtBAM (on each end of the co-

polymer) occurs at 12, 8, and �5 wt %, respectively. This data

is indicative of the general trend of critical gelation concentra-

tion for these polymers to form gels in IL, which decreases with

increasing NtBAM block length.

Sol–gel transitions and mechanical properties of these ion-gels

are comprehensively investigated using rheology. In Figure 2,

frequency dependence of real (G0) and imaginary (G00) part of

the complex modulus (G*) is plotted over a concentration range

for NtBAMyEO592NtBAMy/[BMIM][BF4] at 25�C. Lower con-

centrations (1 wt %) of these triblock copolymer solutions

behaves as viscoelastic fluids in the terminal frequency range

with storage modulus (G0) smaller than the loss modulus (G00)
and are described by the scaling relationship: G0(x) �x2,

G00(x) �x1 (at x ! 0).57,61 Both G0(x) and G00(x) increases

with concentration of the copolymer in [BMIM][BF4], and

eventually an optically transparent gel is obtained above a criti-

cal gelation concentration, Cg � 5 wt %. Above Cg, G0(x) >

G00(x) and is nearly frequency independent in the terminal

frequency range which is a characteristic of solid-like behavior.

The gel-like behavior indicated by the evolution of quasi-equi-

librium modulus manifests as a gel plateau following a scaling

relationship: G0(x) ¼ Ge (at x ! 0).57,61 Additional data for

sol–gel transitions of NtBAM24EO592NtBAM24 and NtBA-

M41EO592NtBAM41 in [BMIM][BF4] are shown in Supporting

Information Figure S4.

Winter and Chambon gelation criterion62,63 is used to deter-

mine the gelation temperatures (Tgel) of these ion-gels. Accord-

ing to this criterion, gel point is exhibited by a power-law

behavior as shown in eqs. (1) and (2) such that gelation

variable loses its dependency on the frequency and converges at

a point which is critical gelation temperature (Tgel) in this case.

Frequency independence of loss tangent (tan d) in the vicinity

of gel point has been widely used for physical and chemical gels

to determine the critical gelation variable.62,64,65

G0 � xð Þ~G00 xð Þ~xn 0 < n < 1ð Þ (1)

Or

G00 xð Þ=G0 xð Þ ¼ tand ¼ tan np=2ð Þ (2)

where n is defined as a viscoelastic exponent whose value lies

between 0 and 1. Applying this criterion, Figure 3 shows a

multi-frequency plot of tan d versus temperature for 5 wt % of

Figure 3. Loss tangent, tan d as a function of temperature for NtBA-

M51EO592NtBAM51/[BMIM][BF4] system at various angular frequencies

with Cg ¼ 4.98 wt %.[Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table II. Tube Inversion Test of NtBAMyEO592NtBAMy/[BMIM][BF4] Triblock Copolymer Solutions

conc. (wt %) 6 7.61 10 12 14.80 20

NtBAM24EO592NtBAM24 m m m mþg g g

conc. (wt %) 6 8 10 11.90 14.90 21

NtBAM41EO592NtBAM41 m mþg g g g g

conc. (wt %) 3 4.94 6 8 10 12

NtBAM51EO592NtBAM51 m mþg g g g g

m: micellar solution or sol; m þ g: mixture of micelle and gel near the gelation point; g: gel.

Figure 4. Strain dependence of complex modulus (G*) for NtBA-

M51EO592NtBAM51/[BMIM][BF4] system with Cg ¼ 6 wt % at 25�C.
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NtBAM51EO592NtBAM51/[BMIM][BF4] system, in which the

curves passes through a common point known as Tgel, deter-

mined to be 25�C. Thus at 25�C, 5 wt % exhibits a power-law:

G0(x) �G00(x) �x0.2 which is a signature of the transition

between liquid-like and solid-like behavior at gel point. In a

similar manner, we obtained critical gelation temperature for 6

wt % ion-gels, Tgel ¼ 45�C much higher than room tempera-

ture as shown in Supporting Information Figure S5. Thus,

unlike previous studies in which [BMIM][BF4] ion-gels were

formed at >30 wt %,51 we demonstrate the formation of ion-

gels at room temperature for as low as 5 wt % copolymer mass

in a predominantly conducting phase of IL.

In all the polymers discussed here, the EO block length is

constant and the effect of NtBAM block length on the Cg is

investigated. In this library of triblocks, the lowest Cg value of

�5 wt % is seen in the case of NtBAM51EO592NtBAM51, while

highest Cg of �15 wt % is observed for NtBAM24EO592Nt-

BAM24. Interestingly, a two-fold increase in the molecular

weight of IL-solvophobic NtBAM block lowers the Cg by three-

folds. From the literature, it is also widely known that tempera-

ture and concentration range where gels are formed can be

tuned by varying solvophilic and solvophobic blocks. Studies on

PEG-poly(lactic acid-co-glycolic acid) (PLGA)-PEG hydrogels66

have shown sol–gel transition to be sensitive toward the hydro-

phobic PLGA block and gelation is shifted toward lower con-

centrations with increasing PLGA block length. It is well-estab-

lished that physically associating triblock copolymers in mid

block selective solvent results in aggregates due to insolubility of

the solvophobic end blocks. Above a critical concentration, a

certain fraction of the mid block will form bridges between the

end block domains, resulting in the formation of an elastic net-

work or gel.67,68 In our system, with increase in block length

(or molecular weight) of the solvophobic end block, the tend-

ency to bridge becomes much more easier and dominant at

lower concentrations resulting in elastic gels. Thus these obser-

vations reflect the impact of acrylamide block length on gelation

behavior of this triblock copolymer-IL system.

We are interested in exploring the ability of these ion-gels to

withstand large deformations which is important with regards

to their applications. Strong ion-gels are desirable in most of

the device application as there should be no fracture or failure

during processing and usage of these gelled electrolytes which

otherwise affects their performance. We observed that vigorous

stirring of the ion-gel breaks the structure and it recovers only

on melting and subsequent resetting. To confirm that we were

able to make strong gels, we performed large deformation

experiments proposed by Rossmurphy and Shatwell.69 The com-

plex modulus (G*) for strong gels is mainly strain independent

(linearly viscoelastic) for strains up to 25% and for weak gels

G* becomes strain dependent when strain is greater than 5%.70

In Figure 4, oscillatory shear strain sweep measurements have

shown that G0 remains strain invariant up to very high values of

strain (>> 25%) indicating the formation of strong ion-gels,

which can withstand mechanical stress required for device

applications. Large deformation experiments of other ion-gel

compositions are shown in Supporting Information Figure S6.

Effect of NtBAM Block Length on the Elastic Modulus (Ge) of

Ion-Gels and Scaling of Ge with Copolymer Concentration

Figure 5 compares the elastic modulus of the copolymer series

with 24, 41, and 51 NtBAM repeat units at concentrations of 14.8,

12, and 12 wt %, respectively, at 25�C. Although the gel obtained

from copolymer with 24 repeating units of NtBAM is compared at

14.8 wt %, as opposed to 12 wt % of other copolymer gel samples,

it still forms a weaker gel. As the length of the solvophobic acryl-

amide block is increased from 24 to 51, gel strength improves by

an order of magnitude from �100 Pa to >1000 Pa. For further

comparison, it is also worth mentioning that G0 of a 6 wt % ion-

Figure 5. Storage modulus (G0) and loss modulus (G00) versus angular

frequency (x) for ion-gels with increasing NtBAM block length for series

of copolymers: NtBAM24EO592NtBAM24, NtBAM41EO592NtBAM41, and

NtBAM51EO592NtBAM51 at concentrations of 14.8, 12, and 12 wt %

respectively. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 6. Gel modulus Ge of the ion-gels versus copolymer concentration

on a double logarithmic scale for NtBAM51EO592NtBAM51/[BMIM][BF4]

system at 25�C.
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gel derived from copolymer with 51 NtBAM repeat units has simi-

lar modulus (�100 Pa) to the copolymer with 24 NtBAM repeat

units at 14.8 wt %. Similar trends have been observed in PLLA-

PEO-PLLA hydrogels71 in which G0 shows strong dependence on

the PLLA end block length of a triblock copolymer. Thus, the de-

pendence of the elastic modulus (G0) on the acrylamide (NtBAM)

length offers a straightforward way to tune the rheological

response of these ion-gels.

The quasi-equilibrium modulus (Ge) is a measure of density of

elastically active crosslinks or long-lived junctions in a network

structure formed as a result of intermolecular aggregation. The

effect of concentration on the equilibrium modulus (Ge) in

NtBAM51EO592NtBAM51/[BMIM][BF4] system is shown in Fig-

ure 6. A noteworthy feature is that with increase in copolymer

concentration, the elastic modulus (Ge) also increases, implying

that the number of long-lived junctions in the gel increases.

Interestingly, Ge increases linearly with the cube of Cg on a dou-

ble logarithmic scale and yields a scaling relation: Ge �Cg
2.92. In

literature, different scaling behaviors are expected from

entangled network of polymers, semi-dilute polymer solutions,

and flexible chemical gels (exponent of 2.25)72 and concentrated

polymer solutions (exponent of 2).73 For associative polymer

networks and physical gels, a cubic relationship is found for the

moduli, Ge �Cg
3.1,74 and the result found in our ion-gels agrees

well with this predicted scaling value (3.1). We can also relate

the moduli of ion-gels to the shear modulus of a semi-dilute

polymer network, Ge �kbT/n3, where kb is the Boltzmann con-

stant and n is the correlation length associated with the network

mesh size.72,75 Comparing the two scaling relationships, mesh

size varies inversely with the copolymer concentration, n � 1/

Cg, i.e. mesh size of the network decreases as we add more and

more copolymer above critical gel concentration. It is important

to note that the tunability of the mesh size in a gel network

affects the diffusion of the ionic species which ultimately

impacts the ionic conductivity of these ion-gels.

Thermoreversibility and Thermal Stability Studies

Thermoreversibility and thermal stability are important parame-

ters for liquid state processing and material usage at different

temperatures, respectively. Heating–cooling cycles of the ion-

gels in the dynamic temperature ramp measurements confirmed

their thermoreversible behavior as shown in Figure 7 (additional

plots shown in Supporting Information Figures S7 and S11).

Indeed, the cross-over of G0 and G00 occurs at 46�C in the cool-

ing cycle, a lower temperature than that determined in the heat-

ing cycle (50�C). The difference in the cross-over temperature

between the heating and cooling cycles is due to the kinetics

between the association and dissociation processes.76,77 Gel-fluid

phase transition (see Figure 8), shows G0 and G00 as a function

of temperature at frequency of 0.1 rad/s for ion-gel samples.

The copolymer concentration was varied from 5 to 20 wt %. All

the samples are in a gel state at room temperature; G0 decreases

with increasing temperature and at a given temperature the

cross-over of G0 and G00 gives the melting temperature (Tc) of

the ion-gels. Furthermore, the melting temperature (Tc) can be

easily tuned over a wide temperature range by varying the

copolymer concentration, which is important for tuning the

processing parameters and application temperatures of these

gels. The ion-gels are subjected to various heating and cooling

cycles during experiments and there are always chances of ther-

mal degradation which adversely affects its mechanical proper-

ties and potential applications. Thermogravimetric measure-

ments (TGA) performed on these ion-gels in air show a weight

loss of 1–4% at 200�C (see Figure 9), confirming their high

thermal stability. In contrast, the [BMIM][BF4] gels prepared by

Qi and coworkers51 are stable up to 120�C in N2 atmosphere.

Figure 7. Storage modulus G0 and loss modulus G00 of NtBAM51EO592Nt-

BAM51/[BMIM][BF4] ion-gel as a function of temperature at an angular

frequency x of 0.1 rad/s with indicated concentration, Cg ¼ 6 wt %.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 8. Temperature dependence of the storage modulus G0 (filled) and

loss modulus G00 (open) for NtBAM51EO592NtBAM51/[BMIM][BF4] ion-

gels with indicated concentration, (Cg: 5, 6, 8, 10, 12, 15, 20 wt %). The

curves at different concentrations are shifted vertically by the factor 10a as

indicated to avoid overlapping. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Weight loss at 100�C provides information of the relative

amount of water present in pure IL and triblock copolymer sol-

utions. From the TGA measurements shown in Figure 9, there

is around 1% and 0.5% weight loss at 100�C for pure IL and

triblock copolymer/IL solutions (and gels) respectively which

suggests an insignificant amount of water in these systems.

Ionic Conductivity

The conductivity of the solutions and ion-gels is calculated

from the measured complex impedance (Z* ¼ Z0 � iZ00). The

impedance data is represented in a Bode plot, in which the

magnitude of the complex impedance (|Z*|) and phase angle

(y) is plotted as a function of frequency (f). Supporting Infor-

mation Figure S8 shows a typical Bode plot of |Z*| � f and y �
f for NtBAM51EO592NtBAM51 with Cg ¼ 6 wt % at 23�C. At

lower frequencies, polarization effects result in frequency-de-

pendent impedance data (|Z*| 1 x�a, 0 < a < 2), while at

high frequencies the impedance spectra is dominated by ionic

mobility, resulting in a frequency-independent |Z*| plateau. The

phase angle (y) shows a minimum at higher frequencies. Both

the frequency-independent plateau in |Z*| and the minimum in

phase angle (y) depend on polymer concentration and experi-

mental temperatures. The sample resistance R is read as the

frequency-independent (|Z*|cosy) value in the Bode plot, i.e.,

R ¼ |Z*|cosy which is further used to calculate the ionic

conductivity (r) using the following formula78:

r ¼ 1

R

L

A

� �
(3)

where L is the sample thickness and A is the contact area of

electrodes.

Frequency and Temperature Dependent Conductivity Studies

We are interested in thoroughly understanding the conductivity

(r) of these ion-gels as a function of frequency and temperature

which will be important for device applications. We have

confined our studies to NtBAM51EO592NtBAM51/[BMIM][BF4]

system which formed ion-gels at lowest concentration (�5 wt

%). This allowed us to explore materials which have optimal

mechanical integrity at low copolymer mass. Figure 10 shows a

log–log plot of r as a function of frequency (f) for bulk

[BMIM][BF4] and different gel concentrations (Cg). The loga-

rithmic plots can be divided into two regions: (i) a low fre-

quency dispersion region and (ii) a frequency-independent

plateau region. The low frequency dispersion region may be due

to the interfacial impedance or space charge polarization where

more and more ionic species gets accumulated at the electrode

and electrode-ion-gel interface due to the slow periodic reversal

of the electric field, which will result in a decrease of carrier-

ions and eventually a decrease in r. On the contrary, in the

high frequency regime, a relatively small number of ions can

accumulate at the electrode and the interface, which results in

higher number density of mobile ions (or charge carriers) and a

plateau is formed, which is equivalent to the true dc conductiv-

ity—typical of polymer electrolytes.10,79,80 The high frequency

conductivity (see inset in Figure 10) of the ion-gels is in the

range of (1–3) mS/cm at room temperature which is much

higher than the maximum reported conductivity of solid

polymer electrolytes (0.01–0.1 mS/cm).81

The temperature dependent conductivity of the bulk

[BMIM][BF4] and the ion-gels at different concentrations of 6,

8, 10, and 15 wt % is shown in Figure 11 in the Arrhenius con-

vention (x-axis reversed). The r of ion-gels increases with

increase in temperature, which can be explained on the basis of

the Walden’s rule82: the product of conductivity (r) and viscos-

ity of the pure solvent is a constant for all temperatures and

solvents for a given electrolyte, rg ¼ constant. With increasing

Figure 9. Weight percentage change (%) versus temperature for bulk

[BMIM][BF4] and NtBAM51EO592NtBAM51/[BMIM][BF4] solutions and

ion-gels. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 10. Frequency dependence of the ionic conductivity (r) for bulk

[BMIM][BF4] and various concentrations of NtBAM51EO592NtBAM51/

[BMIM][BF4] ion-gels at room temperature. Inset: Semi-log plot of r as a

function of frequency in the high frequency region (f � 1 kHz). [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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temperature, the viscosity decreases, making ions more mobile

resulting in an increased r (also see Supporting Information Fig-

ure S9). The conductivity of 6 wt % ion-gel is similar to that of

the bulk IL. Interestingly, as seen in Figure 11, the temperature

dependence of r for all concentrations of the ion-gel nearly

tracks the r of bulk IL. A similar observation of temperature de-

pendent r and proportionality of r and 1/g is also seen in PS-

PEO-PS/[BMIM][PF6] based ion-gels.24 In Figure 11, the tem-

perature dependence of r does not show any change in steepness

with increasing copolymer concentrations in the low temperature

range. This suggests that in our system, glass transition tempera-

ture of ion-conducting EO phase (Tg, PEO) does not affect the

mobility of the ionic species and hence r, which is very different

from the trend reported by Segalman and coworker.83 The pro-

nounced effect of glass transition temperature on r is clearly

demonstrated in a recent work by Segalman and coworker, where

temperature dependence of r in P2VP/[IM][TFSI] becomes less

steep with decreasing copolymer mass (or increasing mass of IL)

and is correlated with the decrease of glass transition temperature

(Tg) of ion conducting P2VP phase.83

Effect of Concentration on the Ionic Conductivity (r)

Figure 12 shows the concentration dependence of r for NtBA-

M51EO592NtBAM51/[BMIM][BF4] system at room temperature.

r of the ion-gels decreases with increase in copolymer concen-

tration compared to the bulk IL. The influence of concentration

on r can be described as contributions from two processes: (i)

diffusion of ions in the polymer network and (ii) polymer–IL

interactions. The presence of a polymer network in IL has a

physical blocking effect on the diffusion of ions resulting in a

restricted diffusion and eventually decreased conductivity.84

Additionally, the chemical interactions between the polymer and

IL may also affect the carrier ion concentration. ILs appears as

free ions and ion aggregates or clusters85,86 and the latter are

neutral species that do not participate in the conduction mecha-

nism. The interaction of polymer with IL decreases the possibil-

ity of cluster formation by dissociating the latter resulting in an

increase in the number of charge carriers and hence the r
becomes higher than the bulk IL.7 At copolymer concentration,

Cg � 6 wt %, the system exist in a gel state and the two com-

peting factors influence the final r. Obstruction effects on the r
of ion-gels are substantiated by qualitatively comparing the data

with the predictions of Mackie and Meares obstruction model.

In this model, the diffusion of solvent electrolyte in a resin

(polymer) membrane is best described by assuming that the

sites occupied by the polymer are permanently unavailable to

the ions or to the solvent. Thus, the diffusion of the ions or

solvent molecules occurs through the unoccupied sites by poly-

mer chains which imposes a tortuosity in the path length of

molecules in motion and expressed as87,88:

Dg

Do

¼ 1 � u
1 þ u

� �2

(4)

where Dg and Do are the diffusion coefficients of the ions or

solvent molecules in the gel and bulk state, respectively, and u
is the volume fraction of the polymer network. If the number

density of the charge-carriers does not change then an equiva-

lent expression in terms of ionic conductivity is described as:

rg
ro

¼ 1 � u
1 þ u

� �2

(5)

where rg and ro are the ionic conductivities of the ions or

solvent molecules in the gel and bulk state, respectively. In

Figure 12, Mackie and Meares prediction agrees fairly well for

Figure 11. Ionic conductivity (r) as a function of temperature for bulk

[BMIM][BF4] and ion-gels (6, 8, 10, and 15 wt %) for NtBAM51EO592Nt-

BAM51/[BMIM][BF4] system. Error bars in the plot represent standard

error of r for three independent experiments. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 12. Ionic conductivity (r) as a function of concentration for

NtBAM51EO592NtBAM51/[BMIM][BF4] system at 24�C. Error bars in the

plot represent standard error of r for three independent experiments.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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concentrations above 6 wt % where we have fully-developed

network structures in the ion-gels.

CONCLUSIONS

In this article, we describe a new set of ion-gels of [BMIM][BF4]

prepared via self-assembly of poly(N-tert-butylacrylamide-b-eth-

yleneoxide-b-N-tert-butylacrylamide) triblock copolymer. At

moderately low concentrations of 6 wt %, we demonstrate the

formation of strong and thermoreversible ion-gel with high gela-

tion temperature (Tgel �45�C) and ionic conductivities similar to

bulk [BMIM][BF4]. The parameters such as copolymer concen-

tration and solvophobic block length can be easily varied to tune

the mechanical and conductivity properties to meet the design

specific criteria for various electrochemical applications. Using

this block copolymer approach is a better strategy to prepare ion

gels with optimal mechanical properties and conductivity com-

pared to bulk [BMIM][BF4]. Our work in contrast to previous

reports where chemical gels are prepared at much higher polymer

concentrations using the same IL in which the conductivity of

[BMIM][BF4] is compromised to attain decent mechanical prop-

erties for the bulk [BMIM][BF4]. The IL gels of [BMIM][BF4]

obtained via self-assembly of triblock copolymer is an alternative

and attractive way for development of novel solid-state

electrolytes and offer exciting possibilities of their application in

electrochemical devices including Li-ion batteries.
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