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A B S T R A C T

Understanding the interactions between ionic liquids and polymers is crucial for the design of higher con-
ductivity solid polymer electrolytes. In this work, thermal analysis is used to study the interactions between a
hydrophobic ionic liquid, 1-ethyl-3-methylimadazolium bis(trifluoromethylsulfonyl)imide (EMI TFSI), and
random zwitterionic copolymers of 2-methacryloyloxyethyl phosphorylcholine (MPC) and sulfobetaine vinyli-
midazole (SBVI). The zwitterionic copolymers are highly hygroscopic, readily absorbing water from the ambient
atmosphere. After absorption, the water displaces EMI TFSI from the zwitterionic groups resulting in crystal-
lization of most of the ionic liquid when cooled to sub ambient temperatures. Upon reheating, absorbed water is
removed and the ionic liquid remains in close association with the copolymers. Removal of the water leads to
strong interactions between the zwitterions and the ionic liquid, causing plasticization that lowers the glass
transition temperature (Tg) and inhibits EMI TFSI crystallization. Analysis of the glass transition reveals that the
ionic liquid decreases Tg significantly below the predicted copolymer Tg, and that the copolymer backbone is
stabilized by the formation of dipolar crosslinks between zwitterionic side groups of the same species.

1. Introduction

Ionic liquids are molten salts at room temperature, and have been
the focus of studies for safer electrical energy storage technologies due
to their negligible volatility and wide electrochemical and thermal
stability windows [1,2]. To further improve the safety of an ionic liquid
for energy storage applications, a common strategy is to support the
liquid phase electrolyte using a solid matrix, such as a polymer or in-
organic nanoparticle network, in order to reduce the possibility of
leakage and improve mechanical stability. Immobilizing the liquid in a
solid framework to create a composite material referred to as an ionogel
(or ion gel) has been widely investigated, and a variety of polymers
have been used for this purpose [3,4]. Choice of the scaffold material
can greatly influence the properties of the ionogel, so a number of
studies have been performed in order to better understand the effect of
polymer chemistry on gel performance and stability. In particular, there
is an interest in identifying polymers that can interact with the ionic
liquid favorably to promote better ion dissociation and transport within
the gel, resulting in higher ionic conductivity [5,6].
Recently, a class of polymers, polyzwitterions, has gained attention

in the field of electrochemical energy storage. These are polymeric
molecules synthesized from zwitterionic repeat units that each contain

an equal number of covalently linked anionic and cationic charged
groups. While the polymer is overall neutral, polyzwitterion functional
groups possess a large dipole moment, which can result in strong in-
teractions with salts and polar molecules. Polyzwitterions are similar to
another class of polymers bearing a high density of charged moieties,
namely, poly(ionic liquids) (PILs) [7,8]. PILs are polymers in which the
repeat monomer unit is itself an ionic liquid, which endows the material
with properties of both an ionic liquid and a polymer [7,9]. Typically,
PILs have one ionic center covalently linked to the backbone with a free
counterion that is usually localized around the covalently linked ionic
center. The counterions in a PIL can become delocalized by thermal or
chemical means, which results in ionic mobility and charge conduction
in PILs [9,10]. Polyzwitterions, on the other hand, are synthesized from
one or more zwitterionic monomers, which do not themselves provide
any mobile ionic charge carriers. Limited studies in the field of elec-
trochemical energy storage have shown that zwitterionic additives can
enhance the performance of lithium electrolytes due to enhanced ion
dissociation [11,12]. Works by Ohno et al. [13–15] demonstrated so-
lubilization of a lithium salt due to strong coordination with zwitterions
and studied the effects of different zwitterion chemistries. Studies of
zwitterionic polymers in hydrogel systems have revealed that the for-
mation of physical cross-links through dipole-dipole interactions can
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significantly enhance the mechanical stability of the gel leading to more
robust materials [16,17]. Thus, the properties of a gel can potentially be
enhanced through careful selection and incorporation of zwitterionic
functional groups into the polymer scaffold.
A few recent studies have also incorporated zwitterionic polymer

scaffolds into ionogels to produce gels with both high ionic conductivity
and mechanical stability [18,19]. In these studies, it was observed that
varying the concentration of different zwitterionic monomers within
the copolymer scaffold resulted in very different ionic conductivities
and compression elastic moduli of the ionogels [18,19]. In addition, a
potential benefit was observed when using more than a single zwit-
terionic chemistry within the copolymer scaffold. However, in order to
properly tune gel properties, a thorough understanding of the balance
between self-interactions of the zwitterionic groups as well as zwit-
terion/ion interactions is needed. Thermal analysis is one method by
which we can further investigate these interactions between zwitter-
ionic copolymers and ionic liquids.
In this study, we use thermal analysis to investigate a series of

random fully zwitterionic copolymers composed of sulfobetaine viny-
limidazole, (SBVI) and 2-methacryloyloxyethyl phosphorylcholine
(MPC) polymerized within the ionic liquid 1-ethyl-3-methylimadazo-
lium bis(trifluoromethylsulfonyl)imide (EMI TFSI) via in situ photo-
polymerization. The monomers, copolymer, and ionic liquid are shown
in Fig. 1. This method of polymerization naturally yields an ionogel
[19,20], trapping ionic liquid within the copolymer network. To study
the zwitterionic copolymer itself, the ionic liquid is first removed from
the ionogel using a syneresis approach.
The ionic liquid was removed to the extent possible by syneresis, so

that the polyzwitterion would be the majority component, and could be
studied without being overwhelmed by the contributions of the IL.
Solvent extraction could also be potentially employed to remove ionic
liquid, but we purposefully aimed to minimize any disturbance to the
zwitterionic polymer structure here through the use of the syneresis
approach. We utilize thermogravimetry (TG), as well as Fourier
Transform infrared spectroscopy (FTIR) to investigate the thermal sta-
bility of the zwitterionic copolymers, and to identify the presence of
residual ionic liquid. We use temperature modulated differential scan-
ning calorimetry (TMDSC) and differential fast scanning calorimetry
(FSC) to investigate the glass transition temperature (Tg) of these co-
polymers and to measure plasticization due to residual ionic liquid. Our

results indicate that the thermal behavior of the zwitterionic polymers
is greatly influenced by the presence of both ionic liquid and absorbed
water. We also observe that the introduction of two distinct zwitterionic
species serves to destabilize the formation of dipolar crosslinks in the
copolymers, resulting in values for Tg lower than what is predicted by
the Fox Equation.

2. Experimental section

2.1. Sample synthesis

2.1.1. Materials
The ionic liquid, EMI TFSI, was purchased from EMD Performance

Materials (> 99 %, Solarpur®) and stored in a N2-filled glove box
(< 0.1 ppm O2) until the time of use. Zwitterionic monomer 2-metha-
cryloyloxyethyl phosphorylcholine (MPC) was purchased from Sigma
Aldrich (97 % purity), dried overnight at 70 °C in a vacuum oven, and
stored in a vacuum desiccator until time of sample preparation.
Zwitterionic monomer sulfobetaine vinylimidazole (SBVI) was synthe-
sized with a yield of 85 % according to a procedure outlined in a pre-
vious report [21], washed three times with diethyl ether to remove
unreacted components, then dried and stored in the same fashion as
MPC. 2-hydroxy-2-methylpropiophenone (HOMPP) was the photo-
initiator used for synthesis and was purchased from Sigma Aldrich (97
% purity) and stored in the N2-filled glove box until time of use.

2.1.2. Ionogel fabrication
UV-initiated free radical polymerization in situ within the ionic li-

quid was employed for preparation of the initial ionogels in this study.
The zwitterionic monomers were mixed into EMI TFSI at a concentra-
tion of 25mol% total monomer content (varying the SBVI:MPC molar
ratio). The zwitterion/IL solution was stirred overnight on a hotplate at
55 °C in a N2-filled glove box and no noticeable polymerization of the
monomers was observed during this step (i.e. no increase in solution
viscosity over time). An ionogel formulation having a 1:1M ratio of
SBVI:MPC was produced, for example, by mixing 76mg of MPC
monomer and 55mg SBVI monomer in 600mg of EMI TFSI (i.e. 82wt.
% IL). Then, 2 wt.% (of the total monomer concentration) HOMPP was
added to the zwitterion/IL precursor solution, stirred for an additional
1min, and then the solution was irradiated with a UV lamp at 365 nm

Fig. 1. Chemical structures of: a) zwitterionic monomer SBVI; b) zwitterionic monomer MPC; c) their resultant random copolymer SBVI-r-MPC [19]; and, d) the ionic
liquid EMI TFSI.
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(Spectronic Corp., 8W) for 10min to produce an ionogel via in situ
photopolymerization. After gelation, all samples were stored in the
nitrogen-filled glove box overnight before use. The appearance of the
gels varied from opaque white (SBVI-rich) to translucent (1:1
SBVI:MPC) to fully transparent (MPC-rich), which indicated a differ-
ence in solubility of the two zwitterions in EMI TFSI [19]. Following the
completion of polymerization, the ionogels were heated on a hot plate
at 80 °C to cause syneresis of the gel. The spontaneous expulsion of
ionic liquid during this step was caused by the absorption of water
vapor from the ambient atmosphere, due to the hygroscopic nature of
the zwitterionic polymer scaffold. This syneresis occurs at room tem-
perature; however, the process was assisted by reducing the ionic liquid
viscosity at the elevated temperature. After the gel contracted, residual
ionic liquid was blotted away and the polymer was placed on the hot
plate for additional heating. This process was repeated for each sample
until no further ionic liquid separation was visible. At this point, the
samples were no longer in the ionogel state
The polyzwitterion samples were then placed in a vacuum oven at

room temperature to remove any moisture absorbed from the atmo-
sphere during the previous steps. The following polyzwitterion/IL
samples were prepared by UV photopolymerization in the ionic liquid
at the following molar ratios of SBVI:MPC monomer: 1:8, 1:2, 1:1, 2:1,
8:1. Pure polymeric MPC (referred to as pMPC) and SBVI (referred to as
pSBVI) were also studied for comparison. All these samples were syn-
thesized in the ionic liquid and will be referred to as polyzwitterion/IL
samples.
Ionic liquid free SBVI polymer (referred to as pSBVI/No IL) was

synthesized by thermal-initiated free-radical polymerization in tri-
fluoroethanol (TFE). First, 15 wt% SBVI monomer and azobisisobutyr-
onitrile (AIBN) (2.5 wt% of monomer) were added to TFE and stirred
until a homogenous solution was obtained. The reaction flask was then
sealed with a rubber septum and purged with nitrogen gas for 30min to
remove oxygen from the system. Finally, the reaction flask was placed
in an oil bath at 70 °C. After 24 h, the reaction flask was removed from
the oil bath and MEHQ was added to the flask to terminate the reaction.
The polymer was then precipitated and washed with acetone.

2.2. Characterization

2.2.1. Infrared spectroscopy
Infrared absorbance spectra were obtained on film samples using a

JASCO FTIR-6200 Spectrometer (JASCO Instruments, Tokyo, Japan), in
attenuated total reflectance mode using a diamond ATR crystal. Spectra
were obtained from 400 to 4000 cm−1 at 4 cm−1 resolution with 256
scans coadded and air background subtracted.

2.2.2. Thermogravimetry
Thermogravimetric analysis (TG) was performed on a TA

Instruments Inc. (New Castle, Delaware) Q500 series thermogravi-
metric analyzer heating at 5 °C/min from 30 °C to 550 °C under N2
purge at 50 mL/min. Sample masses were between 3 and 15mg.

2.2.3. Temperature modulated differential scanning calorimetry
Temperature modulated differential calorimetry (TMDSC) was

performed on a TA Instruments Inc. (New Castle, Delaware) Q100 series
DSC equipped with a refrigerated cooling system, and using dry N2
purge at 50mL/min. Samples between 3 and 5mg were encapsulated in
aluminum pans, and heated at 5 °C/min with a modulation period of
60 s and a temperature amplitude of± 0.796 °C. Scans were performed
using a heat-cool-heat cycle from -80 to 200 °C to remove any thermal
history and eject bound water, and then reheated over the same tem-
perature range. The DSC cell was calibrated for temperature and heat
flow using an indium standard, and heat capacity using a sapphire
standard. In order to obtain high-precision DSC scans, the three runs
calibration technique (empty-empty scan, empty-sapphire scan, empty-
sample scan) was used [22].

2.2.4. Fast scanning calorimetry
Fast scanning calorimetry was carried out on the Mettler Toledo

Flash DSC1, using UFS1 chip sensors. Prior to measurements each chip
was conditioned using the manufacturer’s procedure 5 times, then
scanned from -80 °C to 400 °C at the same heating and cooling rates
used for the samples. pSBVI/No IL films were spun cast from TFE to
obtain films less than 10 μm in height to avoid thermal lag [23,24].
Films were cut with a scalpel and placed on the sensor using a soft
copper wire. Samples were heated and cooled at 2000 K/s to avoid
thermal degradation. The experimental heat flow data were corrected
by subtracting the empty sensor scan, followed by a symmetry correc-
tion protocol used in FSC [25–27]. Sensor temperature calibration was
done by correcting the measured temperatures to the onset of tin
melting. Tin calibrant was placed on 500 nm thick piece of gold foil and
loaded onto a clean sensor. After measuring the melting onset, the tin
and gold foil were removed, and the sample was loaded onto the chip.
All sample temperatures were corrected using this method.

3. Results and discussion

3.1. Presence of ionic liquid in copolymers

In order to determine the presence of any residual EMI TFSI in the
polyzwitterion/IL samples after drying we utilized FTIR. The normal-
ized absorption spectra of the copolymers are shown in Fig. 2. Several
characteristic peaks, related to unique chemical structures in Fig. 1a,b,
can be seen to vary with specific monomer content. The MPC specific
OeC]O carbonyl ester peak at 1720 cm−1, N+(CH3) stretching at
966 cm−1, and -POCH2 group at 1084 cm

−1 all increase with increasing
MPC content [28]. The SBVI specific SO3

− symmetric stretching at
1035 cm−1, increases with increasing SBVI content [29]. No peaks are
seen from polymerizable monomer functional groups, indicating a high
degree of polymerization in agreement with previous work done on the
ionogel system [21,30]. NMR spectroscopy measurements done on io-
nogels made in EMI TFSI were carried out in a previous study and
showed the disappearance of peaks in 1H NMR that were attributed to
the methacrylate and vinyl protons of MPC and SBVI [19]. In addition,
photopolymerization in IL has been well-studied and is known to in-
crease polymerization rates and radical lifetimes leading to higher
conversion and molecular weights [31–33]. The absence of the poly-
merizable group in the FTIR spectra combined with previous NMR
studies and in situ photopolymerization, allow us to conclude that
polymerization goes to completion, with no monomer remaining in the
samples. We also can use FTIR to measure water content in these
samples by focusing on the eOH absorption bands associated with
water in the range of 2700 – 4000 cm−1. This water content analysis is
shown as Fig. S1a,b in the Supplementary Information, and is described

Fig. 2. FTIR absorbance spectra of polyzwitterion/IL samples, pMPC, pSBVI,
and EMI TFSI. Dashed lines indicate characteristic peaks of pMPC (red), pSBVI,
(blue) and EMI TFSI (black) (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.).
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in detail there.
The pure ionic liquid absorbance is also included in Fig. 2, and its

characteristic peaks are marked with black dashed lines [34]. We see
several of these peaks in the spectra of the polyzwitterion/IL samples,
indicating that even after drying some ionic liquid remains in the
samples. In particular the peaks located at 1331 cm−1 and 1350 cm−1,
arising from two antisymmetric SO2 stretching modes, are good in-
dications of the presence of EMI TFSI in the samples [34]. This confirms
that even after gel contraction and EMI TFSI drying, the poly-
zwitterion/IL samples contain residual ionic liquid. The key difference
after gel contraction is that the polymeric component is now the ma-
jority component in this system.

3.2. Thermal stability of copolymers

Thermogravimetry was employed to assess the thermal stability of
the polyzwitterion/IL samples. Fig. 3a shows the thermogravimetric
scans of the copolymers and the ionic liquid EMI TFSI from room
temperature to 550 °C when heated at 5 °C/min. Three regions of mass
loss were observed in the thermogravimetric scan and are indicated in
Fig. 3a. Region 1 from room temperature up to ∼250 °C corresponds to
removal of bound water. Region 2 from 250 °C to ∼425 °C corresponds
to the main copolymer degradation. Region 3 from 425 °C to 550 °C
comes from residual char burn off. Zwitterionic polymers tend to be
hydrophilic and hygroscopic, and they were observed to readily absorb
water from the ambient atmosphere [29,35,36]. To minimize the
amount of absorbed water, the polyzwitterion/IL samples were stored
in a vacuum oven at 25 °C for a minimum of 24 h prior to any thermal
analysis.
Water in polymeric systems can be classified as unbound freezing

water, bound freezing water, and bound nonfreezing water [37]. We
remove the unbound freezing water after storage in the vacuum oven.
Water observed in DSC and TG is bound water, either freezing or
nonfreezing. Because we never observe a water crystallization exo-
therm or ice melting endotherm in DSC, within McGrath’s framework
[37] the water in our system is classified as bound nonfreezing water.
Fig. 3b shows a zoomed in view of region 1 showing the change in mass
that arises from the ejection of strongly bound water. The removal of

water appears as a sigmoidal mass loss step that reaches a plateau
around 200 °C. The mass percentage of strongly bound water is de-
termined by measuring the mass lost from room temperature to the
plateau value [38]. This gives a measure of the relative affinity for
water of the different samples. The pMPC sample showed the greatest
content of bound water, with 18.5 % water lost in region 1, while the
1:2 copolymer showed the lowest content of bound water, at 4.3 %. All
the polyzwitterion/IL samples containing both monomers showed
smaller content of bound water than the pSBVI or pMPC species. FTIR
results indicate the presence of some ionic liquid in the samples. The
hydrophobic ionic liquid could affect the amount of bound water. A TG
plot of the 1:2 copolymer in the ionogel state (see Supplementary In-
formation, Fig. S2) shows ∼0.5 % water loss from 30 °C–300 °C. For
comparison, the non-gel state loses ∼5.2 % water over the same tem-
perature range. Water uptake in the non-gel samples, where most of the
ionic liquid was removed, is a result of the polyzwitterion’s hydrophilic
nature. From these results, we can identify the zwitterionic polymer as
the component actively absorbing water from the environment, while
inclusion of the ionic liquid inhibits water uptake. For this reason,
differences in bound water content cannot be attributed solely to dif-
ferences in the polyzwitterion/IL samples’ affinities for water.
Region 2 in Fig. 3a corresponds to the main degradation of the

polyzwitterion/IL samples. To better highlight variations among the
different polyzwitterion/IL samples, the derivative thermogravimetric
(DTG) spectra are plotted in Fig. 3c,d. Fig. 3c shows pSBVI and pMPC
and the ionic liquid DTG spectra. pMPC shows three distinct degrada-
tion steps, with derivative maxima at 280 °C, 367 °C and 388 °C. pSBVI
shows one main degradation with derivative maximum at 355 °C. The
degradation of the ionic liquid occurs over a broad temperature range,
with an onset ∼300 °C and a peak ∼425 °C. Despite this overlap with
the degradation profile of the pMPC and pSBVI, neither MPC nor SBVI
exhibit a degradation profile having a DTG peak at the same tem-
perature as the ionic liquid. The rest of the polyzwitterion/IL samples
DTG spectra are collected in Fig. 3d. The polyzwitterion/IL samples all
exhibit the underlying pSBVI and pMPC peaks to varying degrees, and
the DTG peak at 280 °C scales with the content of pMPC. We cannot
identify any clear peak from the ionic liquid in the DTG spectra of the
polyzwitterion/IL samples.

Fig. 3. Results of thermogravimetry for poly-
zwitterion/IL samples, with the SBVI:MPC
molar compositions as given, pSBVI, pMPC,
and EMI TFSI heated at 5 °C/min showing mass
remaining (a,b) and derivative of mass loss
(c,d) vs. temperature.· a) Three main regions of
polyzwitterion/IL samples mass loss in the TG
scan correspond to water ejection (region 1),
degradation (region 2), and residual char burn
off (region 3). b) Zoomed in plot of region 1
reveals different levels of bound water among
the polymers. c) Derivative of the mass re-
maining for pSBVI, pMPC, and EMI TFSI in
region 2 reveals the major degradations char-
acteristic of the homopolymers and ionic li-
quid. d) Derivative of the mass remaining, in-
cluding all polyzwitterion/IL samples. The
color scheme in part (a) refers as well to all
other figure parts.
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To determine the temperature at which the ionic liquid is degraded
in the polyzwitterion/IL samples, we use thermogravimetry in con-
junction with FTIR to study any changes in the ionic liquid absorbance
peaks after partial degradation of the sample. First, the absorption
spectra of the pMPC and pSBVI were measured after 24 h in the vacuum
oven, then measured again after heating to the different degradation
peak temperatures shown in their DTG spectra. In order to allow for
comparison of the different samples, the spectra were normalized such
that the total area under the curve was equal to unity.
Fig. 4a shows the absorbance spectra of non-degraded pSBVI, and

pSBVI heated to 355 °C. No major changes can be seen in the SO2
stretching modes at 1331 cm−1 and 1350 cm−1 indicating the ionic
liquid has yet to degrade in the sample. Fig. 4b shows the normalized
pMPC spectra for the non-degraded sample and the samples heated to
280, 367, and 388 °C. By the 3rd degradation temperature, the sample
shows only broad indistinct features in the spectra, indicating that de-
gradation is mostly complete at this temperature. For the first two de-
gradation stages, the SO2 stretching peaks at 1331 cm−1 and
1350 cm−1 (marked by the black dashed lines) become more pro-
nounced. While these peaks become more prominent upon further de-
gradation, the peaks that correspond to the native pMPC at 966 cm−1

and 1084 cm−1 both disappear completely after heating to 367 °C. This
indicates that the pMPC homopolymer degrades before the ionic liquid
does. Therefore, we conclude that no thermal treatment can fully re-
move EMI TFSI from these polyzwitterion/IL samples, without first
degrading the polyzwitterions.

3.3. Influence of bound water on ionic liquid-polymer interactions

Zwitterionic polymers tend to show little or no long-range mole-
cular order and are considered to be fully amorphous [39–41]. Thus,
the only relevant thermal transition expected in these polyzwitterion/IL
samples is a glass transition. We turn to temperature modulated DSC
(TMDSC) in order to investigate these polyzwitterion/IL samples. Fig. 5
shows the total heat flow vs. temperature for the pMPC when heated at
5 °C/min. Upon initial heating (solid red) a sharp endotherm is seen at
−18 °C, followed by a broad endotherm with minimum near 100 °C.
The low temperature endotherm is the melting of EMI TFSI crystals that
formed upon the initial cooling to -80 °C [42,43]. The endotherm near
100 °C results from ejection of absorbed water. As seen in the thermo-
gravimetric scans, the absorbed water is fully removed at 200 °C,
leaving only polymer and ionic liquid. No crystallization or melting of
water is observed, indicating the absorbed water should be classified as
bound nonfreezing water [37]. Upon cooling (solid blue curve), a step
change in the heat flow is seen, indicative of a glass transition. Further
cooling shows no recrystallization of the ionic liquid at its reported
crystallization temperature of −61 °C [42]. Reheating the sample
(dotted red curve) shows a small upward shift in the heat flow, in-
dicating mass loss between the first and second heating scans. The step
change in heat flow is seen again at 57 °C confirming this step as the
glass transition of the sample.

We propose the following explanation for the thermal scans in
Fig. 5. Prior to the first heating, samples contain crystalline ionic liquid
and bound water. The bound water associates with the zwitterionic side
groups, preventing the hydrophobic ionic liquid from interacting
strongly with those side groups. This leads to crystallization of the EMI-
TFSI. During first heating, the crystals of ionic liquid melt and bound
water is removed. At the end of the first heating, the EMI TFSI is in the
liquid state, and there is no more bound water in the sample. Now the
EMI TFSI can associate with the zwitterionic side groups. These inter-
actions between the zwitterion and ionic liquid are strong enough to
prevent the EMI TFSI from being able to recrystallize on cooling, re-
sulting in only the expression of the glass transition. The physical model
shown in Fig. 6 highlights the effect that absorbed water has in these
polyzwitterion/IL samples. The model we propose, as shown in Fig. 6,
can also explain the results seen by Shaplov, et al. in their investigation
of poly ionic liquids (PILs) [10]. In their work, they synthesized a series
of PILs that were polyanionic, polycationic, and random copolymers
containing anionic and cationic moieties. They observed a decrease in
Tg when the counterion in the PILs became delocalized but found there
was no crystallization upon cooling of these materials. Then, upon
dissociation, the counterions behave like a traditional mobile ionic li-
quid trapped inside a polymer matrix, which is analogous to our system
of polyzwitterions with EMI TFSI. Furthermore, they observed an in-
crease in ionic conductivity with increasing humidity of their PILs when
the counterion was of the hydrophobic imidazolium type. The authors
claimed that the increase in conductivity with increasing humidity may

Fig. 4. FTIR absorbance spectra of pMPC and
pSBVI containing EMI TFSI before and after
partial degradation. a) pSBVI before (blue) and
after (red) heating to 355 °C. b) pMPC before
(blue) and after (gold) heating to 280 °C, then
to 367 °C (orange) and finally to 388 °C (black).
Black dashed lines represent EMI TFSI peaks
that become more pronounced upon degrada-
tion of pMPC up to 367 °C, while blue dashed
lines represent pMPC peaks that disappear upon
degradation (For interpretation of the refer-
ences to colour in this figure legend, the reader
is referred to the web version of this article.).

Fig. 5. Total heat flow rate for first heating (bottom, solid red curve), cooling
(top, solid blue curve), and reheating (dotted red curve) plotted versus tem-
perature for pMPC. Three features are indicated: ionic liquid melting, water
ejection, and glass transition temperature (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.).
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arise from the water inhibiting interaction of the hydrophobic coun-
terion with the charged polymer chain. This would result in a greater
delocalization of the counterion from the polymer chain in the PILs,
which is similar to our proposed model in which water prevents in-
teraction of the ionic liquid with the zwitterionic side groups. In our
system, the hydrophobicity of the imidazolium group in EMI TFSI
combined with the hydrophilicity of the zwitterionic groups results in a
delocalization of the ionic liquid from the polyzwitterion.
To test this model, samples that had been dried of water were al-

lowed to reabsorb water. If, as proposed, the absorbed water displaces
the EMI TFSI from around the zwitterionic moieties, then this should
lead to recrystallization of the ionic liquid. We carried out DSC scans on
the polyzwitterion/IL samples at 10 °C/min from -80 to 200 °C to re-
move the absorbed water (Fig. 7a), then exposed these dried samples to
ambient humidity for 1 week to allow for water re-absorption. The
samples were then reheated (Fig. 7b). The ionic liquid melting en-
dotherm can be seen again at −18 °C, confirming that the reabsorbed
water displaces the ionic liquid in these polyzwitterion/IL samples,
leading to EMI TFSI crystallization.

3.4. Ionic liquid-polymer and polymer-polymer interactions

In order to further study the glass transition of these polyzwitterion/
IL samples, we look at the reversing heat flow, as shown in Fig. 8. As the

Fig. 6. Proposed model of interaction of zwit-
terionic copolymer, water, and ionic liquid
EMI TFSI. On the left, prior to water removal
by heating, dipolar crosslinks (intrachain,
shown surrounded by a red circle; interchain,
shown surrounded by a blue circle) and ab-
sorbed water prevent interaction between EMI
TFSI and the zwitterionic groups, instead re-
sulting in aggregation of the ionic liquid. On
the right, after the water is removed by
heating, the EMI TFSI plasticizes the MPC side
groups (shown surrounded by a dashed blue
circle), while still being unable to disrupt the
SBVI cross-links (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the web version of this
article.).

Fig. 7. Total heat flow as a function of temperature for the copolymer with SBVI:MPC=1:8. a) Heating immediately after removal from the vacuum oven removes
bound water; b) The sample dried in part (a) was exposed to ambient humidity for 1 week, and then reheated.

Fig. 8. Reversing heat flow rates for pMPC, pSBVI, and polyzwitterion/IL
samples, with the SBVI:MPC molar compositions as given. Glass transition
temperatures are marked at the midpoint in the reversing heat flow rate in-
crement of the glass transition relaxation process.
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SBVI content of the polyzwitterion/IL samples increases the glass
transition decreases in both temperature and step height. For samples
with the greatest content of SBVI, 8:1 copolymer and pSBVI, Tg dis-
appears entirely. At the same time, we see the return of the EMI TFSI
melting peak at −18 °C in both these samples.
To explain the thermal results of the samples with large content of

SBVI (i.e., 8:1 copolymer and pSBVI), we can examine prior work done
in similar systems. The glass transition temperatures of several sulfo-
betaine polymers have been measured calorimetrically, and the tran-
sition temperature tends to be greater than 100 °C for polymers with
short side group lengths [35,44,45]. Previous work done on ionogels
comprising pSBVI shows that the SBVI monomers have a preference for
self-aggregation rather than interaction with the ionic liquid [19,46]. In
our high SBVI content samples, we suggest that the ionic liquid is un-
able to interact with the zwitterionic side groups due to the greater
number of dipolar cross links formed by the SBVI moieties, as shown in
Fig. 6.
The glass transition of pMPC (without ionic liquid) has previously

been measured to be 175 °C [47], which is considerably higher than
what is seen in Fig. 8. Ionic liquids are known to plasticize polymers
resulting in lower glass transition temperatures [48]. This raises the
question as to whether the decrease in glass transition temperatures
with increasing SBVI content is intrinsic to the underlying polymer or
due to stronger plasticization by EMI TFSI. To isolate the cause of the Tg
decrease seen in Fig. 8, we measured the dependence of the glass
transition temperature as a function of ionic liquid content, which re-
quires knowing the mass of ionic liquid present in the polyzwitterion/IL
samples. We estimate the mass of EMI TFSI in situ for each DSC sample
using the melting endotherm observed during the first heating. To do
this, the heat flow rate data are corrected for the fraction of bound
water using the percentage of bound water determined using thermo-
gravimetry, as done in previous works [38]. Following this correction,
the area of the ionic liquid melting endotherm was measured and di-
vided by the known heat of fusion of fully crystalline EMI TFSI of
53.8 ± 0.1 J/g [43]. The fraction of EMI TFSI determined from the
melting endotherm of the initial heating provides the fraction of crys-
tallizable ionic liquid. This assumes that all the ionic liquid is crystal-
lizing when there is absorbed water present in the samples. There is still
the possibility that there is some non-crystallizable ionic liquid that has
not been delocalized from a zwitterion center. Therefore, the value
determined from the endotherm area is a lower bound on the amount of
ionic liquid. This lower bound slightly affects the Fox equation analysis
of the glass transition behavior.
Tg is then measured on the second heating from the reversing heat

flow rate. The glass transition temperatures as a function of EMI TFSI
fraction are shown in Fig. 9. Samples showed ionic liquid mass fractions
which ranged from 10 to 30 %, and measured Tg values which ranged
over about 20 °C.
There are several possible models to choose for the composition

dependence of Tg in blends of polymers with miscible molecules
[49–51]. These include the Fox [50], Gordon-Taylor [51], and Kwei
[52] models. The Gordon-Taylor or Kwei equations both include addi-
tional adjustable fit parameters that account for inter/intramolecular
interactions [51,52]. To avoid over-constraining our fit, and in con-
sideration of the narrow range of IL compositions in our systems, we
chose to use the Fox model, as it is the simplest model available. The
Fox equation is [50]:

= +

T

x

T

x

T

1 1

g g
EMI TFSI

g
polyzwitterion

(1)

where x is the mass fraction of EMI TFSI, Tg is the measured glass
transition temperature, and Tg

i corresponds to the glass transition of the
pure component [50] (where i= EMI TFSI or polyzwitterion). The Fox
equation has been used previously to describe effects on Tg of small
molecule diluents in polymer systems, including polyzwitterion systems

[50,53]. Furthermore, water in hydrogel systems, as well as ionic li-
quids in ionogel systems, have also been analyzed using the Fox
equation [43,54,55]. Our polyzwitterion systems containing ionic li-
quids are similar to other small molecule/polymer swellant systems
analyzed by the Fox equation. We fit the measured glass transitions to
the above equation by allowing Tg

polyzwitterion to be a fit parameter. Fits
to the Fox equation are shown as solid lines in Fig. 9, and the ionic
liquid-free polymer Tg values are shown as open symbols with the error
bars corresponding to the error in the fit results. The estimated values of
the ionic liquid-free Tg are reported in Table 1.
For MPC we estimate the ionic liquid-free Tg to be 424 ± 42 K,

which agrees to within 6% with the previously measured Tg of 448 K
[47]. Our estimated value is consistent with a slight underestimation of
the ionic liquid fraction present in the sample. We find that the dif-
ferences in Tg for MPC arise from an underestimate of about 3.5 % in
ionic liquid content. The ionic liquid-free glass transition temperatures
for the polyzwitterion/IL samples generally decrease with increasing
SBVI content.
We plot the extrapolated ionic liquid free Tg (estimated from the Fox

analysis) as a function of SBVI content in Fig. 10 (open circles). As SBVI
content increases, the extrapolated ionic liquid free Tg values decrease,
by approximately 100 K. Also shown is the experimentally measured
glass transition temperature of 100 % pSBVI (solid circle) which con-
tains no ionic liquid. This sample, called pSBVI/No IL, was specially
prepared for this purpose. To measure the Tg without degrading the
material it was necessary to use fast scanning calorimetry, FSC. (We
remark parenthetically that use of TMDSC was not successful to study
pSBVI/No IL because the slow heating rates caused the pSBVI/No IL to
degrade before Tg could be seen.) An example FSC thermogram of
pSBVI/No IL heated and cooled at 2000 K/s is shown in the Supple-
mentary Information, Fig. S3. FSC was successful in extending the range
of measurement and minimizing the effects of degradation, leading to a
measured Tg of 245 ± 1 °C (518 K) for pSBVI/No IL. Due to the para-
bolic trend in the glass transition temperatures, the Fox equation (red
dashed line in Fig. 10) cannot accurately describe the data. A more
accurate fit to these data is obtained using Kwei’s model:

=

+

+

+T
xT kT x

x k x
qx x

(1 )

(1 )
(1 )g

g
pSBVI

g
pMPC

(2)

where x is the fraction of SBVI, Tg
i is glass transition temperature of the

pure component (where i= pSBVI or pMPC), and k and q are fit

Fig. 9. Glass transition temperatures of the polyzwitterion/IL samples as a
function of the EMI TFSI fraction: pMPC (red circles), SBVI:MPC 1:8 (dia-
monds), 1:2 (downward pointing orange triangles), 1:1 (upward pointing blue
triangles), and 2:1 (right pointing blue triangles). Filled symbols are measured
data. Tg of the pure ionic liquid (black star) is taken from literature [43]. Solid
curves are fits to the Fox equation, and open symbols are the values of the ionic
liquid-free glass transitions deduced from fits to the Fox equation [50] (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.).
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parameters [52].
The fit to the Kwei equation is shown by the blue curve in Fig. 10,

with the fit parameters given. From our fit we find the parameter
k= 0.99 ± 0.08, which simplifies Eq. (2) to the weighted average of
the components plus a deviation term. Lin et al. [56] sought to provide
a physical interpretation of the k and q fit parameters in Eq. (2), by
investigating 66 blends of poly(vinyl cinnamates) with electron donor
and acceptor functionalizations. When k= 1 and q≠ 0 in their de-
scription, q is proportional to the excess energy needed to stabilize the
polymer backbones [56]. When q>0, the backbones in the mixture
will be more stabilized, resulting in higher Tgs. When q<0, the
backbones are less stabilized resulting in lower Tgs in the mixtures.
Backbone stabilization will occur from interactions with the sur-
rounding polymer chains as well as side group interactions, which has
led to widespread interpretation of the magnitude of the q parameter to
be a measure of interaction/hydrogen bonding strength of the mixture
[52,57–59]. In our system, q = -544 ± 44 which implies the interac-
tion in these systems is very strong. The negative value of q means that
the homopolymers have greater backbone stabilization than the copo-
lymers, which is consistent with the exceptionally high values esti-
mated for the homopolymer Tgs. This is also in agreement with the
observation that the self-interaction in pSBVI is strong enough to pre-
vent interaction with EMI TFSI leading to crystallization of the ionic
liquid.
Therefore, addition of the other zwitterionic component serves to

destabilize the backbone of the homopolymers by disrupting the for-
mation of the dipolar physical crosslinks of the zwitterionic side group.
Furthermore, this implies that a majority of dipolar crosslinks formed in
these systems will be between zwitterionic monomers of the same type.

4. Conclusions

The influence of the ionic liquid EMI TFSI on the interactions of
fully zwitterionic copolymers composed of MPC and SBVI were in-
vestigated using thermoanalytical techniques. Our proposed physical
model (Fig. 6) emphasizes that the interplay between absorbed water,
ionic liquid, and the copolymer affects the thermal properties of the
zwitterionic copolymers.
Thermogravimetry showed that these polyzwitterion/IL samples

were hygroscopic and readily absorbed water from the environment
and were stable to between 200 and 300 °C before the onset of thermal
degradation. FTIR and TG revealed that the polyzwitterion component
degraded before the ionic liquid. TMDSC was used to study the thermal
transitions in these samples and measure the impact of the ionic liquid
on the interactions of the polyzwitterions. pSBVI, and SBVI:MPC 8:1M
ratio showed recrystallization of the ionic liquid after water removal
indicating minimal interactions between the copolymer and ionic liquid
in these samples. In contrast, pMPC and polyzwitterion/IL samples with
the SBVI:MPC molar ratios 1:8, 1:2, 1:1, and 2:1 showed no re-
crystallization of ionic liquid upon cooling to sub ambient tempera-
tures. These samples also expressed a glass transition relaxation pro-
cess, which was not seen with TMDSC in either the pSBVI or 8:1
samples.
We use the Fox equation as a model function where the ionic liquid-

free polyzwitterion network Tg was the fit parameter that was opti-
mized to describe the measured glass transition data and its dependence
on the estimated ionic liquid fraction. The Fox equation results in Fig. 9
demonstrate that the ionic liquid-free Tg in these polyzwitterions is
always larger than the measured Tg because of plasticization of the
polyzwitterion network caused by the ionic liquid content. These ex-
trapolated ionic liquid free Tg’s were modeled successfully using the
Kwei equation to gain insight into the effect of specific zwitterionic
monomer. We see that addition of the different zwitterionic monomers
destabilizes the backbone by weakening the interactions in the system,
resulting in lowering of the copolymer Tgs from their values in the
homopolymers.
The interplay between the absorbed water, ionic liquid and zwit-

terionic groups has a large impact on the thermal properties of these
polyzwitterion/IL samples. The following points summarize the im-
portant conclusions drawn from thermal analysis of these materials:
(1) Liberating bound water from the samples by heating allows the

IL to associate with the polymer, preventing IL recrystallization upon
cooling (Fig. 5).
(2) Reabsorption of water allows water to outcompete IL for inter-

actions with the zwitterionic polymer, leading to IL recrystallization
(Fig. 7).
(3) MPC unit-IL interactions are stronger than SBVI unit-IL inter-

actions (Fig. 8).
(4) The model fits to extrapolate copolymer Tg values free of ionic

liquid (Fig. 9) are dependent on the estimated content of the IL and
represent a lower bound. The extrapolated ionic liquid-free Tgs of the
zwitterionic copolymers are higher than the Tgs measured for the IL-
containing copolymers, showing the plasticization effect caused by the
IL.
(5) Addition of the different zwitterionic monomers destabilizes the

backbone resulting in a decreased Tg compared to the homopolymers.
This destabilization arises from reduced formation of dipolar crosslinks

Table 1
Estimated ionic liquid-free glass transition temperatures of SBVI-r-MPC copolymers according to SBVI:MPC composition.

Copolymer pSBVI/No IL 8:1 2:1 1:1 1:2 1:8 pMPC

Tg [K] 518 ± 1† — 316 ± 16* 359 ± 8* 328 ± 17* 396 ± 17* 424 ± 42*

* Value estimated from fit to Fox equation (uncertainty obtained from least squares fitting).
† Value measured from FSC.

Fig. 10. Extrapolated (open circles) or measured (filled circle) ionic liquid free
glass transition temperature vs. SBVI fraction for SBVI:MPC copolymers. Open
circles are the extrapolated copolymer Tg values obtained from fits to the Fox
equation [50], and the filled black circle for pSBVI/No IL is measured using
FSC. The solid blue curve is the fit to the Kwei equation [52] with fit parameters
k and q as shown. The dashed red curve shows the Tg dependence on compo-
sition predicted by the Fox equation [50] (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.).
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between the SBVI and MPC components in the copolymers which may
promote interactions between the zwitterionic side groups and the ionic
liquid.
These insights into the interactions between ionic liquid, water and

zwitterionic groups will allow for more targeted design of solid poly-
meric based electrolytes for next generation battery technologies.
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