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’ INTRODUCTION

As a consequence of their unique chemical and physical pro-
perties, polymerized ionic liquids (POILs) are emerging as a new
class of materials with potential applications ranging from uses in
catalysis,1,2 nanomaterials synthesis,3 gas separations media,4�7

and as polymer electrolytes for battery and fuel cell applications.8,9 A
number of strategies have emerged for the application of ionic
liquids in advanced materials applications, including the devel-
opment of “ion gels” comprised of a polymer network swollen
with an ionic liquid solvent.10�12 A common problem encoun-
tered with both liquid electrolytes and ion gels is the propensity
for electrolyte leakage from these systems. Polymerized ionic
liquids enjoy many of the same favorable qualities as small
molecule ionic liquids such as low flammability, chemical and
thermal stability, and widely tunable physical properties, while
mitigating concerns related to electrolyte leakage by virtue of
their polymeric structures.8 POIL “single-ion conductors” may
thus serve as ideal polymer electrolytes for advanced electrical
energy storage and conversion devices (e.g., fuel cells and batteries).

Recent studies of the ionic conductivity of polymerized ionic
liquids have demonstrated that materials having low glass transi-
tion temperatures (Tg) are required to obtain high levels of ionic

conductivity.13�15 As a consequence of their low Tgs, these con-
ductive materials are of limited use at ambient temperature in
many electrochemical devices due to a lack of mechanical strength.
While chemical cross-linking has been employed as a means to
endow polymerized ionic liquids with greater mechanical
strength,16�21 block copolymers that self-assemble to form physi-
cally cross-linked, mechanically tough, nanostructured polymer
electrolytes have attracted increased attention in the design of
polymer electrolytes for electrochemical devices.22 Microphase
separated POIL-containing block copolymers provide an enti-
cing opportunity to develop mechanically robust nanostructured
materials, in which the ionic POIL domains form contiguous
paths for ion conduction through a nonconducting matrix phase.

Despite numerous reports of microphase-separated ion con-
ducting membranes, fundamental studies of the effect of nano-
scale morphology on ionic conductivity are relatively scarce in
anhydrous systems.22 Balsara and co-workers studied lithium ion
conduction in poly(styrene-b-ethylene oxide) block copolymers
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ABSTRACT: Polymerized ionic liquid (POIL) block copolymers
represent a unique class of materials for fundamental studies of single
ion conduction as a function of morphology in microphase-separated
polymer electrolytes for energy storage and conversion applications. We
describe the synthesis of a series of poly(styrene-b-4-vinylbenzyl-
alkylimidazolium bis(trifluoromethanesulfonyl)imide) (PS-b-PVBn-
(alkyl)ImTFSI; alkyl = CH3 (Me), n-C4H9 (Bu), n-C6H13 (Hex))
diblock copolymers (2.7�17.0 mol % POIL) via exhaustive functiona-
lization and ion exchange of relatively narrowmolecular weight dispersity poly(styrene-b-4-vinylbenzyl chloride) precursors derived
from nitroxide-mediated block copolymerizations. The solid-state morphology of these PS-b-PVBn(alkyl)ImTFSI copolymers were
studied using a combination of temperature-dependent synchrotron small-angle X-ray scattering (SAXS) and transmission electron
microscopy (TEM). From electrochemical impedance spectroscopy measurements, we observe that lamellar samples having similar
compositions exhibit comparable values of conductivity (0.1 mS cm�1 at 150 �C) regardless of imidazolium alkyl substituent. The
ionic conductivity of a compositionally varied series of PS-b-PVBnHexImTFSI diblocks depends nonlinearly on POIL composition
(0.01mS cm�1 for 8.6mol % POIL and 0.1mS cm�1 for 17.0mol % POIL at 150 �C), thus highlighting the influence ofmorphology
on the observed ionic conductivity of POIL block copolymers for the first time. By using different polymer processing strategies, we
further demonstrate that the ionic conductivity of a single sample (8.6 mol % POIL) may vary by more than one order of magnitude
depending on the long-range ordering of the microphase separated morphology. These studies indicate that macroscopic
connectivity and morphological defects strongly affect the observed conductivity in these materials.
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exogenously doped with LiTFSI (TFSI = bis(trifluoromethane-
sulfonyl)imide) in the vicinity of order�order and order�disorder
transitions.23 The absence of discontinuities in conductivity across
phase boundaries prompted them to conclude that morphology
had little or no effect on conductivity, in the case when ion con-
ducting blocks comprised the majority phase in the self-assembled
morphology (ϕionic g 0.50). Simone and Lodge studied poly-
(styrene-b-ethylene oxide) diblock copolymers swollen with
ionic liquid and found that conductivity increased with increasing
ionic liquid content and determined that morphologies having
continuous ionic domains were significantly more conductive
than those in which grain boundaries inhibit ion mobility.24

Similarly, Elabd and co-workers investigated ionic conductivities
of poly(styrene-b-methyl methacrylate) block copolymers con-
taining up to 50 wt % ionic liquid and found higher values of
conductivity with increasing connectivity among conducting
domains.25 While these studies provide important insights into
the conductivity behavior of microphase separated ion conduct-
ing membranes, they all involve exogenous electrolytes doped
into nonconducting block copolymers. To the best of our knowl-
edge, no fundamental studies of the effect of morphology on ionic
conductivity for anhydrous microphase separated POIL block
copolymers exist in the literature. Such studies will be beneficial
to the design of future polymeric single-ion conductors for energy
storage and conversion devices.

Recent studies have demonstrated that the ionic conductivity
characteristics of POIL homopolymers vary widely as a function
of polymer structure and counterion and may be tailored for
potential applications as fuel cell and battery polymer electro-
lytes. An underlying theme that emerges from the works reported
by the groups of Colby,26 Ohno,13,27 and Elabd14,15 is that the
ionic conductivity of these polymers depends primarily on the
glass transition temperatures (Tg) of these materials, reflecting
the coupling of ion motion to polymer segmental dynamics.
Recently, we described the modular synthesis and physical char-
cterization of a new series of styrenic imidazolium-based polymer-
ized ionic liquid homopolymers prepared by exhaustive functiona-
lization of relatively narrow dispersity poly(4-vinylbenzyl chloride)
with homologous N-alkylimidazoles.28 In that study, we investi-
gated the thermal properties and ionic conductivity of POILs
having various counterions and imidazolium moieties at con-
stant average polymer chain length, finding that POILs bearing
N-hexylimidazoliumgroups and bis(trifluoromethanesulfonyl)imide
(TFSI) counterions exhibited the highest nonhumidified ion
conductivity (0.35 mS cm�1 at 150 �C).

In the present study, we prepared a series of poly(styrene-b-4-
vinylbenzyl alkylimidazolium bis(trifluoromethanesulfonyl)imide)
(PS-b-PVBn(alkyl)ImTFSI) block copolymers derived from post-
synthetic modification of relatively narrow dispersity poly(styrene-
b-4-vinylbenzyl chloride) produced by nitroxide-mediated po-
lymerization (NMP). Films of the POIL diblock copolymers
containing a rigid polystyrene block and a low-Tg POIL block
were prepared via solvent-casting and melt-pressing with sub-
sequent evaluation of their nanoscale morphology by temperature-
dependent synchrotron small-angle X-ray scattering (SAXS) and
transmission electron microscopy (TEM). Effects of morphol-
ogy on the ionic conductivity of these single-ion conductors were
investigated using electrochemical impedance spectroscopy
(EIS). These effects were exemplified by an increase in ionic
conductivity ofmore than anorder ofmagnitude between a lamellar +
cylindrical phase coexistence sample (8.6 mol % POIL) and a
lamellar sample (17.0 mol % POIL), indicating the importance of

connectivity among conductive domains. Additionally, a single
sample exhibiting lamellar + cylindrical coexistence morphology
(8.6 mol % POIL) showed a large disparity in conductivity
depending on the degree of long-range order (solvent-cast vs
melt-pressed samples).

’EXPERIMENTAL SECTION

Materials. All chemicals were purchased from Sigma-Aldrich
Chemical Co. (Milwaukee,WI) and were used as received unless otherwise
noted. Copper(I) bromide was purified according to the literature.29

Styrene was stirred over CaH2 to remove inhibitors and then distilled
under reduced pressure. 4-Vinylbenzyl chloride was purified by passage
through silica gel using hexanes as an eluent followed by removal of
hexanes in vacuo.N-Methylimidazole,N-butylimidazole, andN,N,N0,N00,
N00-pentamethyldiethylenetriamine were distilled under reduced pres-
sure. N-Hexylimidazole was synthesized by a slight modification of a
literature procedure in which ethanol was used as a solvent instead of
1-propanol.30 2,2,5-Trimethyl-4-phenyl-3-azahexane 3-nitroxide (TIPNO)
was prepared according to a previously reported literature procedure.31

1HNMR spectra were recorded on Varian Inova 500, VarianMercury
Plus, or Bruker AC+ 300 spectrometers and were referenced relative to
tetramethylsilane (in acetone-d6 and CDCl3) or the residual protiated
solvent peak (in DMSO-d6) in the samples. Block copolymer composi-
tions were calculated using quantitative 1H NMR spectroscopy, andMn

values for these samples were calculated using theMn of the initial poly-
(styrene) macroinitiator determined from size exclusion chromatography.
Size Exclusion Chromatography (SEC). Molecular weights of

the poly(styrene) macroinitiator and all molecular weight distributions
were determined by SEC using a Visctoek GPCMax system using
refractive index (RI) detection. Separations employed two Polymer
Laboratories (Amherst, MA) Resipore columns (250 mm �4.6 mm)
using a THF eluent at 40 �C at a flow rate of 1.0 mL/min. Themolecular
weight of the poly(styrene) macroinitiator, as well as all reported
polydispersity indices (Mw/Mn) are derived from a conventional poly-
(styrene) calibration curve constructed using 10 narrow molecular weight
distribution standards havingMn = 580�377400 g/mol (Polymer Labora-
tories, Amherst, MA).
Differential Scanning Calorimetry. Glass transition tempera-

tures (Tgs) were measured using a TA Instruments Q100 modulated
differential scanning calorimeter under N2 environment. The thermal
history of samples hermetically sealed in aluminum pans was erased by
heating to 150 �C for 3 min and cooling to �50 �C. Second heating
curves recorded over a temperature range of �50 to +150 �C using a
heating ramp rate of 5 �C/min were used to determine Tg by the midpoint
method.
Small Angle X-ray Scattering. Synchrotron small-angle X-ray

scattering (SAXS) measurements were performed at the 5-ID-D beam-
line of the DuPont-Northwestern-Dow Collaborative Access Team Syn-
chrotron Research Center at the Advanced Photon Source (Argonne, IL).
Experiments employed a beam energy of 16 keV (λ = 0.7293 Å) and a
3.068 m sample-to-detector distance. Two-dimensional SAXS patterns
were recorded on a MAR-CCD detector (133 mm diameter active
circular area) with 1024 � 1024 pixel resolution. Film samples were
sandwiched between Kapton tape and placed in an array stage. Other
samples were heated to the desired temperature in a Linkam DSC and
allowed to equilibrate for 5 min before data collection (typical exposure
times 0.1�1 s). 2D patterns were azimuthally integrated to obtain
intensity vs q plots using DataSqueeze software package. In anisotropic
2D patterns, azimuthal integrations were performed along the long axis
of the profiles to optimize the appearance of scattering reflections for
definitive morphological assignment.
Transmission Electron Microscopy (TEM). Samples were

sectioned using a RMCMT-7000 ultramicrotome at room temperature
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using a diamond knife to produce section samples at 75�90 nm thickness.
Specimens were placed on 400-mesh Cu grids and exposed to the vapor
above a 5 wt% aqueous RuO4 solution for 1.5 h to preferentially stain the
poly(styrene) block. PS-b-PVBnHexImTFSI-7.1 was imaged without
staining due to the natural contrast stemming from the higher Z = 32
sulfur atoms in the TFSI counterion. TEM micrographs were taken on
an LEO EM 912 TEM operating at 120 kV.
Electrochemical Impedance Spectroscopy. The ionic con-

ductivities of the polymerized ionic liquid (POIL) diblock copolymers
were measured using electrochemical impedance spectroscopy (EIS)
(Solartron, 1260 impedance analyzer, 1287 electrochemical interface,
Zplot software) over a frequency range of 1Hz to 106Hz at 200mV. The
in-plane ionic conductivity was measured with a four-electrode method
using a custom-made Teflon-coated stainless steel cell at controlled
temperatures and a dry condition (10% relative humidity) in an environ-
mental chamber (Tenney, BTRS model). An alternating current was
applied to the outer electrodes and the real impedance or resistance, R,
was measured between the two inner reference electrodes. The resis-
tance was determined from a semicircle regression of the Nyquist data
(imaginary vs real impedance), where the real impedance was taken as
the x-intercept of this regression. Conductivity was calculated by using
the following equation: σ = L/AR, where L and A are the distance
between two inner electrodes and the cross-sectional area of the polymer
film (A =Wl;W is the film width and l is the film thickness), respectively.
The thicknesses of the polymer films (typicallyg100 μm) were measured
with a Mitutoyo digital micrometer ((0.001 mm). Samples were
allowed to equilibrate for 2 h at each measurement condition followed
by at least six measurements at that condition; the reported value is an
average of these steady-state measurements.
Synthesis of 2,2,5-Trimethyl-3-(2-oxyethyl isobutryl)-4-

phenyl-3-azahexane (1). Copper(I) bromide (0.12 g, 0.85 mmol)
and copper(0) powder (3.24 g, 51.1mmol) were placed in a 100mLSchlenk
flask under nitrogen. Ethyl R-bromoisobutyrate (3.37 g, 17.0 mmol),
TIPNO (2.50 g, 11.3 mmol), N,N,N0,N00,N00-pentamethyldiethylene-
triamine (0.14 g, 0.85 mmol), and N,N-dimethylformamide (40 mL)
were combined in a second dry 100 mL Schlenk tube and freeze�thaw
degassed four times. Under a flush of nitrogen, the latter solution was
cannula transferred onto the copper mixture to yield a dark green
solution. This reaction mixture was vigorously stirred at 40 �C for 60 min,
during which time it turned dark blue, and then it was stirred overnight at
22 �C. The solution was subsequently filtered through a plug of neutral
alumina, which was washed with ethyl acetate (250 mL). The combined
organic eluents were concentrated on a rotary evaporator at 40 �C. The
resulting crude product was purified by silica gel column chromatogra-
phy (10 cm� 5 cm diameter) using hexanes/ethyl acetate (30:1 v/v) to
furnish the alkoxyamine 1 as a yellow/orange viscous liquid. Yield: 3.41 g
(90% yield). 1H NMR (300 MHz, CDCl3, 22 �C): δ (ppm) 7.63�7.16
(m, 5 H, �Ar�H, both diastereomers), 4.28�4.06 (m, 2H, O�
CH2�CH3, both diastereomers), 3.70 (d, JH�H

3 = 10.8 Hz, 1H,
N�CH, minor diastereomer), 3.42 (d, JH�H

3 = 10.8 Hz, 1H, N�CH,
major diastereomer), 2.48�2.34 (m, 1H,CH(CH3)2,minor diastereomer),
1.90�1.76 (m, 1H, CH(CH3)2, major diastereomer), 1.62 (s, 3H,
C(CH3)2, major diastereomer, rotamer A), 1.59 (s, 3H, C(CH3)2,
minor diastereomer, rotamer A), 1.55 (s, 3H, C(CH3)2, major diaster-
eomer, rotamer B), 1.48 (s, 3H, C(CH3)2, minor diastereomer, rotamer
B), 1.31 (t, JH�H

3 = 7.2 Hz, 3H, O�CH2�CH3, minor diastereomer),
1.28 (t, JH�H

3 = 7.2 Hz, 3H, O�CH2�CH3, major diastereomer), 1.24
(d, JH�H

3 = 6.2 Hz, 3H, CH(CH3)2, minor diastereomer, rotamer A),
1.16 (d, JH�H

3 = 6.2 Hz, 3H, CH(CH3)2, major diastereomer, rotamer
A), 0.93 (s, 9H, C(CH3)3, major diastereomer), 0.81 (s, 9H, C(CH3)3,
minor diastereomer), 0.72 (d, JH�H

3 = 6.8 Hz, 3H, CH(CH3)2, minor
diastereomer, rotamer B), 0.39 (d, JH�H

3 = 6.8 Hz, 3H, CH(CH3)2,
major diastereomer, rotamer B). The 1H NMR spectrum is provided in
the Supporting Information (Figure S1). 13C NMR (75 MHz, CDCl3,

22 �C): δ (ppm, all stereoisomers and rotamers) 175.26, 175.03, 142.04,
140.62, 131.01, 130.26, 127.35, 127.11, 126.50, 126.10, 81.86, 79.57,
73.74, 72.42, 60.57, 60.32, 30.75, 30.18, 28.23, 27.29, 25.97, 25.23, 24.59,
22.83, 22.66, 22.55, 22.06, 21.88, 20.97, 13.94. ESI�MS: calcd. for
C20H33NO3 [M + Na]+, 358.2; found, 358.3.
Synthesis of Polystyrene Macroinitiator (PS-TIPNO). Freshly

purified styrene (34.9 g, 336 mmol) and alkoxyamine 1 (0.322 g,
0.96 mmol) were sealed in a 100 mL Schlenk flask and subjected to four
freeze�thaw degassing cycles, after which the flask contents were placed
underN2(g). The flask was placed in an oil bath thermostated at 125 �C
and stirred for 6 h 10 min, after which it was chilled in dry ice/isopropanol
for 10 min before exposure to air. The polymerization reaction was
diluted with dichloromethane (60 mL) and twice precipitated into
methanol (2 L). Yield: 20.3 g of white powder (58% conversion). 1H
NMR (300 MHz, CDCl3, 22 �C): δ (ppm) 7.30�6.86 (m, 3 H, Ar�H
meta + para), 6.85�6.27 (m, 2 H, Ar�H ortho), 2.30�1.66 (m, 1 H,
CH2CH), 1.66�1.07 (m, 2 H, CH2CH). SEC (THF, 40 �C):Mn = 19.1
kg/mol, Mw/Mn = 1.14 (against PS standards).
Representative Synthesis of Poly(styrene-b-4-vinylbenzyl

chloride) (PS-b-PVBCl). Freshly purified 4-(vinylbenzyl choride)
(2.39 g, 15.7 mmol), PS-TIPNO (3.0 g, 0.157 mmol), and xylenes
(9.05 mL) were freeze�thaw degassed (4x) in a 50 mL Schlenk tube,
after which the flask contents were left under vacuum. The flask was
placed in an oil bath thermostated at 110 �C and stirred for a designated
amount of time, after which it was chilled in dry ice/isopropanol for
10 min before exposure to air. The polymerization reaction was diluted
with dichloromethane (10 mL) and twice precipitated into methanol
(500 mL). Yield: 3.71 g of white powder (30% conversion). Mn,NMR =
25.1 kg/mol (17.6 mol % VBCl composition from quantitative 1H NMR)
Mw/Mn = 1.26 (against PS standards). 1H NMR (300 MHz, CDCl3,
22 �C): δ (ppm) 7.43�6.85 (m, 16.0 H, Ar�Hmeta + para), 6.85�6.13
(m, 11.4 H, Ar�H ortho), 4.64�4.30 (2.0 H, CH2Cl), 2.42�1.06 (m,
17.5 H, CH2CH).
Representative Synthesis of PS-b-PVBnHexImCl. Poly-

(styrene-b-4-vinylbenzyl chloride) (3.0 g, 0.134 mmol, DPVBC = 21.6)
and N-hexylimidazole (3.2 g, 21.3 mmol) were dissolved in CHCl3
(10.2 mL) and heated to 55 �C for 24 h. The reaction mixture was then
diluted with CHCl3 (10 mL), and the polymer was twice precipitated
into rapidly stirred hexanes (500 mL) before vacuum drying. 1H NMR
analysis still showed traces of N-hexylimidazole, however, this material
was pure enough for subsequent reactions. Yield: 3.21 g of white powder
(93% yield). 1H NMR (300 MHz, DMSO-d6, 22 �C): δ (ppm)
10.63�9.88 (1.0 H, NdCHN), 8.43�5.09 (m, 32.1 H, NCHdCHN,
Ar�H, andArCH2N), 4.17 (s, 2.0H,NCH2C5H11), 2.23�0.49 (m, 26.6H,
CH2CH and CH2C5H11).
Synthesis of PS-b-PVBnMeImCl. Poly(styrene-b-4-vinylbenzyl

chloride) (0.75 g, 0.030 mmol, DPVBC = 39.5) and N-methylimidazole
(1.18 g, 14.4 mmol) were dissolved inN,N-dimethylformamide (DMF)
(4.0 mL) and heated to 80 �C for 16 h, during which time the solution
became cloudy and yellow in color. DMF was removed under vacuum at
50 �C and the residue was triturated with deionized water (15 mL) for
2 h before isolation by centrifugation, decanting the cloudy supernatant
liquid, and vacuum drying at 50 �C. 1HNMR analysis still showed traces
of N-methylimidazole, however, this material was pure enough for sub-
sequent reactions. Yield: 0.76 g of off-white powder (90% yield). 1H
NMR (300 MHz, DMSO-d6, 22 �C): δ (ppm) 10.31�9.73 (m, 1.0 H,
NdCHN), 8.28�5.12 (m, 19.7 H, NCHdCHN, Ar�H and ArCH2N),
3.87 (s, 3.0 H, NCH3), 2.24�0.74 (6.7 H, CH2CH).
Synthesis of PS-b-PVBnBuImCl. The synthesis of PS-b-PVBn-

BuImCl follows that of PS-b-PVBnMeImCl. Yield: 0.87 g of off-white
powder (96% yield). 1H NMR (300 MHz, DMSO-d6, 22 �C): δ (ppm)
10.72�9.97 (m, 1.0H,NdCHN), 8.73�5.08 (m, 23.8H,NCHdCHN,
Ar�H and ArCH2N), 4.20 (s, 2.0 H, NCH2C3H7), 2.24�0.22 (m, 17.7 H,
CH2CH and CH2C3H7).
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Representative Synthesis of PS-b-PVBnHexImTFSI. PS-b-
PVBnHexImCl (0.64 g, 0.021 mmol, DPVBnHexImCl = 39.2), lithium
bis(trifluoromethanesulfonyl)imide (0.72 g, 2.5 mmol), and tetrahy-
drofuran (THF) (4 mL) were stirred at 55 �C for 24 h, then at 22 �C for
24 h. The reaction mixture was concentrated to a viscous solution and
precipitated by adding methanol/water (1:1 v/v) dropwise to the polymer
solution. After stirring several minutes, the slurry was centrifuged and
the supernatant liquid was decanted before vacuum drying at 50 �C. The
polymer was redissolved in a minimum amount of THF and then
precipitated twice more by the same procedure until combustion of a
small polymer sample no longer resulted in the observation of a red
colored flame indicative of the presence of lithium.32 Finally, the polymer
was triturated with pentanes (10 mL) for several hours before vacuum
drying at 60 �C. Yield: 0.78 g of white powder (93% yield). 1H NMR
(500 MHz, acetone-d6, 22 �C): δ (ppm) 9.04 (s, 1.0 H, NdCHN),
7.90�6.90 (m, 20.4 H, NCHdCHN and Ar�H meta + para),
6.88�6.33 (m, 11.8 H, Ar�H ortho), 5.63�5.18 (m, 2.0 H, ArCH2N),
4.32 (s, 2.0 H, NCH2C5H11), 2.51�1.19 (m, 26.5 H, CH2CH and
CH2�C4H8�CH3), 0.85 (s, 3.0 H, CH3). Anal. Calcd: C, 67.04; H,
6.10; N, 3.97; F, 10.77; Cl, 0.00. Found: C, 65.80; H, 5.93; N, 4.16; F,
10.90; Cl, 0.0.
Synthesis of PS-b-PVBnMeImTFSI. The synthesis of PS-b-PVB-

nMeImTFSI follows that of PS-b-PVBnHexImTFSI, except that N,N-
dimethylformamide was used as the reaction solvent. Yield: 0.81 g of
white powder (80% yield). 1H NMR (500 MHz, acetone-d6, 22 �C):
δ (ppm) 8.93 (s, 1H, NdCHN), 7.78�6.90 (m, 21.8 H, NCHdCHN
and Ar�H meta + para), 6.88�6.33 (m, 12.8 H, Ar�H ortho),
5.57�5.25 (m, 2.0 H, ArCH2N), 3.99 (s, 2.0 H, NCH3), 2.52�1.20
(m, 19.8 H, CH2CH). Anal. Calcd: C, 67.12; H, 5.63; N, 4.03; F, 10.93;
Cl, 0.00. Found: C, 66.86; H, 5.56; N, 3.88; F, 10.65; Cl, <0.25.
Synthesis of PS-b-PVBnBuImTFSI. The synthesis of PS-b-PVB-

nBuImTFSI follows that of PS-b-PVBnHexImTFSI, except that N,N-
dimethylformamide was used as the reaction solvent. Yield: 1.03 g of
white powder (87% yield). 1H NMR (500 MHz, acetone-d6, 22 �C):
δ (ppm) 9.02 (s, 1.0 H,NdCHN), 7.86�6.90 (m, 20.0H, NCHdCHN
and Ar�H meta + para), 6.88�6.30 (m, 12.0 H, Ar�H ortho),
5.59�5.23 (m, 2.0 H, ArCH2N), 4.31 (s, 2.0 H, NCH2C3H7), 2.51�
1.19 (m, 21.5 H, CH2CH and CH2�C2H4�CH3), 0.91 (s, 3.0 H, CH3).
Anal. Calcd: C, 66.81; H, 5.90; N, 4.04; F, 10.95; Cl, 0.00. Found: C,
66.76; H, 5.82; N, 3.95; F, 10.79; Cl, 0.0.
Solvent-Casting PS-b-PVBn(alkyl)ImTFSI Block Copolymers.

Polymer solutions (7% w/w) in dry THF were prepared in vials. Glass
substrates (approximately 4 mm �45 mm) were cut from micro-
scope slides and cleaned with acetone. Substrates were placed in the
bottom of a Petri dish and then polymer solutions were cast on top of the
substrates via pipet. The cover was placed on top of the Petri dish and the
solvent was allowed to evaporate for 1�2 h before another layer of
polymer solution was cast on top of the films. This process was repeated
one more time for especially brittle samples. The films were allowed to
air-dry inside the Petri dish overnight at ambient temperature. Polymer
films were vacuum annealed at 150 �C for 3 h before slowly cooling to
ambient temperature under vacuum.
Melt-Pressing PS-b-PVBnHexImTFSI Block Copolymers. As

a comparison to solvent-cast films, polymer films were also prepared by
melt pressing. The polymer in powder form was melt-pressed (Carver,
Model 3851-0) at 150 �C, 3500 psi for 10 min into a film of 190 μm in
thickness. The melt-pressed films were then annealed at 150 �C under
vacuum for 3 days and then stored in a desiccator until further use.

’RESULTS AND DISCUSSION

Block Copolymer Synthesis.We synthesized a series of POIL
block copolymers by exhaustive functionalizationof poly(styrene-b-4-
vinylbenzyl chloride) (PS-b-PVBCl) diblock copolymers synthesized

by nitroxide mediated polymerization (NMP) as previously re-
ported by Stancik et al.33 A single batch of relatively narrow
dispersity polystyrene macroinitiator withMn = 19.1 kg/mol was
synthesized using alkoxyamine 1 with a high level of control
(Mw/Mn = 1.14). We subsequently produced a series of poly-
(styrene-b-4-vinylbenzyl chloride) (PS-b-PVBCl) diblock copolymers
via chain extension of the polystyrene macroinitiator (Scheme 1).
Initial attempts to grow diblock copolymers at 125 �C resulted in
broad and bimodal molecular weight distributions due to the fast
rate of propagation of the VBCl monomer relative to the
initiation of the polystyryl chain ends. Efforts to slow propagation
by addition of excess TIPNO free radical (50�100 mol % with
respect to macroinitiator) resulted in bimodal distributions. Thus,
we were able to dramatically decrease the rate of polymerization
and increase the overall degree of control by lowering the ap-
parent polymerization temperature from 125 to 110 �C and by
running the polymerizations under static vacuum. We obtained
four PS-b-PVBCl diblock copolymers with unimodal molecular
weight distributions ranging fromMw/Mn = 1.20�1.26 depend-
ing on the VBCl incorporation as outlined in Table 1. Repre-
sentative size exclusion chromatography (SEC) traces of the
polystyrene macroinitiator and PS-b-PVBCl-17.6 block copoly-
mer are shown in Figure 1.
Exhaustive functionalization of the PS-b-PVBCl block copo-

lymers with excess N-alkylimidazole in either CHCl3 at 55 �C or
DMF at 80 �C over 24 h quantitatively yielded PS-b-PVBn-
(alkyl)ImCl diblock copolymers (alkyl = CH3 (Me), n-C4H9

(Bu), or n-C6H13 (Hex)) (Scheme 2). In order to accurately
probe the effects of nanoscale morphology on ionic conductivity,

Scheme 1. Synthesis of Poly(styrene-b-4-vinylbenzyl
chloride) (PS-b-PVBCl) Block Copolymers

Table 1. Molecular Parameters of PS-b-PVBCl Diblock Co-
polymer Precursors to POIL-Containing Block Copolymers

polymer VBCl mol %a Mn(tot) (kg/mol)a Mw/Mn
b

PS-b-PVBCl-4.8 4.8 20.5 1.20

PS-b-PVBCl-8.3 8.3 21.7 1.21

PS-b-PVBCl-10.5 10.5 22.4 1.23

PS-b-PVBCl-17.6 17.6 25.1 1.26
aDetermined by quantitative 1HNMR and theMn = 19.1 kg/mol for the
initial PS-TIPNO macroinitiator. bDetermined by SEC using conven-
tional calibration with PS standards.
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we sought to study a POIL system with a relatively high intrinsic
conductivity that does not sensitively depend on external vari-
ables such as humidification. Following recent reports indicating
that hydrophobic methacrylate-based POILs bearing bis(trifluoro-
methanesulfonyl)imide (TFSI) counterions exhibit high ionic
conductivities due to their low glass transition temperatures, we
exchanged all counterions in our diblock copolymers for TFSI.14

Therefore, exhaustive salt methatheses of the PS-b-PVBn(alkyl)-
ImCl having varying POIL contents with LiTFSI furnished a
series of PS-b-PVBn(alkyl)ImTFSI diblock copolymers. Differ-
ential scanning calorimetry (DSC) showed that all of the polymers
exhibited low glass transition temperatures Tg ∼ 9 �C for the
POIL blocks regardless of alkyl substituent. High field 1H NMR
of the resulting block copolymers in acetone-d6 revealed that the
polymer compositions deviated slightly from those of their PS-b-
PVBCl precursors, likely due to fractionation during polymer
isolation. Figure 2 shows representative 1H NMR spectra of PS-
b-PVBnHexImTFSI and the corresponding PS-b-PVBCl precur-
sor. In each case, polymer compositions were determined by relative
integrations of the indicated 1H resonances.
Morphological Characterization. The self-assembly beha-

vior of PS-b-POIL block copolymers was investigated using
synchrotron small-angle X-ray scattering (SAXS) at room tem-
perature. Initial SAXS studies of powder and melt-pressed samples
demonstrated a low degree of long-range order in POIL block
copolymers evidenced by broad and poorly defined higher order
scattering maxima, likely a result of the strong segregation be-
tween the ionic and hydrophobic blocks that frustrates ordering.
In an effort to effect higher degrees of long-range nanoscale order
in these samples, we solvent-cast films from THF onto glass
substrates and vacuum annealed them for 3 h at 150 �C. In order

to assess bulk morphologies of these samples using variable
temperature SAXS, sacrificial samples of these solvent-cast films
were ground into powders. Solvent-cast films used for conduc-
tivity studies (vide infra) were carefully removed from the glass
substrates using Kapton tape and subjected to SAXS analysis with
the incident X-ray beam oriented normal to the film plane to
assess morphology, level of order, and any possible preferential
domain orientation (anisotropy). Samples that proved too brittle
for effective solvent casting were melt-pressed into thin films.
Because of the sensitivity of electrochemical impedance mea-
surements of ionic conductivity to the alignment of microphase
separated domains,25,34 we analyzed the 2D scattering images of
each film for any significant anisotropy. (Figure S2, Supporting
Information). For solvent-cast samples, 2D scattering analysis
shows little to no anisotropy in the alignment of domains, whereas

Figure 1. Representative SEC refractive index traces of polystyrene
macroinitiator and PS-b-PVBCl-17.6 diblock copolymer.

Figure 2. 1H NMR spectra of (a) PS-b-PVBCl-17.6 in CDCl3 and
(b) PS-b-PVBnHexImTFSI-17.0 in acetone-d6. Diblock compositions
are calculated from relative integrations of resonances A or B versus the
sum of all styrenic ortho proton resonances.

Scheme 2. Synthesis of Poly(styrene-b-4-vinylbenzyl alkylimidazolium TFSI) Block Copolymers
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for melt-pressed samples, a slight degree of anisotropy is observed
due to flow experienced during themelt-pressing process. In such
samples, we have disregarded this low level of anisotropy in our
analyses of the conductivity data.
The morphologies of POIL block copolymer films were deter-

mined by indexing azimuthally integrated synchrotron SAXS
profiles (Figure 3). Solvent-cast PS-b-PVBn(alkyl)ImTFSI block
copolymers having 15�17% molar composition of the ionic
polymer microphase separate into lamellae with a high degree of
long-range order, regardless of the alkyl substituent (alkyl = CH3,
C4H9, or C6H13). For PS-b-PVBnMeImTFSI-15.6 and PS-b-
PVBnBuImTFSI-16.7, the appearance of up to seven reflections
at q*, 2q*, 3q*, 4q*, 5q*, 6q*, and 7q* clearly indicates a lamellar
morphology. The profile of PS-b-PVBnHexImTFSI-17.0 exhibits
reflections at q*, 3q*, and 5q*, with structure factor extinctions of
2q* and 4q*, indicative of a lamellar morphology with apparent

symmetric volume fractions of each block.35 Domain spacings for
these lamellar samples range from 35 to 39 nm. POIL block
copolymers were also subjected to variable-temperature SAXS to
identify any order�order transitions or order�disorder transi-
tions in the range 25�150 �C (Figure S3, Supporting Informa-
tion). In all cases, we observed no order�order transitions or
order�disorder transitions in this temperature range and only
minor deviations in domain spacing.
Two complementary films of PS-b-PVBnHexImTFSI-8.6 pre-

pared via solvent-casting and melt-pressing exemplify differences
between these preparation techniques. The solvent-cast film exhibits
coexistence between lamellar and hexagonally packed cylindrical
morphologies sharing a single, slightly broadened primary scat-
tering peak. Simone and Lodge saw similar coexistence phases in
PS-b-PEO diblock copolymers preferentially swelled with ionic
liquidwhere cylinders/lamellae coexistencewas observed in place of
gyroid morphology due to high segregation strength.24 The la-
mellar morphology is evidenced by higher order reflections at
2q*, 4q*, and 5q* with structure factor extinctions of 3q* and 6q*
suggesting an apparent 33% volume composition of the ionic
block.35 The higher order reflections indicative of hexagonally
packed cylindrical morphology are also seen at q*

√
3, 2q*, q*

√
7,

and 3q*. Domain spacings of the cylinders and lamellae are 37
and 35 nm, respectively, which is roughly consistent with the
expected epitaxial relationship between these two phases. An
expansion of the azimuthally integrated SAXS pattern for this
film is provided in the Supporting Information (Figure S4). Con-
firmation of phase coexistence is provided by transmission elec-
tron microscopy (TEM), in which both hexagonally packed
cylinders and lamellar grains are observed (Figure 4a). In contrast,
the SAXS profile of PS-b-PVBnHexImTFSI-8.6 prepared by melt-
pressing exhibits broad features consistent with poorly ordered
hexagonally packed cylinders morphology, although coexistence
with lamellae cannot be ruled out due to the broad SAXS scattering
maxima. A broad primary scattering peak is accompanied by a peak
spanning q*

√
3 and 2q* and another shoulder spanning q*

√
7 and

3q*. Similar to the solvent-cast sample, TEM studies show that this
sample exhibits a coexistence of lamellar and cylindrical morphol-
ogieswith a lowdegree of long-range order (Figure 4b). Adifference
in domain spacing (34 nm) relative to that seen for the solvent-cast
sample (37 nm) is likely due to sample anisotropy induced by the
melt-pressing process (Figure S2, Supporting Information).
Moving to lower POIL compositions, the SAXS profiles of

melt-pressed PS-b-PVBnHexImTFSI-7.1 and PS-b-PVBnHex-
ImTFSI-2.7 exhibit fewer features,making assignmentofmorphology
more difficult. The similar profiles of these two films suggest

Figure 3. Azimuthally integrated SAXS profiles of PS-b-PVBn-
(alkyl)ImTFSI block copolymer films at 25 �C. Each trace is labeled
by the imidazolium alkyl substitutent, POIL mole fraction, and proces-
sing method (SC = solvent cast; MP = melt-pressed). Solid and open
arrows indicate reflections associated with lamellar (1-LAM) and
hexagonally packed cylinders (3-CYL) morphologies, respectively.

Figure 4. TEM images of (a) cylinders + lamellae phase coexistence exhibited by solvent-cast PS-b-PVBnHexImTFSI-8.6 in which the PS domains
stained with RuO4 appear dark, scale bar is 200 nm; (b) the cylinders + lamellae phase coexistence exhibited bymelt-pressed PS-b-PVBnHexImTFSI-8.6
in which the PS domains stained with RuO4 appear dark, scale bar is 200 nm; and (c) the hexagonally packed cylindrical morphology in melt-pressed PS-
b-PVBnHexImTFSI-7.1 wherein the PVBnHexImTFSI domains appear dark due to the natural electron density contrast, scale bar is 500 nm.



5733 dx.doi.org/10.1021/ma201067h |Macromolecules 2011, 44, 5727–5735

Macromolecules ARTICLE

poorly ordered hexagonally packed cylinders morphology as
evidenced by broad primary scattering peaks with broad higher
order peaks spanning q*

√
7 and 3q*. The assignment of a hex-

agonally packed cylindrical morphology was confirmed with TEM
(Figure 4c). A striking feature of these SAXS profiles is that the
primary scattering peaks are significantly shifted to lower q,
corresponding to an increased domain spacing (cylinder center-
to-center distance) of 42 nm. We propose that this shift is due to
swelling of the polystyrene domains by chains having little or no
POIL incorporation, as a consequence of the synthetic route used to
produce these materials. In the synthesis of the PS-b-PVBCl from
which we derive our PS�POIL block copolymers, we polymer-
ized the VBCl to relatively low monomer conversions. At such
low monomer conversions, controlled living radical polymeriza-
tions initially yield materials with high polydispersities that only
narrow as the polymerization progresses.31 Thus, the high poly-
dispersities of the PVBCl blocks of the PS�POIL precursors imply
that there are a substantial number of chains that have few (if
any) VBCl units, which translates into a substantial number of
PS�POIL chains containing one or fewer POIL monomer units.36

These POIL-deficient chains act as PS homopolymers that swell the
polystyrene domains, thus giving rise to the observed increase in
domain spacing for these samples.

The domain spacings for microphase separated POIL block
copolymers (Table 2) suggest that a high degree of conforma-
tional asymmetry exists in the block copolymer melts consistent
with a strongly segregated system in which the POIL segments
exhibit high degrees of chain-stretching. The block copolymers
exhibit domain spacings in the range of 34�42 nm, which is
comparable to the calculated contour length of a fully extended
chain (47�55 nm), suggesting that chains are highly stretched.
Stancik et al. also observed high levels of chain stretching in
PS�POIL block copolymers in neutron scattering studies of PS-
b-PVBnMeImX (X = Cl, BF4) that form elongated micelles.33

Ionic Conductivity. Effect of Alkyl Chain Length. Figure 5
shows the effect of alkylimidazolium chain length (alkyl = CH3

(Me), n-C4H9 (Bu), or n-C6H13 (Hex)) on the temperature-
dependent in-plane ionic conductivity of the POIL diblock
copolymer. All three polymers shown in Figure 5 have a similar
morphology (lamellar), glass transition temperature of the POIL
block (9 �C), POIL composition (15.6�17.0 mol %), and
molecular weight (38.0�40.7 kg/mol) (Table 2). From these
data it is clear that when all of these parameters are the same, the
resulting ionic conductivities are similar.
Effect of Composition and Morphology. Figure 6 shows the

temperature-dependent ionic conductivity of PS-b-PVBnHex-
ImTFSI as a function of copolymer composition ranging from

Figure 5. Effect of alkyl chain length on the temperature-dependent in-
plane ionic conductivity of POIL diblock copolymers: PS-b-PVBn-
MeImTFSI-15.6 (red b), PS-b-PVBnBuImTFSI-16.7 (blue [), PS-b-
PVBnHexImTFSI-17.0 (green 1).

Figure 6. Effect of composition on the temperature-dependent in-plane
ionic conductivity of POIL diblock copolymers: PVBnHexImTFSI (9),
PS-b-PVBnHexImTFSI-17.0 (green 1), and PS-b-PVBnHexImTFSI-
8.6 (violet 2).

Table 2. Molecular Properties and Morphologies of POIL Diblock Copolymers

diblock copolymer Mn (kg/mol)
a POIL mol %b

ϕPOIL
c morphologyd domain spacing (nm)f POIL Tg (�C)g

PS-b-PVBnMeImTFSI-15.6 38.0 15.6 - LAM 39 9

PS-b-PVBnBuImTFSI-16.7 39.6 16.7 - LAM 38 9

PS-b-PVBnHexImTFSI-17.0 40.7 17.0 0.50 LAM 35 9

PS-b-PVBnHexImTFSI-8.6 31.0 8.6 0.34 LAM + CYL (SC)e 35/37 9

LAM + CYL (MP)e 34

PS-b-PVBnHexImTFSI-7.1 28.3 7.1 0.29 CYL 42 9

PS-b-PVBnHexImTFSI-2.7 24.2 2.7 0.19 CYL 42 9

PVBnHexImTFSI 57.5 100 1.00 - n/a 9
aCalculated from PS-b-PVBClMn.

bDetermined by quantitative 1H NMR of PS-b-POILs. cVolume fraction of POIL block determined using F(PS) =
0.969 g/cm3 and F(PVBnHexImTFSI) = 1.096 g/cm3 at 150 �C (see Supporting Information for details). dDetermined by SAXS and TEM. e SC =
solvent-cast; MP = melt-pressed. fDetermined by SAXS using the position of the principal reflection. gDetermined by DSC.
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8.6 to 100 mol % POIL. Lower POIL block compositions (7.1
and 2.7 mol %) were too resistive to report accurate conductivity
values. Since these samples exhibiting hexagonally packed cy-
lindrical morphology have a low degree of long-range order, their
poor in-plane ionic conductivity likely stems from numerous
morphological defects and large numbers of grain boundaries that
serve as “dead ends” for conductive channels (i.e., poor long-
range ionic domain connectivity throughout the film). It is clear
that the ionic conductivity increases significantly with increasing
POIL block composition; however, it does so in a nonlinear fashion.
Specifically, the in-plane conductivity increases by more than an
order of magnitude when the POIL block composition is changed
only 2-fold from 8.6 mol % POIL to 17.0 mol % POIL and
increases approximately 5-fold when the POIL block composi-
tion is changed from 17.0 mol % POIL to 100 mol % POIL
homopolymer. Since the nanoscale morphologies of the 8.6 mol %
POIL and the 17.0 mol % POIL block copolymers are a coexistence
of cylinders and lamellae (where the POIL block is the minor
component) and pure lamellae, respectively, we speculate that the
nonlinear relationship between ionic conductivity and POIL
block composition must be due to morphological effects.
To account for the effects ofmorphology on ionic conductivity

for a diblock copolymer that consists of one conducting component
and one nonconducting component, Balsara and co-workers pro-
posed a normalized ionic conductivity or a morphology factor, f:23

f ¼ σ

ϕcσc
ð1Þ

where σ is the measured conductivity and ϕc and σc are the volume
fraction and intrinsic conductivity of the conducting phase, respec-
tively. Here, the ionic conductivity of homopolymer (PVBnHexIm-
TFSI) was used as σc. Figure 7 compares the normalized con-
ductivity for theblock copolymer sampleswith a lamellar (17.0mol%)
and lamellar + cylindrical (8.6 mol %) morphology, correspond-
ing to ϕc = 0.50 and 0.34, respectively (see Supporting Informa-
tion for detailed volume fraction calculations). For the 17.0 mol %
sample, the normalized in-plane conductivity ranges from 0.41
to 0.61, which is smaller than the predicted morphology factor,
f = 2/3, for randomly oriented lamellae,23,37 suggesting that this

sample has additional resistances that contribute to slightly less
than ideal conductivities (e.g., grain boundaries). Figure 7 also
shows that in the temperature range below 100 �C, the normal-
ized conductivity is∼0.42. However, above 100 �C, the normal-
ized conductivity increases from ∼0.42 to ∼0.61. Interestingly,
100 �C corresponds to the glass transition temperature of the
styrene block, suggesting that the glass�liquid transition of the
nonconducting microphase can impact ionic conductivity. A similar
phenomenon was observed in previous work in ionic liquid-doped
block copolymers.25 For the 8.6 mol % sample, the normalized
conductivity ranges from 0.03 to 0.05, which is an order of
magnitude smaller than the predicted morphology factor, f = 1/3,
for randomly oriented conducting cylinders.23,37 Since this sample
exhibits coexistence between lamellae and cylinders, one would
predict f to be an intermediate value between that expected for
cylinders and lamellae (1/3 < f < 2/3). This probably results from
a lack of macroscopic connectivity of cylindrical microdomains
across the film or other morphological defects that significantly
limit ion conduction.
For the ionic conductivity data presented thus far, all of the

polymer films were prepared by solvent casting. To examine the
sole effect of morphology on ionic conductivity, the conductivity
of the POIL diblock copolymer at a single POIL composition
(8.6 mol %) was measured using two different film preparation
techniques: solvent casting andmelt pressing. Figure 8 shows the
results, where the solvent-cast film, which exhibits good long-
range order, has an in-plane conductivity approximately one order
of magnitude higher than the more poorly ordered melt-pressed
film. This result again exemplifies the importance of high degrees
of connectivity among conducting domains, as morphological
defects and grain boundaries serve as effective “dead ends” for ion
conduction.

’CONCLUSION

We synthesized a series of PS-b-PVBn(alkyl)ImTFSI diblock
copolymers with varying compositions by post-polymerization
functionalization of PS-b-PVBCl with homologous N-alkylimi-
dazoles (alkyl = CH3, n-C4H9, and n-C6H13). The block copo-
lymers microphase separate into cylinders, lamellae, or coexistence
of cylinders+lamellae with varying degrees of long-range order

Figure 7. Plot of the normalized ionic conductivity or morphology
factor f as a function of temperature for PS-b-PVBnHexImTFSI-17.0
(green 1) and PS-b-PVBnHexImTFSI-8.6 (violet 2) that emphasizes
the effects of morphology and defects on block copolymer conductivity
and highlights an increase in the conductivity of PS-b-PVBnHexImTF-
SI-17.0 near the glass transition temperature of poly(styrene).

Figure 8. Temperature-dependent ionic conductivity for PS-b-PVBn-
HexImTFSI-8.6 films prepared by solvent-casting (violet 2) and melt-
pressing (orange 1).
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depending on their composition and film-preparation technique
(solvent-casting vsmelt-pressing). Lamellar samples with similar
compositions exhibited comparable values of conductivity (∼0.1
mS cm�1 at 150 �C) regardless of imidazolium alkyl substituent.
For a compositionally varied series of PS-b-PVBnHexImTFSI
diblocks, conductivity was dependent on POIL composition,
morphology, and degree of long-range order. For a lamellar sample
(17.0 mol % POIL), conductivity was approximately 5-fold less
than for the corresponding homopolymer. Moreover, in compar-
ing a lamellar sample (17.0 mol %) to a lamellar + cylindrical
coexistence sample (8.6 mol %), conductivity dropped off by
more than an order of magnitude, indicating the potential for
cylindrical domains to suffer from morphological defects and grain
boundaries that decrease macroscopic connectivity and im-
pede conductivity. Two films of a single sample (8.6 mol %) pre-
pared by different techniques exemplified the importance of long-
range order to achieve high conductivity, as the well-ordered
solvent-cast film exhibited conductivities one order of magnitude
greater than the poorly ordered melt-pressed film. Low POIL
composition samples (2.7 and 7.1 mol % POIL) having poorly
ordered cylindrical morphologies exhibited low conductivities
below the measurement detection limit due to a large number of
morphological defects (e.g., grain boundaries and “dead ends”). It
is evident from this work that the conductivity of microphase
separated ion conducting membranes are dependent on nanoscale
morphology, specifically, the degree of connectivity of ionic domains.
In particular, samples exhibiting a hexagonally packed cylinders
morphology with a minority conducting phase (ϕPOIL < 0.5) suffer
from poor ionic conductivity due to their propensity for morpho-
logical defects and grain boundaries.
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