Downloaded via MURRAY STATE UNIV on August 25, 2021 at 15:47:39 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IERAPPLIED
POLYMER MATERIALS

pubs.acs.org/acsapm

Designing lonic Liquid-Derived Polymer Composites from Poly(lonic
Liquid)—lonene Semi-interpenetrating Networks

Kathryn E. O’'Harra, George M. Timmermann, Jason

Cite This: ACS Appl. Polym. Mater. 2021, 3, 1995-2004

E. Bara,* and Kevin M. Miller*

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations ‘

@ Supporting Information

ABSTRACT: While the solvating power of ionic liquids (ILs) for
a variety of solute types including polymers is well-known, the use
of ILs as solvents for ionenes—charged polymers with cationic
moieties within the backbone—has only recently begun to be
explored. IL—ionene combinations offer vast possibilities to make
iongels and perhaps even use ILs to exert control over ionene
organization (i.e, coil or rod). If the IL solvent is also
polymerizable, then poly(IL)—ionene semi-interpenetrating net-
works (semi-IPNs) can be achieved. This study reports, for the
first time, examples of poly(IL)—ionene semi-IPNs formed by
dissolving an ionene in a vinyl-functionalized imidazolium IL
followed by subsequent photopolymerization of the IL around the
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ionene. The resultant poly(IL)—ionene semi-IPNs exhibit greater elasticity and ionic conductivity than the neat poly(IL). Thus, the
addition of 10—20 wt % ionene can lead to significant changes in the properties of poly(IL) materials. Given the limitless possibilities
for IL and ionene structures, this unique type of ionic composite presents vast opportunities for material design.
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B INTRODUCTION

Ionic polymers which contain functional groups akin to those
associated with ionic liquids (ILs) in the repeating unit
represent a diverse class of materials which have been utilized
in a wide variety of applications, from solid polymer
electrolytes' ™ and ion-exchange membranes®’ to CO,
sorbents, gas separation membranes, ™! and antimicrobial
coatings.'"> The ability to fine-tune the nature of the ionic
groups (whether cationic, anionic, or zwitterionic) and their
spacing and location within the polymer architecture has
resulted in a seemingly limitless number of possible designs
and end uses. Much of the recent inspiration for the design of
IL-derived polymers has been directly related to the large
number of tunable, “task-specific” ILs available. Ion-containing
polymers can generally can be classified into two groups based
upon the location of the covalently bound IL group.
Polymerizable ionic liquids (ILs) or poly(ionic liquid)s
(PILs) are ion-containing polymers, wherein a pendant IL
group is present in the repeating unit and share similarities
with classical polyelectrolytes.”'>~"> Tonenes represent the
other sub-class of ion-containing polymers, where the ionic
group (typically cationic) is covalently bound within the
backbone.'*™"®

The most common approach toward the synthesis of PILs is
the polymerization of vinyl, (meth)acrylic, or styrenyl-
substituted IL monomers.””~"”"**° Ohno and co-workers
were the first to comprehensively illustrate how PILs could be
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made through the polymerization of various imidazolium-
functionalized IL monomers.”'~>* From these studies, it was
hypothesized that jon transport and conductivity were
primarily controlled by the flexibility of the pendant linkage.
Several other important works have followed, focusing on the
relationship between polymer/ion structure and ionic con-
ductivity. Generally speaking, using large, non-coordinating
anions, such as bis(trifluoromethylsulfonyl)imide ([NTf,]) (or
other fluorinated anions such as BF, and PF), depresses the
T, of the PIL, leading to relatively high ionic conductivity. 25
Varlous pendant groups [e.g, alkyl, oligo(ethylene glycol) ]
have been employed to further improve flexibility and ion
mobility.'”***” Block copolymer PILs synthesized using either
RAFT or anionic polymerization have also been inves-
tig21ted,.16’28_31 In these systems, the PIL block was found to
form conductive microchannels in the presence of a non-ionic
block such as polystyrene or poly(methyl methacrylate),
leading to relatively high ionic conductivities.

Ionenes prepared from IL-containing monomers are far less
common; however, a few excellent reviews have been written
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which highlight the vast array of step-growth polymerization
approaches used.'®'” The most classical strategy is the use of
the Menshutkin (Sy2) reaction between a tertiary dia-
mine,"®*>** diphosphine,”* or bisimidazole'”'***~** with an
alkyl dihalide (or similar compound). This allows for a great
deal of variation in the linker groups (e.g., alkyl vs aromatic).
Other examples have utilized polyurethane or polyesterification
chemistry to achieve linear ionenes.””~*' Covalently cross-
linked, imidazolium-containing ionene networks have also
been reported, utilizing Michael addition chemistry or thiol—
ene photopolymerization.**~*

Ion transport in ion-containing polymers has been related to
a number of structural features, including the T, molecular
weight, water content (humidity), and morphology of the
polymer—counterion pair.””*"*~*" As PILs are single-ion
conductors, the untethered counterion is the primary driving
force for conduction, and those that are bulkier and non-
coordinating tend to produce higher conduction by increasing
free volume, reflected in reduced T, values, which facilitates
ion hopping.****7°° Additional enhancements in ionic
conductivity have been observed when longer, more flexible
side or linker chains are employed. For example, Long, et al.
related morphology with ionic conductivity in a series of alkyl-
substituted, imidazolium PILs and revealed that larger
counteranions with alkyl chains of moderate length led to
reduced T, values and increased conductivities.”” Other
modifications of PIL or ionene architecture have produced
interesting microstructures/morphologies while improving
ionic conductivity and ion transport. Multi-block PIL
copolymers, several examples of which were previously
referenced, are prime examples, where morphology can be
manipulated through structural changes in order to improve
ion transport and conductivity.'***™>" While there is not a
clear, definitive advantage for using a PIL architecture versus
an jonene, Segalman et al. has demonstrated that utilizing an
ionene structure appears to enhance ion mobility as the
nanostructure was more ordered.”" Increased order results in a
more “percolated” network of anions throughout the material.
Covalently cross-linked ionene networks, when precise control
of functional group ratio is achieved, also appear to exhibit a
more percolated nature as the network forces anions to
disperse more uniformly, as supported by X-ray scattering
data.*>*

Interpenetrating networks (IPN)s are materials where two
distinct polymer species (typically networks) coexist through
noncovalent physical interactions.”> The ability of the two
polymers to exhibit good miscibility and mechanical stability
stems from the effectiveness of their physical entanglements.
Semi-interpenetrating networks (semi-IPNs) are similar in
terms of their ability to form a uniform material through
entanglements; however, one of the polymers involved is not a
network and thus can be physically separated.”® Either of these
approaches allows for the combination of desirable attributes
between two distinct polymers (i.e., thermal and/or mechan-
ical stability, processability, conductivity, and bio-compatibil-
ity), creating a hybrid material which exhibits application-
specific properties. The use of PILs and ionenes in IPNs and
semi-IPNs has been very limited. Vidal and co-workers
prepared the first known IPN which involved a PIL network
prepared from cross-linking an aryl sulfonate-substituted
methacrylate monomer (with imidazolium countercation).**
The two networks (the PIL and the other, a cross-linked
polybutadiene-based polyurethane) were polymerized simulta-
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neously in dimethyl sulfoxide. Dynamic mechanical thermal
analysis showed that the resulting IPN exhibited a single,
uniform tan J peak, indicating good miscibility between the
two networks. Firestone et al. reported a photopolymerized
IPN hydrogel, prepared through the ionic entanglement of two
linear PILs (one cationic and the other anionic).”® X-ray
scattering data indicated that the IPN adopted a lamellar
structure while thermal analysis data supported the hypothesis
that the resulting IPN was homogeneous. Since these initial
findings, several other examples of IPNs and semi-IPNs have
been reported, with a focus on tailoring the polymers toward
specific applications such as gas separation,”® multi-responsive
hydrogels,””*® and solid-state polymer electrolytes.””~®* The
most conductive networks from this group were found to be
on the order of 107* S/cm at 25 °C.

To continue to meet the demand for high-performance
materials with higher ionic conductivities and improved
chemical and mechanical stability, researchers must continue
to probe the relationships that exist between structural
changes, ionic conductivity, and ion transport. Herein, we
report the synthesis and thermal, mechanical, and conductive
properties of a series of semi-IPNs, wherein an imidazolium
PIL network was formed via photopolymerization in the
presence of a linear, imidazolium ionene (10—20 wt %). To
the best of our knowledge, this is the first example of such a
combination, where an ionene has been fully dissolved in an IL
phase. While a number of works have added ILs to ionenes,
particularly for the formation of gas separation membranes, the
resulting ionene + IL materials have still been solid composites.
Mittenthal et al. showed that the very limited solubility of a
polyimide—ionene in [C,mim][NT£,] at 170 °C resulted in
the formation of an ionogel when cooled to room temperature,
with the bulk of the ionene remaining undissolved.” While little
is known about the behavior of ionenes in ILs, it is clear that
there are potentially endless IL—ionene (i.e., solvent—solute)
combinations. If the IL is photopolymerizable, semi-IPNs can
be formed where the ionene morphology (i.e., coil or rod) can
be altered by simply changing the nature of the IL solvent.

In this work, polyamide—ionenes were prepared from amide-
functionalized, bisimidazole monomers inspired by Nylon
chemistry (herein referred to as “AC API”), coupled with
various dihalide linkers, resulting in materials with a variety of
backbones (flexible and rigid). Differential scanning calorim-
etry (DSC) and dynamic mechanical analysis (DMA) were
utilized to analyze the thermal and mechanical properties of
the semi-IPNs, respectively, while anhydrous ionic conductiv-
ities, as determined from dielectric relaxation spectroscopy
experiments, of up to 107> S/cm at 20 °C were observed.

B EXPERIMENTAL SECTION

General. Adipoyl chloride (AC, 98%) was purchased from
BeanTown Chemical. 1-(3-Aminopropyl)imidazole (API, > 97%),
a,a’-dichloro-p-xylene (pDCXy, 98%), potassium carbonate
(K,CO;), and lithium bis(trifluoromethanesulfonyl)imide (LiNTf,)
were purchased from TCI 1,6-Dibromohexane (DiBrHEX, > 97%)
and 1,10-dibromodecane (DiBrDEC, 97%) were purchased from Alfa
Aesar. Dichloromethane (DCM, ACS grade), tetrahydrofuran (THF,
anhydrous), diethyl ether (Et,O, anhydrous), and N-methyl-2-
pyrrolidone (NMP, ACS grade) were purchased from VWR.
Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (TPO, 97%) and
trimethylolpropane ethoxylate triacrylate (ETMPTA, M, ~ 428) were
purchased from Aldrich. An ELGA Purelab Ultra filtration device
produced ultrapure water having a resistivity of 18 M2 cm.
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Scheme 1. Synthesis of AC API Imidazolium-Based Ionenes
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Synthesis of N1,N6-bis(3-(1H-Imidazole-1-yl)propyl)-
adipamide (“AC API”). The amide-functionalized bisimidazole
monomer utilized in this work, “AC API”, was synthesized on a
large scale with high yields. K,CO; (95.15 g, 688 mmol) and API
(43.09 g, 344 mmol) were added to S00 mL of DI H,O ina 1.5 L IKA
batch reactor. AC (30.00 g, 23.8 mL, 164 mmol) was dissolved in 200
mL DCM, which was added slowly to the stirring aqueous phase. The
reactor was equipped with a condenser and was heated at 45 °C for
16 h. The reaction was cooled to RT and transferred to a separatory
funnel. Three phases were apparent, including a low organic phase, a
middle aqueous phase, and a brown oil top layer. This oil was
separated and washed with DI H,O, and then dried under vacuum
overnight (43.12 g, 73%). '"H NMR (500 MHz, DMSO-d;): § 8.00—
7.95 (m, 2H), 7.61 (s, 2H), 7.15 (s, 2H), 6.86 (s, 2H), 3.93 (t, ] = 6.7
Hz, 4H), 2.98 (q, ] = 6.2 Hz, 4H), 2.07 (s, 4H), 1.82—1.75 (m, 4H),
1.46 (s, 4H).

Synthesis of [AC API C(][NTf,]. AC API (2.50 g, 6.94 mmol) and
1,6-dibromohexane (1.69 g, 6.94 mmol) were added with 40 mL
NMP to a 250 mL round-bottom heavy-walled pressure vessel (ace
glass) equipped with a stir bar. The reaction was heated while stirring
for 24 h at 150 °C. The solution was cooled to RT and poured into
DI H,0 with 2.5 eq. of LINTT, (4.98 g, 17.3 mmol) to promote anion
metathesis. The ionene precipitates as a light brown gel; thus, the
water layer was decanted and the polymer was dried for 24 h at 100
°C. To clean each ionene and remove oligomeric content, 100 mL of
THF was added to the polymer, resulting in a lower oily phase
(polymer) and a discolored upper phase (impurities, oligomers)
which was decanted. The bottom layer was precipitated in Et,O to
again yield a gel, followed by decanting the Et,O and drying the
ionene overnight at 100 °C (3.87 g, 56%). 'H NMR (500 MHz,
DMSO-d,): 8 9.16 (s, 2H), 7.90 (s, 2H), 7.78 (s, 4H), 4.16 (br, 8H),
3.37 (s, 4H), 3.05 (d, ] = 5.5 Hz, 4H), 2.08—1.79 (m, 8H), 1.48—1.25
(m, 8H).

Synthesis of [AC APl C;ol[NTf,]. The synthesis of [AC API
CyoJ[NTf,] followed a similar procedure. AC API (2.50 g, 6.94
mmol) and 1,10-dibromodecane (2.08 g, 6.94 mmol) were
polymerized in NMP at 150 °C. The polymer was subsequently
precipitated in DI H,O with 2.5 eq. of LiNTf, (4.98 g, 17.3 mmol)
and purified by the same method with a THF wash and
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reprecipitation in Et,O. The ionene was dried to yield a brown gel
(421 g, 58%). 'H NMR (500 MHz, DMSO-d): 5 9.16 (s, 2H), 7.88
(s, 2H), 7.79 (s, 4H), 4.15 (t, ] = 6.2 Hz, 8H), 3.37—3.31 (dt, ] = 6.9
Hz, 6H), 3.04 (q, ] = 6.0 Hz, 4H), 2.07 (m, ] = 8.0 Hz, 4H), 1.95—
1.85 (m, 4H), 1.79 (s, 4H), 1.48—1.36 (m, 8H).

Synthesis of [AC APl pXylINTf,]. The synthesis of [AC API
pXy][NT£,] followed a similar procedure. AC API (2.50 g, 6.94
mmol) and pDCX (1.21 g, 6.94 mmol) were polymerized in NMP at
150 °C. The polymer was subsequently precipitated in DI H,O with
2.5 eq. of LINTY, (4.98 g, 17.3 mmol) and purified by the same
method with a THF wash and reprecipitation in Et,O. The ionene
was dried to yield a viscous brown gel (5.32 g, 74%). '"H NMR (500
MHz, DMSO-dg): 6 9.27 (d, ] = 10.8 Hz, 2H), 7.92—7.87 (m, 2H),
7.77 (g, ] = 11.5, 9.7 Hz, 4H), 7.52—7.39 (m, 4H), 7.36 (d, ] = 9.8
Hz, 2H), 5.46—5.37 (m, 4H), 4.50 (d, J = 5.9 Hz, 4H), 4.17 (t, ] = 6.4
Hz, 4H), 3.07—3.03 (m, 2H), 191 (dq, J = 15.6, 7.6, 6.7 Hz, 4H),
1.48 (s, 4H).

Semi-IPN Photopolymerization. The synthesis of 1-vinyl-3-
butylimidazolium bistriflimide ([C,vim][NTf,]) was completed
following a published procedure by Pinaud et al.** In a representative
photopolymerization procedure, the photoinitiator diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO, 6.3 mg, 1 wt % based upon
alkene), ethoxylated trimethyloylpropane triacrylate (ETMPTA, 75.0
mg, 10 wt % of total mixture), [AC API C4][NT£,] (0.16 g, 20 wt %
of total mixture), and [C,vim][NT£,] (0.55 g) were charged to a vial
and dissolved with light heating in the dark using a vortex mixer. The
monomer solution was then dispensed by a syringe between two
Rain-X treated glass slides, separated by a 0.5 mm polytetrafluoro-
ethylene spacer, held together by binder clips. The apparatus was
exposed to a broadband UV lamp (UVP Blak-Ray B-100AP High-
Intensity UV Lamp) for S min on each side. The resulting semi-IPNs
were kept in a vacuum oven (60 °C, < 0.1 mm Hg) for 48 h prior to
analysis.

Materials Characterization. The structure and functionality of
the AC API monomer and each ionene were confirmed using 'H
NMR spectroscopy (Figures S1—S4). The number average molecular
weights (M,) for these ionenes were calculated via end group analysis
utilizing '"H NMR spectroscopy. The residual monomer end groups
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are identifiable C(2,4,5)—H peaks of the imidazole rings, which
experience a downfield shift when converted to the imidazolium,
formed upon polymerization. Glass transition temperatures (T,) of
the AC API ionenes and semi-IPNs were evaluated using a TA
Instruments Q200 differential scanning calorimeter at a heating rate
of 2 °C/min on 4—8 mg samples under dry N, atmosphere (error of
+2.0 °C from duplicate runs). The T, values were determined from
the inflection point for each network from the second heating event.
Thermal stability (Tsy) studies were completed in duplicate on each
sample using a TA Instruments QSO0 thermogravimetric analyzer
under constant dry nitrogen flow at a heating rate of 10 °C/min. Tysy,
is defined as the temperature at which 5% weight loss of the polymer
sample was observed. A TA Instruments Q800 DMA with a single
frequency of 1 Hz at a heating rate of 5 °C/min in film tension mode
was utilized to determine the mechanical properties. DMA experi-
ments were completed in duplicate on each sample. Tensile testing
was conducted by cutting rectangular strips of each polymer samples
and securing each one with the DMA film clamps. The extension was
increased at a rate of 20 mm/min at 25 °C, with a preload force of
0.01 N, until each sample broke or the measurements exceeded the
capabilities of the instrument. Each semi-IPN was tested in triplicate,
and average stress and strain at break measurements are reported.
Conductivity Experiments. Anhydrous ionic conductivities were
measured using a TA Instruments DHR-2 discovery hybrid rheometer
with a dielectric accessory and a Keysight Technologies E4980AL/
120 LCR meter was utilized. Each sample was first dried in a vacaum
oven for 48 h (60 °C, <0.01 mm Hg). To determine their anhydrous
nature, each sample was analyzed isothermally by thermogravimetric
analysis (TGA) after drying (2 h at 150 °C). Results from these
experiments indicated weight loss of less than 0.05% across all
specimens. Then, the sample with an approximate thickness of 500
pum was placed between the two 25 mm stainless steel parallel plate
electrodes of the dielectric accessory and the environmental chamber,
under an atmosphere of dry nitrogen and cooled with liquid nitrogen,
was closed. Dielectric permittivity and conductivity were measured
isothermally with an ac amplitude of +0.01 V in 10 °C steps over a
frequency range of 20.0—10° Hz. Samples were kept at a constant
axial force of 5.0 + 0.2 N and allowed to soak at each temperature for
45 min prior to obtaining measurements. The DC conductivity (opc)
was determined from the plateau value observed in the spectral
dependence of the conductivity function (¢’ = we”e,, where w is the
frequency, &” is the dielectric loss, and ¢, is the vacuum permittivity).

B RESULTS AND DISCUSSION

Preparation and Characterization of the AC API
lonenes and Semi-IPNs. The polyamide—ionenes, which
share common structural elements with Nylon-6, were
prepared from AC API where an excess of API was reacted
with AC under interfacial reaction conditions (Scheme 1). The
polyamide—ionenes of interest were prepared using a two-step
process. First, the AC API monomer was coupled with the
appropriate dihalide: DiBr-HEX, DiBr-DEC, or pDCX. The
second step involved taking the crude reaction solution and
pouring it onto a solution of LiNTf, in DI water with vigorous
mechanical mixing. This promoted the desired anion meta-
thesis evidenced by the induced hydrophobicity (the ionenes
as the halide salts are fully water soluble) and precipitation
which allowed for isolation of the AC API [NTf,] ionenes,
which were subsequently purified, resulting in a series of
viscous oils.

The polyamide—ionenes were characterized by '"H NMR
spectroscopy (Figures S2—S4). M, values, calculated from end-
group analysis, were 100 kDa (AC-API-HEX), 86 kDa (AC-
API- DEC), and 70 kDa (AC-API-pXy). Polymerizations via
the Menshutkin reaction proceed as a step growth process;
thus, the Carothers’ equation was employed to approximate a
corresponding number average degree of polymerization, X, &

1998

67—100 (p ~ 0.985—0.990). Thermal analysis of the ionenes
were completed using DSC and TGA (Table 1). Each AC API

Table 1. Molecular Weights and Thermal Properties of AC
API Ionenes

network 'H NMR M, (kDa) DSC T, (°C) TGA Ty (°C)
AC-API-HEX 100 -27.9 306
AC-API-DEC 86 —32.4 241
AC-APIL-pXy 70 5.7 292

ionene exhibited a glass transition (Tg) value, with AC-API-
DEC exhibiting the lowest T at —32.4 °C (Figure SS). Higher
T, values were observed for AC-API-HEX, which had a shorter
alkyl spacer length and AC-API-pXy which is a more compact
and rigid aromatic linker. Of additional note were several
smaller transitions in the DSC thermogram of AC-API-DEC
above the T, which are indicative of possible mesogenic
behavior. As the alkyl spacer between imidazolium groups
grows from hexyl to decyl, there is the increased potential for
chain alignment and long-range order (presumably via amide
H-bonding). Similar behavior was previously described for a
series of liquid crystalline polyesters by Lenz,”® and has also
been observed for PILs with longer alkyl side chains and other
ionenes with long alkyl spacer lengths.>'” Thermal stabilities
(T4 values) of the AC-API ionenes were found to be
between 240 and 310 °C (Figure S6).

Semi-IPNs were then prepared by first dissolving the
appropriate AC API ionene (10 or 20 wt %) in [C,VIm]-
[NTf,] monomer. The cross-linker, ETMPTA (M, ~ 428),
was then added (10 wt %), followed by addition and
dissolution of the photoinitiator TPO (1 wt % based upon
alkene). The resulting homogenous mixture was then
dispensed by syringe between two Rain-X treated glass slides,
separated by a 500 um Teflon spacer. The apparatus was
placed under a broadband UV lamp to induce photo-
polymerization (Scheme 2). The resulting films were removed
and dried in a vacuum oven (60 °C, < 0.01 mm Hg) for 48 h
prior to any analysis. Any attempts to increase the ionene
content above 20 wt % led to separation of the ionene during
polymerization. The semi-IPNs prepared using 10—20 wt % of
the ionene were found to be stable with no evidence of ionene
separation after storage for several months in a desiccator.

The resulting semi-IPNs were initially analyzed by DSC for
their thermal properties in order to identify any thermal
transitions. Inclusion of the ionene, at any concentration, led to
a relatively weak secondary phase transition, identified as the
T, (Figures S7—S9). The observation of a single T, is
indicative of a well-mixed blend of the ionene and the PIL
network in the semi-IPN; however, the broadness of the
temperature interval in which the T, occurs may indicate some
degree of nanoscale heterogeneity. The T, values for all of the
semi-IPNs were below that of the model PIL network as the
ionene is expected to act in part as a plasticizer (Table 2).
While the gradual addition of 10 and 20 wt % AC-API-HEX to
the poly([C,VIm][NTf,]) PIL network resulted in the
corresponding lowering of the T, to —2.3 and —18.9 °C,
respectively, analogous additions of AC-API-DEC and AC-
API-pXy resulted in an initial drop in T, with 10 wt % addition,
but then an increase when 20 wt % was used. We hypothesize
that the longer C10 linker for AC-API-DEC may participate in
some long-range ordering (as noted in the discussion of the
DSC thermogram for the pure ionene). A similar argument
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Scheme 2. Synthesis of Semi-interpenetrating Networks
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Table 2. Thermal Properties of the Semi-IPNs

TGA TGA

DSCT, T DSCT, Ty

network (°C) (°C) network (°C) (°C)

plC,VIm] 32.7 338 sIPN-DEC-10 -19.2 330
[NT£,]

sIPN-HEX-10 -2.3 342 sIPN-DEC-20 7.6 333

sIPN-HEX-20 —18.9 321 sIPN-pXy-10 8.9 334

SIPN-pXy-20 128 337

could be made with regard to the 77—z interactions between
aryl rings of AC-API-pXy. However, it is also possible in both
cases that, by including a larger concentration of non-ionic side
chains into the semi-IPN, some degree of nanophase
separation could be occurring, causing ionic groups to become
clustered or aggregated. This would result in an increase in
ionic interactions and could lead to an increase in T,
Thermogravimetric analysis (TGA) was utilized to determine
the thermal stabilities of the semi-IPNs (Figures S10—S12).
While the AC-API ionenes all exhibited Ty, values <310 °C,
the poly([C,VIm][NTf,]) PIL network showed thermal
stability up to ~335 °C. The semi-IPNs were found to display
Tys values that more closely resembled the PIL network
(>320 °C across all samples), which makes sense as the ionene
only accounts for 10—20 wt % in the overall material.
Mechanical Properties of the Networks. The semi-
IPNs were next analyzed for their mechanical properties by
DMA. Cross-link density (p,) was calculated from the rubbery
plateau value (E’ at 120 °C) of each semi-IPN according to
rubber elasticity theory using the following equation: p, = E'/
3RT (Table 3)."*** As expected, inclusion of the non-
covalently bound ionene effectively dilutes the number of
cross-links in the bulk sample, leading to lower p, values. This
result is reflected in an even lower cross-link density when the

ionene content was increased from 10 to 20 wt %. Still, the
rubbery plateau values of all of the semi-IPNs were in excess of
1.0 MPa and linear above their respective T, values (Figure 1).
Inclusion of the AC-API-HEX ionene had the largest effect on
the rubbery plateau modulus. Trends in the DMA T, values,
determined from the tan delta maxima, were analogous to that
of the DSC T, results previously described. Similar to their
DSC thermograms, tan delta curves for sIPN-HEX-20 and
sIPN-DEC-20 were found to be rather broad, indicating some
degree of heterogeneity in these samples (Figures S13,514).
Stress—strain data were obtained using DMA in tensile
mode. The p[C,VIm][NTf,] PIL network was very stiff, and
the stress and strain at break could not be measured as the
values surpassed the capabilities of the instrument. Inclusion of
the AC-API ionenes with alkyl spacers led to a dramatic drop
in the mechanical stability of the material; however, increased
flexibility was observed. Representative curves for each semi-
IPN are shown in Figure 2 with stress and strain at break
values, as reported in Table 3. Triplicate runs for each semi-
IPN can be found in the Supporting Information (Figures
S15—S20). The sIPN-HEX systems were neither the least
mechanically stable of all of the materials studied in terms of
stress at break nor did these systems provide much of an
advantage in terms of elongation at break. Substitution with
the AC-API-DEC ionene boosted the stress and strain at break
of the resulting semi-IPNs compared to the AC-API HEX
analogues; however, increasing the AC-API-DEC content from
10 to 20 wt % decreased the mechanical strength with similar
elongation at break. The largest stress (and strain) at break for
each series (10 and 20 wt %) was observed for the sIPN-pXy
systems. The inclusion of the rigid aromatic moieties must
provide some mechanical stability to the ionene and thus to
the semi-IPN. Furthermore, the ionene itself must have a
better ability to flow within the semi-IPN as the material is

Table 3. Mechanical Properties of the Semi-IPNs

network E' @ 120 °C (MPa) tan § max (°C)
p[C,VIm][NT5] 247 + 0.15 723 + 0.4
sIPN-HEX-10 2.33 + 0.14 39.7 + 0.4
sIPN-HEX-20 1.02 + 0.12 339 + 0.5
sIPN-DEC-10 1.71 + 0.16 62.3 + 0.5
sIPN-DEC-20 1.67 + 0.13 48.3 + 0.4
sIPN-pXy-10 1.70 + 0.12 55.7 + 0.4
sIPN-pXy-20 155 + 0.15 59.1 4 0.5

Py X 107* (mol/cm?®)

1999

stress at break (MPa) strain at break (%)

2.52 + 0.1 N/A N/A

238 +0.3 0.82 + 0.06 37.0 + 5.0
0.95 + 0.1 0.27 + 0.05 179 + 1.0
1.74 + 0.1 2.46 + 0.32 37.6 + 5.0
1.97 + 0.1 0.73 + 0.0 279 + 23
1.73 + 0.1 132 + 0.11 541 +74
1.58 + 0.1 2.51 + 0.08 75.8 + 7.5
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Figure 1. Storage modulus (E’) curves for the semi-IPNs at 10 wt % AC-API ionene (left) and 20 wt % ionene (right). For reference, the storage
modulus curve for the p[C,VIm][NT£,] PIL network is included on each graph.
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Figure 2. Representative DMA stress—strain curves for semi-IPNs containing 10 wt % AC-API jonene (left) and 20 wt % AC-API ionene (right).

being extended, leading to a larger elongation at break. It is
worth noting that, in both the 10 and 20 wt % AC-API-pXy
systems, some vyielding of the material was observed at
approximately 20—25% strain. Overall, the semi-IPNs were
found to exhibit slightly higher stress and strain at break values
when compared with other IPNs which were composed of a
pyrrolidinium-containing PIL network and an epoxy-amine,
polylzg}gdiene, or nitrile butadiene rubber non-ionic poly-
mer.” "

Anhydrous ionic conductivities were determined for each
semi-IPN as well as the model p[C,Vim][NTf,] PIL network
using the dielectric spectroscopy accessory of a rheometer.
Regardless of which ionene or at what wt % the ionene was
added, all of the semi-IPNs exhibited higher ionic con-
ductivities (107 to 1077 S/cm at 30 °C) compared to the
pBuVIM NTf, PIL network (1.70 X 107 S/cm at 30 °C). In
addition, for each ionene semi-IPN type (HEX, DEC, pXy), an
increase in the ionene content from 10 to 20 wt % led to an
enhancement in conductivity of one to two orders of
magnitude at 30 °C. As all of the data collected was near to
or above the T, value of the respective semi-IPN, each ionic
conductivity curve was fitted to the Vogel—Fulcher—Tamman
(VFT) equation

-DT, )

o(T) =0, X
(T) = o, eXP[T—To

where o, is the infinite temperature conductivity limit, T, is
the Vogel temperature (where jonic conductivity diverges to
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zero), and D is the strength parameter, which is inversely
related to dynamic fragility.””*>** Theoretical log o values
generated from the VFT fittings are represented as solid lines
in Figure 3, and the VFT parameters are provided in Table 4.
The high temperature conductivity (o,,) increased three- to
six-fold when 10 wt % of an ionene was added to the PIL
network, with a further rise observed when the amount was
increased to 20 wt %. This suggests that inclusion of the ionene
helps to facilitate ion transport. This could be due to the
ionene forcing larger free volume/mesh sizes in the network
structure as it has been suggested that the transport of larger,
less Lewis basic anions like [NTf,] which depend strongly on
elastic energy barriers.’® It is also possible that inclusion of the
ionene allows for better solvation of ion pairs. At 10 wt %
ionene, AC-API-pXy appears to be the most effective at
enhancing ion transport with a o, value of 10.4 S/cm;
however, a large jump in o, was noted when the amount of
AC-API-DEC was increased from 10 to 20 wt % (4.8 to 16.5
S/cm, respectively). This increase in 6, could be due to phase
separation effects, where ion channels or percolated aggregates
are being formed within the network due to the alignment of a
larger concentration of non-ionic alkyl chains, facilitating ion
transport.36 Additional morphological studies or computational
modeling would need to be done to help further elucidate the
molecular structure of these semi-IPNs.

The Vogel temperatures for the semi-IPNs were comparable
or slightly higher (60—93 K) than values typically observed for
previously reported IL-containing polymers and did not track

https://doi.org/10.1021/acsapm.1c00080
ACS Appl. Polym. Mater. 2021, 3, 1995—-2004


https://pubs.acs.org/doi/10.1021/acsapm.1c00080?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00080?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00080?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00080?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00080?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00080?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00080?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00080?fig=fig2&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.1c00080?rel=cite-as&ref=PDF&jav=VoR

ACS Applied Polymer Materials

pubs.acs.org/acsapm

-1

2
-3
=4
S
€5
o
2 W p[C.VIM]NTF]
6 @sIPN-HEX-10
sIPN-DEC-10
-7 AsIPN-pX-10
& sIPN-HEX-20
-8 sIPN-DEC-20
AsIPN-pX-20
9
2.2 2.7 32 3.7
1000/T (K1)
A @sIPN-HEX-10 & sIPN-HEX-20
> - - - _
2 9%, ™ sIPN-DEC-10 (sIPN-DEC-20
I I ASIPN-pX-10  AsIPN-pX-20
3 b‘.o S A
‘OA‘Q AL
— A‘AQ A
£ -4 A’ A
S A® A
25 5 A © A
© S A
8-6 a o A
-7 A o A
-8 A A<> A
9
0.6 0.8 1.0
TJT

Figure 3. Anhydrous ionic conductivities of the p[C,Vim][NTf,] PIL
network and the semi-IPNs (top). Tg-normalized anhydrous
conductivities for the semi-IPNs (bottom).

Table 4. VFT Fitting Parameters for the Semi-IPNs

6at 30 °C (S/ o0 (S/ T, T, — T,
network cm) cm) (K) (K) D
plCyVIm][ 1.70 x 107* 1.55 221 8S 6.5
NT%]
sIPN-HEX-10 9.20 X 1077 8.33 197 74 8.6
sIPN-HEX-20 449 x 107° 12.10 177 77 8.9
sIPN-DEC-10 430 x 1077 478 194 60 9.1
sIPN-DEC-20 3.64 x 107¢ 16.45 170 90 11.9
sIPN-pXy-10 2.57 x 1077 10.44 196 86 9.6
sIPN-pXy-20 3.39 x 107¢ 13.77 193 93 8.7

directly with Tg.*}’3’43’44’67769 T, and T, are characteristic of
divergence of ion conduction to zero and arrested segmental
motion, respectively, and a larger difference between the two
may indicate a greater decougling between segmental
dynamics and ionic conductivity.””*® The strength parameter
(D) is inversely related to polymer dynamic fragility (m).
While the p[C,VIm][NTf,] PIL network exhibited a D value
comparable to other recently reported networks,”***
inclusion of the ionene led to a significant increase in D,
meaning that the materials exhibited lower fragilities. There
does not appear to be a direct relationship between D and
ionene structure or content at this point. What the data seems
to indicate is that these semi-IPNs exhibit larger decoupling
(high T, — T, values) and low fragility, which may reflect the
influence of the linear ionene rather than the PIL network.’®
Furthermore, fragility does not appear to correlate in any
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reasonable fashion with Ty As is evident from this data, the
relationship between ionic conductivity and molecular
structure is complex, even more so in semi-IPNs where there
are two ion-containing polymers affecting ionic conductivity
and further study is warranted to separate these interconnect-
ing factors.

Conductivity was also normalized by plotting values against
T,/T to minimize the effect of T, and segmental motion
between semi-IPNs. The results are shown in Figure 3. While
SIPN-HEX-10 and sIPN-pXy overlap reasonably well, the
remaining curves do not appreciably coalesce, meaning that the
changes in ionic conductivity are not solely due to polymer
chain dynamics (i.e., not solely T, dependent). This divergence
becomes even larger as the temperature approaches the T,.
Moreover, the two sIPN-DEC systems were observed to have
the lowest T,normalized conductivities (several orders of
magnitude) at lower temperatures. Overall, the semi-IPNs
employing the AC-API-pXy ionene were observed to have the
highest T,-normalized ionic conductivity within each subset
(10 and 20 wt %). It has been hypothesized that having a less
flexible backbone may be beneficial to conductivity as the
temperature approaches the Tg;37’67 however, it is also worth
noting that the DEC systems contain the lowest wt % of ions
relative to the HEX and pXy systems.

B CONCLUSIONS

ILs and ionic polymers continue to provide a vast array of
possibilities insofar as their structure-property relationships are
concerned. As we continue to strive for improved performance
in end-use applications, alternative approaches toward
combining the properties of ILs and ionic polymers must be
pursued. For the first time, poly(IL)—ionene semi-IPNs have
been prepared by first dissolving the ionene in a vinyl-
functionalized imidazolium IL and then photopolymerizing of
the IL around the ionene. The polyamide—ionenes were
prepared from amide-functionalized bisimidazole monomers,
coupled with various dihalide linkers bearing flexible (hexyl or
decenyl) or rigid (p-xylyl) backbones. Addition of 10—20 wt %
ionene to a covalently cross-linked p[C,Vim][NTf,] PIL
network resulted in semi-IPNs which exhibited moderate to
large reductions in DSC T, compared to the PIL while
maintaining thermal stability values in excess of 330 °C. DMA
analysis of the semi-IPNs indicated rubbery plateau moduli in
excess of 1.0 MPa with single (albeit sometimes broad) peaks
in the tan delta signals, indicative of a homogenous material.
Tensile testing indicated an increase in elasticity across all
semi-IPNs as compared to that of the PIL.

All semi-IPNs exhibited higher ionic conductivities (1075 to
1077 S/cm at 30 °C) compared to the p[C,Vim][NTf,] PIL
with increased conductivity observed (one to two orders of
magnitude) when the ionene content was increased from 10 to
20 wt %. VFT fitting of the conductivity curves indicated that
high temperature conductivities (c,,) increased three- to six-
fold with 10 wt % of an ionene (with a further increase at 20 wt
%) which is indicative of the enhanced ion transport upon
inclusion of the ionene. Relatively large differences between T,
and T, may indicate a greater decoupling between segmental
dynamics and ionic conductivity, with a larger difference
observed with higher ionene content. T,-normalization of the
data indicated that changes in the ionic conductivity are not
solely due to T, (polymer chain dynamics). As there are two
ion-containing polymers affecting conductivity in these semi-
IPNs, the relationship between molecular structure, morphol-
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ogy, and conductivity properties is complex and further study
is necessary to understand these interrelated factors while fine-
tuning their overall properties.
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