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A polymerized ionic liquid (PIL) diblock copolymer with a long alkyl side-chain, poly(MMA-b-MUBIm-
Br), was synthesized at various compositions from an ionic liquid monomer, (1-[(2-methacryloyloxy)
undecyl]-3-butylimidazolium bromide) (MUBIm-Br), and a non-ionic monomer, methyl methacrylate
(MMA). The PIL diblock copolymer was synthesized via post-functionalization from its non-ionic pre-
cursor PIL diblock copolymer, poly(MMA-b-BrUMA) (BrUMA ¼ 11-bromoundecyl methacrylate), which
was synthesized via the reverse addition fragmentation chain transfer (RAFT) polymerization technique.
Differential scanning calorimetry reveals two distinct constant glass transition temperatures (Tgs) with a
low PIL segment Tg. These PIL block copolymers result in easily processable, flexible, transparent films
with high mechanical strength. A high bromide ion conductivity of 64.85 mS cm�1 at 80 �C and 90% RH
was measured for the PIL diblock copolymer with an ion exchange capacity (IEC) of 1.44 meq/g (23.3 mol
% MUBIm-Br). Interestingly, this result was three times higher than its analogous PIL homopolymer
(2.75 meq/g; 100 mol% MUBIm-Br) and an order of magnitude higher than a PIL block copolymer from a
previous study with similar chemistry, similar IEC, higher water content, but shorter alkyl side-chain
length. Ion conductivity did not scale as expected with water content, which is unusual for water-
assisted ion transport (e.g., protons, hydroxide, chloride) in ion-containing polymers, and therefore
suggests other mechanisms that impact ion transport in PIL block copolymers.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Polymerized ionic liquid (PIL) block copolymers are a distinct set
of block copolymers that combine the properties of both PILs and
block copolymers [1e5]. More specifically, the unique physi-
ochemical properties of PILs include high solid-state ionic con-
ductivity, high chemical, thermal and electrochemical stability, and
widely tunable physical properties (e.g., via anion exchange), while
block copolymers are known to self-assemble into a range of
nanostructures (e.g., body-centered cubic spheres, hexagonal cyl-
inders, bicontinuous gyroid, lamellae). In the solid-state, this self-
assembly results in materials that can accelerate the transport of
ions and small molecules within continuous nanostructured
channels, where the PIL chemistry within these channels offer
unique property advantages, such as high electrochemical stability
for hydroxide or lithium ions or high preferential sorption affinity
for carbon dioxide. These features have led to a recent exploration
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of PIL block copolymers for a number of applications, including gas
separations [6,7], electrochemical transducers [8], and fuel cells [9].

Transport in PIL block copolymers differs from other work on
ion transport (conductivity)emorphology studies in block co-
polymers, where previous studies typically involve a mixture of
either a solid salt (e.g., Li salt) or molten salt (e.g., ionic liquid (IL))
with a neutral block copolymer [10e15]. In these mixtures, the
cations and anions migrate simultaneously to provide ion con-
duction. Contrastingly, PIL block copolymers are single-ion con-
ductors, where one ion is covalently attached to the polymer chain
(e.g., cation) and the counterion is mobile (e.g., anion). Typical
counterions in PILs are fluorinated (e.g., bis(tri-
fluoromethanesulfonyl)imide; TFSI) resulting in a hydrophobic
polymer, where ion transport in the anhydrous polymer is dictated
by the segmental dynamics of the polymer chains (VogeleFulchere
Tammann behavior with temperature) [16]. However, when these
counterions are exchanged with other anions (e.g., hydroxide), the
PIL becomes hydrophilic and ion transport is dictated by a water-
mediated mechanism (Arrhenius behavior with temperature)
[17]. Understanding how nanostructured morphology in PIL block
copolymers impacts the transport of both types of ions is of
quid diblock copolymers with long alkyl side-chain length, Polymer
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importance for applications, such as gas separations and energy
storage for the former type and fuel cells and water purification for
the latter type. Recently, there have been several fundamental in-
vestigations on conductivityemorphology relationships in PIL
block copolymers [1e5]. For fluorinated counterions (e.g., TFSI),
morphology type [1,3], the extent of long-range order [1,4], the
strength of micro-phase separation [2,3], and the glass transition
temperature of the PIL microdomain [3,5] have all shown to have a
significant impact on ion conductivity in PIL block copolymers.

More recently, the transport of other counterions, which are of
interest for this present investigation, such as bromide and hy-
droxide, in PIL block copolymers has been explored, where these
counterions are facilitated by a water-mediated transport mecha-
nism. The conductivity of these counterions is of interest for alka-
line exchange membrane (AEM) fuel cells and water purification
applications [9]. Recent work in our laboratory [9] synthesized and
investigated the bromide and hydroxide conductivity in a PIL
diblock copolymer poly(MMA-b-MEBIm-Br) or poly(methyl meth-
acrylate-b-1-[(2-methyacryloyloxy)ethyl]-3-butylimidazolium
bromide). In this previous work, the PIL block copolymer with
17.3 mol% MEBIm-Br composition or 1.4 meq/g ion exchange ca-
pacity (IEC) showed a high bromide conductivity of 5.67mS cm�1 at
80 �C and 90% RH. The bromide conductivity of this PIL block
copolymer was over an order of magnitude higher than its analo-
gous PIL random copolymer (at the same IEC and water content)
over a temperature range of 30e80 �C at high humidity (90% RH).
This was a product of the strong micro-phase separation (lamellae)
in the PIL block copolymer, where no microphase separation was
evident in the PIL random copolymer. Surprisingly, the bromide ion
conductivity in this PIL block copolymer was higher than its anal-
ogous PIL homopolymer, which had a higher IEC (3-fold) and water
content (2-fold) than the block copolymer. It is not clear why the
bromide ion conductivity was higher in the block copolymer
compared to the homopolymer as this has not been evidenced
before in water-assisted ion transport in block copolymers to the
authors’ knowledge [18]. Similar conductivity trends were also
observed for hydroxide ion conductivity in these PIL polymers as
well, where the PIL block copolymer had a hydroxide conductivity
of 25.46 mS cm�1 at 80 �C and 90% RH at a low water content.

To date, there are only few reports of water-assisted ion con-
ductivity in PIL block copolymers. However, several recent reports
have investigated water-assisted ion transport in block copolymers
for alkaline fuel cells [9,19e21]. Watanabe and coworkers [19]
investigated hydroxide ion conductivity in aromatic multiblock
copolymers of poly(arylene ether)s containing covalently attached
quaternary ammonium cations. A high hydroxide ion conductivity
of 144 mS cm�1 at 80 �C in liquid water for the block copolymer
with an IEC of 1.93 meq/g was measured, which was w3 times
higher than its analogous random copolymer at an IEC of 1.88 meq/
g. The higher conductivity in the block copolymer compared to the
random copolymer was attributed to a strong micro-phase sepa-
ration observed in the block copolymer via electron microscopy.
Coughlin and co-workers [20] synthesized and investigated the
morphology and conductivity of the block copolymer poly(styrene-
b-vinyl benzyl trimethylammonium hydroxide), PS-b-[PVBTMA]
[OH]. A hydroxide conductivity of 12.55 mS cm�1 at 80 �C and 90%
RH was measured for the block copolymer with an IEC of 1.36 meq/
g. Differences in hydroxide conductivity were observed between
block copolymers of varying IEC, which was attributed to differ-
ences in morphology type and d-spacing observed with small-
angle X-ray scattering. Knauss and coworkers [21] synthesized
bromide and hydroxide conducting poly(phenylene oxide) block
and random copolymers and measured a bromide and hydroxide
conductivity of 26mS cm�1 (90 �C; 95% RH) and 84mS cm�1 (80 �C;
95% RH), respectively, for the block copolymer with an IEC of
Please cite this article in press as: Nykaza JR, et al., Polymerized ionic li
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1.27 meq/g. Similar to the work of Elabd and coworkers [9], the
block copolymer showed a higher conductivity compared to its
analogous random copolymer.

Several of the recent observations in water-assisted ion trans-
port in anion exchange block copolymers, such as ion conductivity
higher in a block copolymer compared to its random copolymer,
has previously been observed in cation exchange block copolymers
(e.g., sulfonated block copolymers) [18]. However, the recent
observation of ion transport higher in a block copolymer compared
to its analogous homopolymer is unique and is of interest to explore
further [9]. In this study, a PIL block copolymer was synthesized
with a similar chemistry to a former study, poly(MMA-b-MEBIm-
Br), however, the PIL chemistry was modified to incorporate a
longer alkyl side-chain length (from C ¼ 2 to C ¼ 11). This should
lower the glass transition temperature of the PIL domain and
therefore produce more flexible films under dry conditions at room
temperature. We are interested in the properties and conductivity
of these new materials, particularly the conductivity of the block
copolymer compared to its homopolymer.

In this paper, a PIL diblock copolymer with a long alkyl side-
chain was synthesized, poly(MMA-b-MUBIm-Br), at various com-
positions comprising of a PIL component (1-[(2-methacryloyloxy)
undecyl]-3-butylimidazolium bromide) (MUBIm-Br) and a non-
ionic component (MMA). Poly(MMA-b-MUBIm-Br) was synthe-
sized via post-functionalization from its non-ionic precursor
PIL diblock copolymer, poly(MMA-b-BrUMA) (BrUMA ¼ 11-
bromoundecyl methacrylate), which was synthesized via the
reverse addition fragmentation chain transfer (RAFT) polymeriza-
tion technique. An analogous PIL homopolymer, poly(MUBIm-Br),
was synthesized by conventional free radical polymerization for
comparison. The thermal, mechanical, and conductivity properties
of these PILs were investigated in this study.

2. Experimental

2.1. Materials

4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (chain
transfer agent (CTA), >97%, HPLC), tetrahydrofuran (THF, �99.9%),
N, N-dimethylformamide (DMF, 99.9%, HPLC), methanol (99.9%,
HPLC), acetonitrile (anhydrous, 99.8%), calcium hydride (CaH2,
95%), lithium bromide (LiBr, �99%), 11-bromo-1-undecanol
(98%), 1-butylimidazole (98%), magnesium sulfate (anhydrous,
ReagentPlus�, 99%), triethylamine (�99.5%), methacryloyl chloride
(97%, stabilized with 200 ppm monomethyl ether hydroquinone
(MEHQ)), dichloromethane (ACS reagent, �99.5%, contains 50 ppm
amylene stabilizer), dimethyl sulfoxide-d6 (DMSO-d6, 99.9% atom%
D, contains 0.03% v/v TMS) and chloroform-d (CDCl3, 99.96 atom %
D, contains 0.03% v/v TMS) were used as received from Sigmae
Aldrich. Azobisisobutyronitrile (AIBN, 98%, SigmaeAldrich) was
purified by recrystallization twice from methanol. Methyl meth-
acrylate (MMA, 99%, SigmaeAldrich) was purified by distillation
over CaH2 at a reduced pressure. Ultrapure deionized (DI) water
with resistivity ca. 16 MU cm was used as appropriate.

2.2. Synthesis of 11-bromoundecyl methacrylate monomer

A typical synthesis method for the bromine terminated mono-
mer, 11-bromoundecyl methacrylate (BrUMA), which has been
synthesized in a previous publication [22], is shown in Scheme 1(1)
and includes adding 37.4 g (148.89 mmol) of 11-bromo-1-undecanol
and 80mL of dichloromethane to a three-neck 500mL flask in an ice
bath. Under nitrogen, a mixture of 15.24 g (150.61 mmol) of trie-
thylamine and 40 mL of dichloromethane was slowly added to the
flask, followed by a slow addition of a mixture of 15.75 g
quid diblock copolymers with long alkyl side-chain length, Polymer
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Scheme 1. Synthesis of 11-bromoundecyl methacrylate (BrUMA) monomer.a
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(150.67 mmol) of methacryloyl chloride and 30 mL of dichloro-
methane using an addition funnel. The reaction mixture was stirred
at room temperature for 18 h and thenwas filtered. The liquid filtrate
was washed with 250 mL DI water four times. The water layer was
removed using a separation funnel and the residual water in the
organic layer was removed with anhydrous magnesium sulfate. The
organic solvent was removed by vacuum,which yielded a clear liquid
of 11-bromoundecyl methacrylate (BrUMA). Yield: 23.33 g (51%). 1H
NMR (500 MHz, CDCl3, 23 �C) d (ppm): 6.02e6.00 (s, 1H, HCH]
C(CH3)), 5.67e5.64 (s, 1H, HCH]C(CH3)), 4.1e4.05 (t, 2H, OeCH2e),
3.53e3.49 (t, 2H,eCH2eBr),1.89e1.86 (s, 3H, CH2]C(CH3)), 1.8e1.75
(m, 2H, OeCH2eCH2e), 1.64e1.56 (m, 2H, eCH2eCH2eBr), 1.4e1.22
(m, 14H, OeCH2eCH2e(CH2)7eCH2eCH2eBr).
2.3. Synthesis of PMMA macro-CTA

The preparation of PMMA macro-chain transfer agent (macro-
CTA) is shown in Scheme 2(1). 25.88 g of MMA (258.49 mmol),
142.2 mg of CTA (0.509 mmol), 21.4 mg of AIBN (0.130 mmol) were
mixed with 8.5 mL THF in a 250 mL single-neck Schlenk flask. The
flask was subjected to three freezeepumpethaw degassing cycles
followed by sealing the reactor and carrying out the reaction under
static vacuum at 70 �C for 5 h. The resulting polymer was twice
precipitated in methanol and dried under vacuum in an oven at
room temperature for 24 h. Yield: 9.07 g of solid particles (35.15%).
1H NMR (500 MHz, CDCl3, 23 �C) d (ppm): 7.92e7.32 (m, C6H5) 3.60
(s, 3H, OeCH3), 2.0e1.76 (d, 2H, CH2eC(CH3)), 1.2e0.8 (d, 3H, CH2e

C(CH3)); Mn ¼ 19.8 kg mol�1 (NMR). SEC (THF, 40 �C):
Mn ¼ 19.3 kg mol�1, Mw/Mn ¼ 1.17 (against PS standards).
2.4. Synthesis of precursor diblock copolymer poly(MMA-b-BrUMA)

The synthesis of the non-ionic precursor block copolymer pol-
y(MMA-b-BrUMA) is shown in Scheme 2(2). A typical example is
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Scheme 2. Synthesis of poly(MMA-b
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given as follows. 1.0 g (0.052 mmol) of PMMA macro-CTA in THF
(PMMA/THF 1/5 w/w) was added to a 50 mL Schlenk flask. Then a
mixture of 2.43 g (7.61 mmol) of 11-bromoundecyl methacrylate
(BrUMA) in THF (BrUMA/THF 1/1 w/w) and 2.09 mg (0.013 mmol)
AIBNwere added to the flask and subjected to three freezeepumpe
thaw degassing cycles. After degassing, the reactor was sealed and
the reaction was carried out under vacuum at 70 �C for 6 h. The
resulting polymer was twice precipitated in methanol. The block
copolymer was filtered and then dried under vacuum in an oven at
room temperature for 24 h. Yield: 1.78 g (51.9%). 1H NMR (500MHz,
CDCl3, 23 �C) d (ppm): 4.0e3.9 (s, 2H, OeCH2eCH2-), 3.7 (s, 3H, Oe
CH3), 3.56e3.38 (t, 2H, eCH2eCH2eBr), 2.0e1.70 (d, 2H, CH2e

C(CH3)), 1.65e1.52 (2H, m, OeCH2eCH2-), 1.45e1.30 (2H, s, eCH2e

CH2eBr), 1.35e1.2 (m, 14H, OeCH2eCH2-(CH2)7eCH2eCH2eBr),
1.00e0.77 (3H, m, CH2eC(CH3)); Mn ¼ 34.5 kg mol�1 (NMR). SEC
(THF, 40 �C): Mn ¼ 28.4 kg mol�1, Mw/Mn ¼ 1.48 (against PS
standards).

2.5. Synthesis of PIL diblock copolymer poly(MMA-b-MUBIm-Br)

The synthesis of the ionic PIL block copolymer (poly(MMA-b-
MUBIm-Br-23.3)) is shown in Scheme 2(3), i.e., functionalization of
non-ionic precursor block copolymer to form ionic PIL block
copolymer. A typical example is given as follows. 0.99 g
(0.029 mmol) of poly(MMA-b-BrUMA) in DMF (poly(MMA-b-
BrUMA)/DMF ¼ 1/2 w/w) and 0.933 g (7.51 mmol) of 1-
butylimidazole (BrUMA/1-butylimidazole 1/3 mol/mol) were
added to a 50 mL vial and reacted at 70 �C for 72 h. The resulting
polymer was precipitated into hexane three times and dried under
vacuum in an oven at room temperature for 24 h. Yield: 1.77 g of
solid particles (91.6%). 1H NMR (500 MHz, DMSO-d6, 23 �C) d (ppm)
9.68 (s, 1H, NeCH]N), 8.0e7.7 (d, 2H, NeCH]CHeN), 4.3e4.2 (d,
4H, NeCH2eCH2eCH2), 4.0e3.9 (t, 2H OeCH2eCH2e), 3.7 (s, 3H,
OeCH3), 1.88 (s, 4H, CH2eC(CH3), NeCH2eCH2eCH2]CH3), 1.52 (m,
2H, OeCH2eCH2e), 1.3e1.1 (m, 18H, OeCH2eCH2e(CH2)8e, Ne
CH2eCH2eCH2eCH3), 1e0.85 (s, 6H, NeCH2eCH2eCH2eCH3, CH2e

C(CH3)), 0.75 (s, 3H, CH2eC(CH3)). Mn ¼ 41.5 kg mol�1 (NMR).

2.6. Synthesis of precursor homopolymer poly(BrUMA)

The synthesis of the non-ionic precursor homopolymer, poly(-
BrUMA), was performed using conventional free-radical polymer-
ization as shown in Scheme 3(1). A typical example is given as
follows. 4.0 g (12.57 mmol) of BrUMA monomer in DMF (BrUMA/
DMF 1/2 w/w) and 10.4 mg (0.064 mmol) AIBN were mixed in a
200 mL round bottom flask and reacted under N2 for 3.5 h at 65 �C.
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a(1) AIBN, DMF, 65 °C, 3.5 h; (2) 1-butylimidazole, DMF, chloroform, 70 °C, 72 h. 
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Scheme 3. Synthesis of poly(MUBIm-Br) homopolymer.a
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The resulting polymer was precipitated into methanol twice and
dried under vacuum in an oven at room temperature for 24 h. Yield:
0.62 g of solid particle (15.5%). 1H NMR (500 MHz, CDCl3, 23 �C)
d (ppm): 3.9e3.8 (s, 2H, OeCH2eCH2e), 3.5e3.3 (m, 2H, eCH2e

CH2eBr), 1.85e1.75 (d, 2H, CH2eC(CH3)),1.60e1.47 (2H, m, OeCH2e

CH2e), 1.40e1.32 (2H, s,eCH2eCH2eBr), 1.32e1.1 (m,14H, OeCH2e

CH2e(CH2)7eCH2eCH2eBr), 0.95e0.75 (3H, m, CH2eC(CH3)). SEC
(THF, 40 �C): Mn ¼ 43.23 kg mol�1, Mw/Mn ¼ 4.28 (against PS
standards).

2.7. Synthesis of PIL homopolymer poly(MUBIm-Br)

The synthesis of the ionic PIL homopolymer, poly(MUBIm-Br), is
shown in Scheme 3(2), i.e., functionalization of non-ionic precursor
homopolymer to form ionic PIL homopolymer. A typical example is
given as follows. 0.5258 g (0.012 mmol) of poly(BrUMA) was first
dissolved in 1mL chloroform in a 50mL vial. 0.614 g (4.94mmol) 1-
butylimidazole (poly(BrUMA)/1-butylimidazole, 1/3 mol/mol)
along with 2 mL DMF were then mixed into the vial. The solution
was reacted at 70 �C for 72 h. The resulting polymer was precipi-
tated into hexane three times and dried under vacuum in an oven at
room temperature for 24 h. Yield: 0.452 g of solid particles (63.2%).
1H NMR (500 MHz, DMSO-d6, 23 �C) d (ppm): 9.75e9.6 (s, 1H, Ne
CH]N), 8.05e7.75 (d, 2H, NeCH]CHeN), 4.3e4.15 (d, 4H, NeCH2e

CH2eCH2), 4.0e3.9 (t, 2H OeCH2eCH2e), 1.85e1.75 (s, 4H, CH2e

C(CH3), NeCH2eCH2eCH2eCH3), 1.55e1.45 (m, 2H, OeCH2eCH2e),
1.3e1.1 (m, 18H, OeCH2eCH2e(CH2)8e, NeCH2eCH2eCH2eCH3),
0.9e0.85 (s, 3H, NeCH2eCH2eCH2eCH3), 0.75 (s, 3H, CH2eC(CH3)).

2.8. Solvent-casting PIL block copolymer and homopolymer films

PIL block copolymer, poly(MMA-b-MUBIm-Br), films were
fabricated by first dissolving the polymer in anhydrous acetonitrile
(10% w/w) and subsequently casting onto Teflon substrates (ca.
35 mm (L) � 4 mm (W) � 0.525 mm (T)) under ambient conditions
for 24 h. The polymer films were subsequently annealed under
vacuum at 150 �C for 72 h. PIL homopolymer, poly(MUBIm-Br),
films were fabricated by dissolving the polymer in anhydrous
acetonitrile (12.5% w/w) and casting on glass substrates under
ambient conditions for 24 h followed by annealing under vacuum
at room temperature for 72 h. These annealed films were used to
characterize physical properties. The film thickness, ranging be-
tween 100 and 200 mm, were measured with a Mitutoyo digital
micrometer with �0.001 mm accuracy.

2.9. Characterization

All chemical structures, PIL compositions, and number-average
molecular weights were characterized by 1H NMR spectroscopy
Please cite this article in press as: Nykaza JR, et al., Polymerized ionic li
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using a Varian 500 MHz spectrometer at 23 �C with either CDCl3 or
DMSO-d6 as the solvent. The chemical shifts were referenced to
tetramethylsilane (TMS). The molecular weights and molecular
weight distributions of PMMA macro-CTA, non-ionic precursor
block copolymers, and non-ionic precursor homopolymer were
determined by size exclusion chromatography (SEC) using aWaters
GPC system equipped with a THF Styragel column (Styragel@HR 5E,
effective separation of molecular weight range: 2e4000 kg mol�1)
and a 2414 reflective index (RI) detector. All measurements were
performed at 40 �C. THF was used as the mobile phase at a flow rate
of 1.0 mL/min. PS standards (Shodex, Japan) with molecular
weights ranging from 2.97 to 591 kg mol�1 were used for calibra-
tion. Glass transition temperatures (Tgs) were determined by dif-
ferential scanning calorimetry (DSC; TA Instruments, Q200) over a
temperature range of �100 to 150 �C at a heating/cooling rate of
10 �C/min under a N2 environment using a heat/cool/heat method.
Tg was determined using the midpoint method from the second
thermogram heating cycle.

The ionic (bromide) conductivities of the polymer films were
measured with electrochemical impedance spectroscopy (EIS,
Solartron, 1260 impedance analyzer, 1287 electrochemical inter-
face, Zplot software) over a frequency range of 1 Hze107 Hz at
300 mV. Conductivities were collected under humidified condi-
tions, where temperature and relative humidity where controlled
by an environmental chamber (Tenney, BTRS model). The in-plane
conductivities of the PIL films were measured in a cell with four-
parallel electrodes, where 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 high x-intercept of the semi-circle
regression of the Nyquist plot. Conductivity was calculated by us-
ing the following equation: s¼ L/AR, where L and A are the distance
between two inner electrodes and the cross section area of the
polymer film (A ¼ Wl; W is the film width and l is the film thick-
ness), respectively. Samples were allowed to equilibrate for 1 h at
each temperature and humidity followed by sixmeasurements, one
every 10 min, at the equilibrium condition. The values reported are
an average of these steady-state measurements. An average error of
<5% was observed between these multiple steady-state values and
duplicate experiments. For conductivity measurements in liquid
water, polymer films were immersed in DI water for 1 h and then
placed in the four-electrode cell. Liquid water was added to the cell
and on top of the film to maintain full hydration throughout the
experiment. Six steady state scans were performed and the average
of these was reported.

Water uptake or content was measure with dynamic vapor
sorption (DVS, TA Instruments Q5000). A dry sample was first
loaded into the DVS and preconditioned at 0% RH and 30 �C for 2 h
to remove any residual water in the sample. Only a small weight
quid diblock copolymers with long alkyl side-chain length, Polymer
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loss (<0.5%) was observed during this 2 h period and the loss in
mass did not changewell before the end of this 2 h time period. The
temperature was systematically changed to a constant value at a
fixed humidity and the film was allowed to equilibrate for 2 h at
each condition. Therewas no change inmass prior to the end of this
2 h equilibration period indicating that equilibrium water sorption
was reached. The polymer water content [wt%; g H2O/g dry
polymer � 100] was calculated as follows:

WH2O ¼ W �W0

W0
� 100% (1)

where W0 and W are the dry and wet polymer weights measured
before and after the DVS experiment, respectively.

Mechanical properties (stressestrain behavior) of the polymer
films were measured using a Kato KES G1mechanical tensile tester.
Stressestrain curves were acquired using the KES G1 with the C
load cell in place and the sensitivity set to 0.2 kg/V with the 10�
multiplier set for sensitivity and the crosshead speed set to
0.084 cm/s. The Kato KES G1 outputs data in voltage. Conversion
from voltage to engineering stress was achieved via the following
equations:

F ¼ ma ¼ ðSÞðVÞðgÞ (2)

s ¼ F
A

(3)

where F is the force [N], S is sensitivity [0.2 kg/V], V is the output
voltage, g is acceleration due to gravity [9.8 m s�2], s is the engi-
neering stress [MPa], and A is the cross-sectional area of the film
tested [m2]. Sample strain was calculated using:

ε ¼ lf � lo
lo

� 100% (4)

where ε is the engineering strain, lf is the final length, and lo is the
original length. The Young’s (elastic) modulus was found using only
the elastic regime of the output data and is calculated using as
follows:

E ¼ s

ε

(5)

where E is the Young’s modulus [MPa] and s and ε are the stress and
strain in the elastic regime, respectively. The sample sizes for this
experiment were 3.0 mm� 15mm� 0.1 mm and the samples were
prepared using the same procedure as that for samples used in the
conductivity experiments. A small amount of epoxy (Loctite 0.85-
ounce plastic syringe epoxy quick set) was applied to the film
ends to improve gripping of the sample in the C load cell. A mini-
mum of three samples were tested to ensure repeatability and the
average and standard deviation of these repeated experiments
were reported.

3. Results and discussion

3.1. Synthesis and chemical characterization

We synthesized a series of polymerized ionic liquid (PIL) diblock
copolymers (poly(MMA-b-MUBIm-Br)) with long alkyl side-chain
length (C ¼ 11) at various MUBIm-Br (or PIL) compositions and
its analogous PIL homopolymer (poly(MUBIm-Br)). Non-ionic pre-
cursor PIL block copolymers and PIL homopolymer were first syn-
thesized via reversible addition-fragmentation chain transfer
(RAFT) polymerization and conventional free-radical
Please cite this article in press as: Nykaza JR, et al., Polymerized ionic li
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polymerization, respectively. The non-ionic precursor block co-
polymers and homopolymer were subsequently post-
functionalized to form ionic PIL block copolymers and PIL
homopolymer.

The synthesis of the precursor IL monomer, (11-BrUMA), is
shown in Scheme 1(1). The chemical structurewas confirmed by 1H
NMR and is shown in Fig. 1. The precursor IL monomer was poly-
merized by conventional free radical polymerization to form the
precursor PIL homopolymer, poly(BrUMA), as shown in Scheme
3(1). 1H NMR was used to confirm that no unreacted monomer
remained in the polymer from the disappearance of the double
bond peaks at 6.01 and 5.68 ppm that were evidenced in the
monomer. The reaction conditions and molecular weight of poly(-
BrUMA) are listed in Table 1. The non-ionic precursor PIL homo-
polymer was then subjected to a post-functionalization reaction to
covalently attach the imidazolium cation onto the bromine termi-
nated alkyl chain to form a PIL homopolymer with a bromide anion
(Br), poly(MUBIm-Br), as shown in Scheme 3(2). Complete func-
tionalization of the PIL homopolymer was confirmed and calcu-
lated by 1H NMR as shown in Fig. 1 by relative integrations of
resonance “f” versus resonance “h” (i.e., f/1/(f/1þ h/4)) (see Table 2).

The synthesis of PIL block copolymers first consisted of poly-
merizing precursor block copolymers (poly(MMA-b-BrUMA)) at
various BrUMA compositions via living/controlled polymerization
(RAFT) (Scheme 2 (2)). The BrUMA composition was characterized
by 1H NMR as shown in Fig. 1. The non-ionic precursor block co-
polymers were then converted to charged PIL block copolymers
(poly(MMA-b-MUBIm-Br)) via post-functionalization reaction
(Scheme 2 (3)). 1H NMR was used to determine complete func-
tionalization of the block copolymers as shown in Fig. 1. Block
copolymer compositions were calculated from relative integrations
of resonance “l” versus resonance “i” (i.e., l/1/(l/1 þ i/3)).

Typical SEC results for the precursor PIL homopolymer, PMMA
macro-CTA, and precursor PIL block copolymer (at 23.3 mol%
BrUMA) are shown in Fig. 2. Molecular weights and polydispersity
determined from SEC for precursor PIL block copolymers at all
BrUMA compositions are listed in Table 1. Fig. 2 clearly indicates an
increase of molecular weight from the PMMA macro-CTA
(Mn ¼ 19.3 kg mol�1) to the precursor PIL block copolymer (pol-
y(MMA-b-BrUMA-23.3), 23.3 mol% BrUMA, Mn ¼ 28.43 kg mol�1).
TheMn of PMMAmacro-CTAmeasured by SEC is in good agreement
with the result calculated from 1H NMR (Mn¼ 19.8 kgmol�1, Fig. 1).
The molecular weight of the precursor PIL homopolymer was
higher than the PIL block copolymers (Mn ¼ 43.27 kg mol�1) and
the polydispersity was higher (Mw/Mn ¼ 4.28) due to the use of
conventional free radical polymerization. A series of precursor PIL
block copolymers were synthesized with BrUMA compositions
ranging from 5.4 to 37.9 mol%. The compositions and reaction
conditions are listed in Table 1.

3.2. Thermal properties

Fig. 3 shows glass transition temperatures (Tgs) of the non-ionic
precursor PIL block copolymers and the ionic PIL block copolymers
as a function of BrUMA and MUBIm-Br compositions, respectively.
Both sets were compared to a PMMA homopolymer control (0mol%
BrUMA or MUBIm-Br) and to their respective precursor PIL or PIL
homopolymer controls (100 mol% BrUMA and MUBIm-Br, respec-
tively). Note that the PMMA homopolymer control was synthesized
by RAFT polymerization (i.e., PMMA macro-CTA), while the pre-
cursor PIL and PIL homopolymers were synthesized by free radical
polymerization. Two distinct Tgs that do not change with compo-
sition are expected for strongly micro-phase-separated block co-
polymers. Fig. 3a shows that the Tgs for both the PMMA and
precursor PIL homopolymers (poly(BrUMA)) are 124 �C and�48 �C,
quid diblock copolymers with long alkyl side-chain length, Polymer
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respectively. The precursor PIL block copolymers show two distinct
constant Tgs that are similar to the homopolymer Tgs over the
BrUMA composition range of 12.3e37.9 mol%. Only one glass
transitionwas observed for the block copolymer at 5.4mol% BrUMA
composition, which may be due to the relatively low BrUMA
composition.

Fig. 3b shows that the Tgs for both the PMMA and PIL homo-
polymers (poly(MUBIm-Br)) are 124 �C and �14 �C, respectively.
Notice that the post-functionalization of the precursor PIL homo-
polymer to form the PIL homopolymer (attachment of the imida-
zolium cation) raises the Tg from �48 �C to �14 �C. Similar to the
non-ionic precursor PIL block copolymers in Fig. 3a, the ionic PIL
Please cite this article in press as: Nykaza JR, et al., Polymerized ionic li
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block copolymers in Fig. 3b show two distinct Tgs over the MUBIm-
Br composition range of 12.3e37.9 mol%. However, although the
MMA segment in the PIL block copolymers have a similar Tg
compared to the PMMA homopolymer, the Tg of the PIL segment in
the PIL block copolymers are consistently higher compared to the
PIL homopolymer by approximately 40 �C. This was unexpected,
but may be the result of differences in chain dynamics regarding
ionic interactions within the micro-domain compared to the ho-
mopolymer, which results in an even further elevation of the Tg.

The comparison between Fig. 3a and b shows that functionali-
zation of the homopolymer to covalently attach the imidazolium
cation results in an elevation of Tg from �45 �C to �14 �C. This Tg
quid diblock copolymers with long alkyl side-chain length, Polymer



Table 1
Reaction conditions, molecular weight of non-ionic precursor block copolymers and
homopolymer.

Precursor block copolymers
and homopolymera

mol% Recipeb Mn

(kg mol�1)c
Mn

(kg mol�1)d
PDId

poly(MMA-b-BrUMA-5.4) 5.4 10:1:0.1 19.8 þ 3.4 22.52 1.19
poly(MMA-b-BrUMA-12.3) 12.3 35:1:0.1 19.8 þ 7.76 26.45 1.26
poly(MMA-b-BrUMA-17.3) 17.3 50:1:0.1 19.8 þ 10.9 27.51 1.33
poly(MMA-b-BrUMA-20.3) 20.3 60:1:0.1 19.8 þ 12.8 30.42 1.38
poly(MMA-b-BrUMA-23.3) 23.3 100:1:0.1 19.8 þ 14.7 28.43 1.48
poly(MMA-b-BrUMA-37.9) 37.9 150:1:0.1 19.8 þ 23.9 31.26 1.46
poly(BrUMA) 100 20:0:0.1 e 43.27 4.28

a b ¼ block copolymer, numbers correspond to BrUMA mol%, which was deter-
mined from 1H NMR spectroscopy.

b A:B:C ¼ BrUMA:PMMA-CTA:AIBN (in mol).
c Calculated from 1H NMR spectroscopy.
d Determined by SEC.
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Fig. 2. SEC chromatograms of PMMA macro-CTA, precursor block copolymer (poly(-
MMA-b-BrUMA-23.3)), and precursor homopolymer (poly(BrUMA)).
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elevation is the result of introducing ionic groups, where is it is
known that electrostatic interactions among covalently attached
ionic moieties results in increasing the Tg in ionomers [23]. Inter-
estingly, the PIL segment of the PIL block copolymer elevates the Tg
even further from �14 �C to w24 �C when comparing to the PIL
homopolymer. A shift in Tg from the homopolymer to the block
copolymer sometimes indicates a weak micro-phase separation,
however, this is usually indicated by both Tgs deviating from their
respective homopolymer Tgs and also these two Tgs changing with
composition. In Fig. 3b, only the PIL segment Tg in the PIL block
copolymer deviates from the PIL homopolymer Tg and it remains
constant over the entire composition range investigated. This de-
viation suggests another mechanism. We hypothesize that the
polymer chain dynamics associated with electrostatic interactions
within the PIL micro-domains differ compared to the homopoly-
mer. Previous work in our laboratory reported on a PIL block
copolymer with similar chemistry, poly(MMA-b-MEBIm-Br), where
the primary difference to the block copolymer in this study was the
alkyl side-chain length between the backbone and the imidazolium
cation (C¼ 2 in previous work compared to C¼ 11 in this work) [9].
The Tg of the PIL segment of poly(MMA-b-MEBIm-Br) in this pre-
vious work was reported as 103 �C compared to 24 �C for poly(-
MMA-b-MUBIm-Br) reported in this work. Clearly, increasing the
alkyl side-chain length results in an approximate 75e80 �C
depression in the PIL segment Tg. This depression in the PIL
segment Tg in the PIL block copolymer may have benefits to con-
ductivity and mechanical properties.
3.3. Mechanical properties

The PIL block copolymers were solution cast into free-standing
films for mechanical property analysis, where Fig. 4 shows both
Table 2
PIL block copolymers and homopolymer.

Sample namea mol% wt.% IECb Tg (�C)c

Poly(MMA-b-MUBIm-Br-5.4) 5.4 20.2 0.47 131
Poly(MMA-b-MUBIm-Br-12.3) 12.3 38.3 0.93 23, 124
Poly(MMA-b-MUBIm-Br-17.3) 17.3 48.1 1.19 24, 125
Poly(MMA-b-MUBIm-Br-20.3) 20.3 53.0 1.32 26, 127
Poly(MMA-b-MUBIm-Br-23.3) 23.3 57.3 1.44 27, 125
Poly(MMA-b-MUBIm-Br-37.9) 37.9 73.0 1.90 23, 124
Poly(MUBIm-Br)d 100 100 2.75 �14

a Numbers correspond to PIL mol%, which was determined from 1H NMR
spectroscopy.

b Calculated as meq Imþ per g of polymer.
c Determined by midpoint method.
d PIL homopolymer.
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flexible and transparent films can be produced at ambient condi-
tions. Note that the Tg of the PIL segment isw24 �C, where a further
reduction in that Tg should be expected upon water sorption. An
estimated 50 �C Tg reduction was calculated upon water sorption
using the FloryeFox equation.

The mechanical properties of the PIL block copolymer
poly(MMA-b-MUBIm-Br-23.3) were tested at ambient conditions
(w50% RH and w23 �C) and compared to Nafion 212 (the most
frequently cited polymer membrane in fuel cells) and are listed in
Table 3. Poly(MMA-b-MUBIm-Br-23.3) was chosen for the me-
chanical property measurements due to having the highest con-
ductivity at 80 �C and 90% RH as discussed in the next section and
will be the PIL composition of choice for future research for elec-
trochemical applications. The PIL block copolymer results in a
maximum tensile strength of 12.1 MPa, Young’s modulus of
0.74 GPa, and elongation at break of 3.4%. Compared to Nafion 212,
the PIL block copolymer has similar tensile strength and a three-
fold higher Young’s modulus and a significantly lower elongation
at break. The mechanical properties measured here for Nafion 212
agree well with previous literature results. [24]

The low elongation at break is due to the relatively high
composition (76.7 mol%) of glassy PMMA in the PIL block copol-
ymer. However, the high composition of PMMA allows for a high
modulus for the PIL block copolymer, which is required for elec-
trochemical applications, such as alkaline fuel cells. Pure PMMA has
an elongation of break of <10% and a Young’s modulus of w3 GPa
[25]. This is one of the advantages of using block copolymers, where
one block provides high mechanical strength (MMA), while the
other provides accelerated transport properties (MUBIm-Br).

3.4. Conductivity

Fig. 5a shows bromide ion conductivity at 90% RH as a function
temperature for all PIL block copolymers and PIL homopolymer.
The bromide conductivity in all polymers follows an Arrhenius
behavior with temperature at high humidity with activation en-
ergies decreasingwith increasing IEC (i.e., MUBIm-Br composition):
96.6, 54.7, 81.1, 86.2, 39.4 kJ mol�1. The PIL homopolymer exhibits
the lowest activation energy of 18.2 kJ mol�1. At 50 �C and 90% RH,
the PIL homopolymer has the highest conductivity of
quid diblock copolymers with long alkyl side-chain length, Polymer
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12.51 mS cm�1 of all polymers and the PIL block copolymer with
the highest IEC (1.90 meq/g; 37.9 mol% MUBIm-Br) has the highest
conductivity among the PIL block copolymers of 8.67 mS cm�1.
Interestingly, at 80 �C and 90% RH, all of the PIL block copolymers
(with the exception of lowest composition of 5.4 mol% MUBIm-Br)
have higher conductivities compared to the homopolymer. Similar
results (higher conductivity in block copolymer compared to its
analogous homopolymer) were recently observed for a PIL block
copolymer with similar chemistry, but shorter alkyl side-chain
length [9]. We hypothesize that water-assisted ion mobility is
accelerated in these PIL block copolymers compared to PIL homo-
polymers due to nanochannel phase-separated domains. It is not
clear why these results are temperature dependent in this study,
where this was not observed in our previous study [9]. The highest
conductivity at 80 �C and 90% RH is 64.85 mS cm�1 for the PIL block
copolymer at 1.44 meq/g IEC (23.3 mol% MUBIm-Br), while the PIL
homopolymer has a conductivity of 21.37 mS cm�1 at these similar
conditions. Interestingly, the bromide conductivity at these condi-
tions for this PIL block copolymer poly(MMA-b-MUBIm-Br)
(64.85 mS cm�1) is an order of magnitude higher than the PIL block
copolymer poly(MMA-b-MEBIm-Br) (5.67 mS cm�1) from our
previous study with similar chemistry, similar IEC, higher water
content, but shorter alkyl side-chain length [9]. These results
Table 3
Mechanical properties of PIL block copolymer poly(MMA-b-MUBIm-Br-23.3).

Sample Tensile
strength (MPa)

Young’s
modulus (GPa)

Elongation
at break (%)

Poly(MMA-b-MUBIm-Br-23.3) 12.1 � 2.6 0.74 � 0.06 3.4 � 1.1
Nafion 212 19.3 � 2.1 0.22 � 0.05 189.0 � 7.1
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further suggest that water-assisted ion transport is highly
morphology dependent. Morphology characterization is not trivial
as it is dependent on water content in the polymer and is beyond
the scope of this current investigation; an in-depth morphology
analysis as a function of humidity is currently underway in our
laboratory and will the subject of a future study.

The impact of water on bromide ion transport is of interest,
since a primary transport mechanism in ion-containing polymers is
awater-assisted process [17]. Fig. 5b shows thewater content in the
polymers at high humidity as a function of temperature measured
by dynamic vapor sorption. The polymer equilibrium water con-
tents are constant over this temperature range, but increase with
increasing IEC from approximately 4e21wt%, where the highest PIL
block copolymer composition is w14 wt% and the PIL homopoly-
mer isw21 wt%. There does not appear to be a clear trend between
bromide conductivity of different polymers and absolute water
content, specifically since the trends between conductivity and IEC
appear to be temperature dependent, while water content appears
to be temperature independent. In other words, it is not clear why
ion conductivity relatively increases with increasing IEC and water
content at 50 �C and 90% RH, but appears to decrease with
increasing at 80 �C and 90% RH (Fig. 5c) with the exception of the
PIL block copolymer at 5.4 mol% BrUMA composition (0.47 meq/g).
This phenomenon is unusual for water-assisted ion transport (e.g.,
protons, hydroxide, chloride) in ion-containing polymers and
therefore suggests othermechanisms impact transport phenomena
in PIL block copolymers. Fig. 5d also shows that bromide ion con-
ductivity increases with increasing IEC at a low temperature
(w23 �C) when saturated in liquid water similar to the results
observed at 50 �C and 90% RH.

Although previous work has shown proton transfer in
imidazolium-containing polymers, we do not expect proton
quid diblock copolymers with long alkyl side-chain length, Polymer
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transfer in this imidazolium-bromide chemistry [14,26]. Previous
work in our laboratory on the investigation of water in
imidazolium-bromide containing polymers using in situ FTIR-ATR
spectroscopy shows no evidence of protonated water [9]. This
suggests that the conductivity measured in this single-ion
conductor polymer system is solely due to bromide ions.

4. Conclusions

A series of bromide conducting PIL diblock copolymers, poly(-
MMA-b-MUBIm-Br), with long alkyl side-chain length, were suc-
cessfully synthesized via post-functionalization of the non-ionic
precursor block copolymer, poly(MMA-b-BrUMA), which was
synthesized via reversible addition-fragmentation chain transfer
(RAFT) polymerization. The PIL block copolymer at 1.44 meq/g
(23.3 mol% MUBIm-Br) resulted in flexible, transparent films with
highmechanical strength (0.74 GPamodulus) and high bromide ion
conductivity (64.85mS cm�1 at 80 �C and 90% RH). At 80 �C and 90%
RH, the conductivity of the PIL block copolymer (1.44 meq/g) was
three times higher than its analogous PIL homopolymer (2.75 meq/
g; 100 mol% MUBIm-Br) and an order of magnitude higher than a
Please cite this article in press as: Nykaza JR, et al., Polymerized ionic li
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similar PIL block copolymer with shorter alkyl side-chain length. At
50 �C and 90% RH, conductivity increases with increasing PIL
composition (IEC), but at 80 �C and 90% RH, conductivity decreases
with increasing IEC. This unusual result warrants further study into
the conductivityemorphology relationships in PIL block co-
polymers, specifically as a function of humidity and temperature,
since these are conditions of interest for applications, such as
alkaline fuel cells.
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