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A B S T R A C T   

Thiol-ene photopolymerization was used to generate a series of covalently crosslinked, imidazolium-containing 
ionene networks. A variety of counteranions were chosen so as to investigate the influence of size and basicity on 
the thermal, mechanical and conductive properties of the resulting networks. Anhydrous conductivities at 20 ◦C 
were found to be on the order of 10− 6 to 10− 10 S/cm and correlated to some degree with Tg; however, Tg- 
normalization of the curves indicated that this relationship between polymer structure and conductivity was 
more complex. VFT fitting, along with free ion concentration and ion mobility data, were investigated in order to 
provide additional insight. Also of interest in this study was the influence of humidity on ionic conductivity. 
Hydrophilic networks with anions such as [Cl], [NO3] or [OMs] were found to exhibit 3- to 5-orders of magnitude 
enhancement in ionic conductivity (up to 10− 3 S/cm) when the relative humidity was increased to 70% while the 
more hydrophobic networks ([PF6] and [NTf2]) were not influenced. Further experimentation (water uptake, 
DSC) indicated that the observed enhancements in conductivity were likely due to a combination of plastici
zation and water-assisted ion transport.   

1. Introduction 

Poly(ionic liquid)s (PILs) are a sub-class of ion-conducting polymers 
wherein a pendant ionic liquid (IL) or ionic group is in the repeating unit 
[1–3]. Ionenes represent another class of ionic polymers where the ionic 
liquid or ionic group is located directly in the backbone of the repeating 
unit [4,5]. Both PILs and ionenes attempt to combine the best properties 
of both ILs (excellent thermal and conductive properties) and the 
macromolecular architecture (mechanical stability) in which the IL 
monomer is incorporated. The synthetic versatility of available IL 
monomers in recent years has led to an exponential growth in new 
polymer architectures and thus prospective applications have likewise 
expanded. Examples of such applications include alkaline and ion ex
change membranes (AEMs/IEMs) [6–13], gas separation membranes 
[14–19], and solid electrolytes [20–22]. One underlying theme 
throughout these studies is that new polymer designs must continue to 
be explored in order to meet the demand for materials with higher ionic 
conductivities and improved thermal, chemical and mechanical 
stability. 

Since one of the ions (typically the cation) is covalently bound into 

the repeating unit, PILs and ionenes act as single ion transporters. Ionic 
conductivity is influenced by a number of factors, including the con
centration and mobility of the ion, polymer morphology and polymer 
chain relaxation (often reflected in the glass transition temperature 
(Tg)). As a result, a number of unique challenges to the design of 
improved ionic polymer structures exist. It is generally accepted that the 
use of larger, non-coordinating counterions improve segmental dy
namics (reflected by a reduction in Tg), increasing anhydrous conduc
tivity [22,23]. On the other hand, some end-use applications which 
require an aqueous medium, such as AEMs and proton exchange mem
branes (PEMs), actually prefer ions that result in more hydrophilic 
networks. In an aqueous environment, the interplay between absorbed 
water, polymer structure and ion transport is complex [24], and hy
drophilic polymers which contain anions such as halides, hydroxide, 
alkoxides, and other inorganic anions are advantageous in that they 
often result in ion-containing polymers that exhibit increased water 
permeability and absorptivity. However, several of these hydrated sys
tems suffer from a lack of mechanical stability. Still, under hydrated 
conditions, more hydrophilic polymers often exhibit ionic conductivities 
several orders of magnitude higher than under anhydrous conditions. 
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For example, Elabd et al. demonstrated a 3–4 orders of magnitude in
crease in bromide conductivity when increasing the relative humidity 
from 25 to 90% in a series of PIL block copolymers where one of the 
blocks contained an imidazolium moiety in the repeating unit [12,25]. 
Such an effect was attributed to a Nafion™-like, water-assisted ion 
transport mechanism, meaning that transport in these systems is less 
dependent upon polymer chain dynamics versus anhydrous conditions 
[25,26]. Ion-rich microdomains were found to form within the block 
copolymer morphology at intermediary humidity (as deduced from 
x-ray scatting experiments), increasing ion transport through the crea
tion of ion channels. Madsen et al. recently applied NMR diffusometry as 
a method to further decipher water transport, utilizing as examples 
ammonium hydroxide and bromide PILs as well as anionic sulfonated 
poly(ether sulfone)s [27]. As these polymers absorbed water, local, 
nanometer scale cavities became increasingly interconnected (reduced 
tortuosity), leading to improved ion transport and higher conductivity. 
However, the authors noted that, on the micrometer (bulk) scale, ion 
transport could be hindered by the clustering of hetereogenous “dead-
end” pathways. 

From a synthetic perspective, the majority of imidazolium- 
containing PILs have been prepared through the polymerization of 
vinyl-, (meth)acrylic- or styrenyl-substituted IL monomers. Step-growth 
strategies used to generate ionenes are less common, although several 
examples have utilized SN2, polyurethane or polyesterification chemisty 
[28–31]. In all of these cases, conductivities of up to 10− 5 S/cm at 25 ◦C 
were observed, despite the imidazolium group being anchored directly 
into the polymer backbone. Furthermore, Segalman et al. observed that 
a imidazolium-containing, step-growth ionene (“backbone” PIL) 
exhibited significantly higher ionic conductivity (4-orders of magni
tude) over a similar “pendant” PIL [32]. This study demonstrated that 
thoughtful synthesis of ionene architecture could create a more 
continuous ionic matrix (termed “percolated aggregates”), leading to 
improved ion transport and conductivity, a concept which has been 
supported by theoretical simulations [33–35]. However, it should be 
pointed out that the role and extent of ion aggregation in ionic polymers, 
regardless of their structure, is still not well understood. 

Covalently crosslinked networks provide another synthetic approach 
towards producing ionic polymers with percolated aggregates and 
potentially improved ionic conductivity. Although creating a network 
could be a deterrent for improved ionic conductivity as the single ion 
conductors could face a difficult pathway of hopping from one binding 
site to another, strategic placement of said ions and their covalently 
bound counterions could create the aforementioned percolated do
mains. Evans et al. recently correlated ion aggregation and conductivity 
of ammonium-containing, linear and covalently crosslinked network 
ionenes bearing bis(trifluoromethylsulfonyl)imide) [NTf2] counter
anions [36]. The network bearing a longer undecyl (C11) linker was 
found to exhibit the highest Tg-independent conductivity and the 
strongest ion aggregation, supported by WAXS data. The authors hy
pothesized that this network exhibited an enhanced conductivity due to 
a higher degree of percolated aggregate domains. 

We have also investigated ionene networks, although primarily as a 
way to improve the mechanical stability of ionic polymers. Base- 
catalyzed Michael addition polymerization was first utilized to couple 
imidazolium or triazolium-containing acetoatetate monomers with 
difunctional acrylates. Many of these systems exhibited better than ex
pected ionic conductivites (up to 10− 5 at 30 ◦C/30% RH) [37,38]. 
Thiol-ene photochemistry has more recently been utilized, leading to a 
much more versatile group of networks with controllable crosslink 
density [39,40]. These studies indicated that, even with high degrees of 
crosslink density and excellent mechanical stability, ionic conductivities 
were found to be very reasonable (10− 5-10− 7 S/cm at 30 ◦C, 30% RH). In 
the present work, we turn our attention to the influence of counteranion 
on the thermal, mechanical and conductive properties of 
imidazolium-containing, ionene networks, prepared using thiol-ene 
photochemistry. All networks reported here were prepared keeping a 

stoichiometric ratio of thiol and ene functional groups so as to achieve a 
high degree of crosslink density and mechanical stability. Counteranions 
studied encompassed a rather wide scope in terms of size and network 
hydrophilicity ([Cl], [NO3], [OMs], [OTf], [ClO4], [PF6] and [NTf2]) as 
one of our additional goals was to study the effect of relative humidity 
on ionic conduction. Anhydrous conductivity of the networks was found 
to correlate inversely with the Tg of the networks with rubbery plateau 
moduli (E′) values of 5.7–7.5 MPa. Hydrophilic networks which con
tained anions such as [Cl], [NO3] or [OMs] were observed to have 3- to 
5-orders of magnitude enhancements in ionic conductivity when the 
relative humidity was increased from 0 to 70% while hydrophobic an
ions such as [PF6] and [NTf2] exhibited no observable change. 

2. Experimental section 

General. All chemicals were purchased from Sigma-Aldrich or Acros 
Organics and were used as received without further purification. Pen
taerythritol tetrakis(3-mercaptopropionate) (PTMP, > 95%) was placed 
in a high vacuum oven (50 ◦C, < 0.01 mm Hg) for 48 h prior to use. An 
ELGA Purelab® Ultra filtration device produced ultrapure water having 
a resistivity of 18 MΩ-cm. The syntheses of sodium imidazole [41] and 
6-iodohex-1-ene [42] have been previously reported. 

Synthesis of 1-(hex-5-enyl)imidazole 1. To a single-necked, 250-mL 
round bottomed flask was suspended sodium imidazole [41] (4.00 g, 
44.4 mmol) in anhydrous THF (100 mL). To this magnetically stirred 
mixture was added 6-iodohex-1-ene [42] (10.26 g, 48.9 mmol). The 
resulting mixture was warmed to reflux and stirred for 24 h. The reac
tion was then cooled to room temperature, filtered, and the solvent 
removed under reduced pressure to afford a yellow residue which was 
subsequently taken up into chloroform (100 mL) and washed with DI 
water (50 mL). The organic phase was separated, washed with addi
tional DI water and brine (50 mL each), dried over a mixture of 
Na2SO4/MgSO4, filtered, and the solvent removed under reduced pres
sure to afford a crude yellow oil. Purification by column chromatog
raphy on silica gel with a gradient elution of 10–50% acetone in hexanes 
provided 4.69 g (71%) of a light yellow oil. 1H NMR (400 MHz, CDCl3): δ 
7.38 (s, 1H), 6.97 (s, 1H), 6.82 (s, 1H), 5.67 (m, 2H), 4.85–4.94 (m, 4H), 
3.85 (t, 4H, J = 7.3 Hz), 1.98 (m, 4H), 1.70 (m, 4H), 1.31 (m, 4H). 13C 
NMR (100 MHz, CDCl3): δ 137.6, 136.8, 129.2, 118.6, 115.0, 46.7, 32.9, 
30.2, 25.5. Anal. Calcd. for C9H14N2: C 71.96, H 9.39, N 18.65. Found: C 
71.82, H 9.33, N 18.78. 

Synthesis of 1,3-bishexenylimidazolium chloride 2a. To a 50-mL 
round bottomed flask equipped with a magnetic stir bar was charged 
1-(hex-5-enyl)imidazole 1 (4.25 g, 28.3 mmol) and 6-chlorohex-1-ene 
(3.36 g, 28.3 mmol). The mixture was warmed to 60 ◦C and stirred for 
5 days. The reaction was cooled to room temperature, then washed with 
diethyl ether (3 × 25 mL) and dried under high vacuum, affording a 
viscous, light brown oil (6.70 g, 88%). 1H NMR (400 MHz, DMSO‑d6): δ 
9.35 (s, 1H), 7.83 (s, 2H), 5.77 (m, 2H), 4.96–5.05 (m, 4H), 4.18 (t, 4H, 
J = 7.1 Hz), 2.04 (m, 4H), 1.78 (m, 4H), 1.30 (m, 4H). 13C NMR (100 
MHz, DMSO‑d6): δ 138.1, 136.1, 122.5, 115.2, 48.6, 32.4, 28.8, 24.7. 
Anal. Calcd. for C15H25ClN2: C 67.02, H 9.37, N 10.42. Found: C 66.81, 
H 9.44, N 10.62. 

Synthesis of 1,3-bishexenylimidazolium ILs 2b-e from metathesis 
with silver salts ([NO3], [OMs], [OTf] and [PF6]). Generally, in a 100- 
mL round bottomed flask equipped with a magnetic stir bar was dis
solved 1,3-bishexenylimidazolium chloride 2a (2.00 g, 7.44 mmol) in DI 
water (20 mL) A solution of the desired silver salt (7.59 mmol) in DI 
water (10 mL) was then added and the resulting mixture was stirred in 
the dark overnight. Dichloromethane (20 mL) was then added and 
stirring continued for 1 h. The entire mixture was then filtered through 
Celite, followed by isolation of the organic phase. The solvent was 
removed under reduced pressure to afford a series of light yellow oils. 

1,3-Bishexenylimidazolium nitrate 2a. (1.95 g, 89%). 1H NMR (400 
MHz, DMSO‑d6): δ 9.25 (s, 1H), 8.12 (s, 2H), 5.77 (m, 2H), 4.94–5.04 
(m, 4H), 4.18 (t, 4H, J = 7.3 Hz), 2.03 (m, 4H), 1.79 (m, 4H), 1.31 (m, 
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4H). 13C NMR (100 MHz, DMSO‑d6): δ 138.1, 136.0, 122.5, 115.2, 48.7, 
32.4, 28.8, 24.7. Anal. Calcd. for C15H25N3O3: C 60.99, H 8.53, N 14.23. 
Found: C 61.14, H 8.59, N 13.95. 

1,3-Bishexenylimidazolium mesylate 2c. (2.23 g, 91%). 1H NMR (400 
MHz, DMSO‑d6): δ 9.28 (s, 1H), 7.82 (s, 2H), 5.77 (m, 2H), 4.95–5.05 
(m, 4H), 4.19 (t, 4H, J = 7.3 Hz), 2.31 (s, 3H), 2.04 (m, 4H), 1.80 (m, 
4H), 1.31 (m, 4H). 13C NMR (100 MHz, DMSO‑d6): δ 138.7, 136.7, 
123.1, 115.8, 49.3, 40.4, 33.0, 29.4, 25.3. Anal. Calcd. for C16H28N2O3S: 
C 58.50, H 8.59, N 8.53, S 9.76. Found: C 58.64, H 8.62, N 8.62, S 9.88. 

1,3-Bishexenylimidazolium triflate 2d. (2.65 g, 93%). 1H NMR (400 
MHz, DMSO‑d6): δ 9.19 (s, 1H), 7.80 (s, 2H), 5.77 (m, 2H), 4.93–5.04 
(m, 4H), 4.17 (t, 4H, J = 7.1 Hz), 2.04 (m, 4H), 1.80 (m, 4H), 1.31 (m, 
4H). 13C NMR (100 MHz, DMSO‑d6): δ 138.1, 135.9, 122.5, 120.6 (q, J 
= 322 Hz, –CF3), 115.2, 48.7, 32.4, 28.8, 24.7. Anal. Calcd. for 
C16H25F3N2O3S: C 50.25, H 6.59, N 7.32, S 8.38. Found: C 50.33, H 6.54, 
N 7.40, S 8.32. 

1,3-Bishexenylimidazolium hexafluorophosphate 2e. (2.02 g, 96%). 1H 
NMR (400 MHz, DMSO‑d6): δ 9.18 (s, 1H), 7.79 (s, 2H), 5.78 (m, 2H), 
4.94–5.05 (m, 4H), 4.17 (t, 4H, J = 7.1 Hz), 2.04 (m, 4H), 1.80 (m, 4H), 
1.31 (m, 4H). 13C NMR (100 MHz, DMSO‑d6): δ 138.1, 135.9, 122.5, 
115.2, 48.7, 32.4, 28.8, 24.7. Anal. Calcd. for C15H25F6N2P: C 47.62, H 
6.66, N 7.40. Found: C 47.79, H 6.57, N 7.37. 

2.1. Synthesis of 1,3-bishexenylimidazolium perchlorate 2e 

Following a procedure by Welton et al. [43], sodium perchlorate 
(1.00 g, 8.20 mmol) was added to a solution of 1,3-bishexenylimidazo
lium chloride 2a (2.00 g, 7.45 mmol) in dichloromethane (25 mL) and 
the resulting mixture was magnetically stirred for 24 h. The mixture was 
filtered and the organic filtrate was washed multiple times with DI water 
(3 × 20 mL) until the organic solution resulted in no precipitate for
mation as the result of concentrated silver nitrate solution addition. The 
solvent was then removed under reduced pressure to afford the desired 
perchlorate 2e as a light yellow oil (2.29 g, 92%). 1H NMR (400 MHz, 
DMSO‑d6): δ 9.18 (s, 1H), 7.80 (s, 2H), 5.77 (m, 2H), 4.94–5.04 (m, 4H), 
4.17 (t, 4H, J = 7.1 Hz), 2.04 (m, 4H), 1.79 (m, 4H), 1.31 (m, 4H). 13C 
NMR (100 MHz, DMSO‑d6): δ 138.1, 136.0, 122.5, 115.2, 48.7, 32.4, 
28.8, 24.7. Anal. Calcd. for C15H25ClN2O4: C 54.13, H 7.57, N 8.42. 
Found: C 54.13, H 7.33, N 8.45. 

Synthesis of 1,3-bishexenylimidazolium bis(trifluoromethylsulfonyl) 
imide 2f. To a 100-mL round-bottomed flask was dissolved 1,3-bishexe
nylimidazolium chloride 2a (2.00 g, 7.44 mmol) in DI water (20 mL). A 
solution of lithium bis(trifluoromethylsulfonyl)imide (2.17 g, 7.59 
mmol) in DI water (10 mL) was then added and the resulting mixture 
was stirred overnight. The mixture was poured onto chloroform (30 mL) 
and the organic phase was isolated and washed with DI water (3 × 25 
mL), followed by removal of the solvent under reduced pressure. The 
reaction yielded 2f as a light yellow oil (3.64 g, 95%). 1H NMR (400 
MHz, DMSO‑d6): δ 9.19 (s, 1H), 7.79 (s, 2H), 5.77 (m, 2H), 4.96–5.05 
(m, 4H), 4.17 (t, 4H, J = 7.3 Hz), 2.04 (m, 4H), 1.80 (m, 4H), 1.32 (m, 
4H). 13C NMR (100 MHz, DMSO‑d6): δ 138.0, 136.0, 122.5, 119.4 (q, J 
= 319 Hz, –CF3), 48.7, 32.4, 28.8, 24.7. Anal. Calcd. for 
C17H25F6N3O4S2: C 39.76, H 4.91, N 8.18, S 12.49. Found: C 39.89, H 
4.87, N 8.37, S 12.71. 

Monomer Characterization. 1H and 13C NMR spectra were obtained 
on a JEOL-ECS 400 MHz spectrometer and reported chemical shift 
values were referenced to residual solvent signals (CDCl3: 1H, 7.26 ppm; 
13C, 77.16 ppm; DMSO‑d6: 1H, 2.50 ppm; 13C, 39.52 ppm). Relevant 
NMR spectra are included in the Supporting Information. Elemental 
analyses were completed on a PerkinElmer 2400 CHNS/O Series II 
Elemental Analyzer. Residual chloride [Cl] concentrations in ILs 2b-g 
were determined by ion chromatography (ICS-1100, Dionex) as fol
lows: an eluent concentration of 4.5 mM CO3

2− /1.4 mM HCO3
− with a 

flow rate of 1.2 mL/min and a suppressor current of 31 mA. Chro
matographic calibration was accomplished via the preparation and 
analysis of aqueous standards prepared by serial dilution of a 1000 ppm 

[Cl] stock solution (from sodium chloride, Aldrich, > 99.9%). Each IL 
(10–15 mg) was dissolved in 1 mL of acetonitrile and injected. The 
amount of residual chloride in ionic ILs 2b-g was determined to be less 
than 0.01% w/w. 

Photopolymerization Procedure. Covalently crosslinked ionene net
works were prepared following a previously published procedure from 
our laboratory [39]. The thiol:ene functional group ratio was stoichio
metric for all of the photopolymerizations. In the dark, 1 wt % of the 
photoinitiator diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO, 
9.6 mg) was dissolved, with light heating, in PTMP (1.0 mmol). The 
appropriate 1,3-bishexenylimidazolium IL monomer (2.0 mmol) was 
then added and the resulting mixture was shaken using a vortex mixer 
until a clear solution was obtained. The monomer solution was 
dispensed by syringe between two Rain-X® treated glass slides, sepa
rated by a 0.5 mm PTFE spacer, held together by binder clips, followed 
by exposure to a broadband UV lamp (UVP Blak-Ray™ B-100AP 
High-Intensity UV Lamp) for 5 min on each side. The resulting polymer 
films were stored in a vacuum oven (60 ◦C, < 0.1 mm Hg) for a minimum 
of 24 h prior to analysis. 

Polymer Characterization. A PerkinElmer Spectrum Two™ FT-IR in 
transmission mode was utilized to record infrared spectra. The Perki
nElmer Spectrum 10™ software was used to follow the desired peaks at 
1 cm− 1 resolution using 32 scans. Multiple FTIR spectra were taken for 
each thiol-ene network specimen before and after UV curing and thiol 
(2570 cm− 1) and double bond (1630 cm− 1) conversions were deter
mined following a literature reported method [44]. Error in measure
ments was determined to be less than ± 2%. Gel fraction experiments 
were accomplished in triplicate on each PIL network using Soxhlet 
extraction in THF (24 h reflux) and calculations (gel fraction, % 
swelling) were completed according to a previously published method 
[45]. A TA Instruments Q200 differential scanning calorimeter (DSC) 
was used to determine the glass transition temperature (Tg) from the 
inflection point for each network from the second heating event at a 
heating rate of 2 ◦C/min on 4–8 mg samples (error of ±2.0 ◦C from 
duplicate runs). Thermal stability (Td5%) studies were completed in 
duplicate on each polymer sample using a TA Instruments Q500 ther
mogravimetric analyzer (TGA) at a heating rate of 10 ◦C/min under a 
constant dry nitrogen flow. Td5% is defined as temperature at which 5% 
weight loss of the polymer sample was observed. A TA Instruments Q800 
dynamic mechanical analyzer (DMA) in film tension mode with a single 
frequency of 1 Hz at a heating rate of 5 ◦C/min was employed to 
determine the mechanical properties of the network films. DMA exper
iments were completed in duplicate and the values reported are from the 
second heating event. The influence of water absorption, as a result of 
the sample being conditioned in the humidity chamber, was examined. 
Three samples of each PIL were placed into an Espec BTL-433 benchtop 
temperature/humidity oven, set to 30 ◦C and the desired relative hu
midity (30, 50 or 70%). To simulate 100% relative humidity conditions, 
samples were instead submerged in a vial containing DI water. Each 
sample was weighed prior to the experiment (mdry) and then placed into 
the humidity chamber (or submerged in DI water) where it was condi
tioned for 16 h. The sample was then removed, blotted with a paper 
towel to remove any surface moisture and weighed (mwet). Water ab
sorption was determined using the following equation: water absorbed 
(%) = ((mwet–mdry)/mdry) x 100. An average error of 0.08% was deter
mined across all % water absorbed measurements. 

2.2. Conductivity measurements 

For experiments under anhydrous conditions, a TA Instruments DHR- 
2 Discovery Hybrid Rheometer with dielectric accessory and Keysight 
Technologies E4980AL/120 LCR meter was utilized. A sample with 
approximate thickness of 500 μm 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 
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conductivity were measured isothermally with an ac amplitude of 
±0.01 V in 10 ◦C steps over a frequency range of 20.0–106 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. For 
variable humidity experiments, DRS measurements were performed 
using an in-house, custom-built, two-electrode cell coupled to a Met
rohm Autolab 302 N potentiostat and FRA32 M frequency response 
analyzer [37]. Circular disks (12 mm diameter) were cut from each 
ionene film (500 μm thickness) and placed between the two stainless 
steel electrodes of the cell. The cell was placed inside a 
controlled-temperature/humidity chamber (Espec BTU-433), set to the 
desired relative humidity (30, 50 or 70%). Dielectric permittivity and 
conductivity were measured isothermally over a frequency range of 
0.1–107 Hz with an ac amplitude of ±0.01 V in 10 ◦C steps. Samples 
were soaked at each individual temperature until a constant conduc
tivity was observed (45–50 min). The DC-conductivity (σDC) was 
determined from the plateau value observed in the frequency-dependent 
spectrum of the real component of the complex conductivity (σ′ = ωε′′εo 
where ω is the frequency, ε′′ is the dielectric loss and εo is the vacuum 
permittivity). 

3. Results and discussion 

The desired imidazolium-containing ene monomers were prepared 
as outlined in Scheme 1. In short, substitution of sodium imidazole with 
6-iodohexene resulted in 1-(hex-5-enyl)imidazole 1. Quaternization was 
then accomplished by reaction of 1 with 6-chlorohexene, providing 1,3- 
bishexenylimidazolium chloride 2a. Standard anion metathesis re
actions were then completed with the appropriate lithium, sodium or 
silver salt, providing ene monomers 2b-g. Structural characterization 
and purity of the IL monomers and intermediates were determined using 
1H and 13C NMR spectroscopy and elemental analysis. Residual chloride 
was determined to be <0.01% w/w in monomers 2b-g by ion 
chromatography. 

Differential scanning calorimetry (DSC) was utilized to determine 
the thermal transitions of IL ene monomers 2a-g (Table S1). As expected, 
the glass transition temperatures (Tg) of the monomers decreased with 
increasing size of the counteranions (based upon thermochemical radii) 
as follows: [OMs] ≈ [PF6] < [ClO4] < [NO3] < [Cl] [46,47]. Tg values 
for monomers with the largest anions [NTf2] and [OTf] were below the 
lower limit of the instrumentation (<− 90 ◦C). Thermal stability, as 
defined by Td5% (the temperature at which 5% weight loss was 
observed), was analyzed by thermgravimetric analysis (TGA) and values 
were found to decrease with increasing Lewis basicity of the counter
anions on the order of [NTf2] > [PF6] > [OTf] > [ClO4] > [OMs] >
[NO3] > [Cl]. Such a correlation between Lewis basicity and thermal 
stability has been well established for imidazolium ILs and 
IL-functionalized polymers by our group and others [38,48–51]. 

Thiol-ene photopolymerization (Scheme 1) was completed using a 

broad-band UV source utilizing PTMP as the multi-functional thiol and 
TPO as the photoiniator (1 wt%). The thiol:ene functional group ratio 
was kept stoichiometric for all polymerizations. For each experiment, 
the monomer solution was dispensed by syringe between two Rain-X® 
treated glass slides, separated by a 500 μm PTFE spacer and held 
together by binder clips. The solution was polymerized under the UV 
lamp on each side for 5 min. The resulting ionene films were then placed 
in a vacuum oven overnight to dry. The films were found to be insoluble 
in a number of conventional solvents, including water, acetone, chlo
roform, dimethylsulfoxide, tetrahydrofuran, methanol and N,N- 
dimethylformamide. 

As with the monomers, the ionene networks were analyzed for their 
thermal properties using DSC and TGA (Table 1). Glass transition tem
peratures once again were found to decrease with increasing counter
anion size on the order of [NTf2] < [OTf] < [OMs] < [PF6] < [ClO4] <
[NO3] < [Cl] (Fig. S19). All ionenes exhibited Tg values higher than the 
corresponding IL monomers due to covalent integration into the poly
mer network. Overall, the networks were found to have higher Td5% 
values than their monomeric precursors, especially for the more Lewis 
basic anions such as chloride, nitrate and mesylate (Fig. S20). 

Soxlhet extraction in THF revealed very high gel fractions (>95.5%) 
across all of the ionene networks, indicating a high degree of network 
formation (Table 1). This notion was supported by FT-IR spectroscopy, 
where no detectable thiol (2570 cm− 1) or alkene (1630 cm− 1) bands 
were observed (detection limit/error of 2%) after photopolymerization. 
None of the networks were found to swell to a high extent in THF, 
although a slight increase in the ability to swell does appear to occur as 
the anion gets larger and the network more hydrophobic (for example 
[OTf], [PF6] and [NTf2]). This observation is attributed to an enhance
ment in polymer-solvent interactions as the network becomes more 
hydrophobic. 

The range of observed rubbery plateau moduli (E′ at 100 ◦C), as 
determined by dynamic mechanical analysis of the networks, was rela
tively narrow (5.7–7.5 MPa), which was not surprising since the thiol: 
ene functional group ratio was stoichiometric for all formulations 
(Fig. 1). Apparent crosslink densities (ρx) were calculated according to 
rubbery elasticity theory (ρx = E′/3RT) and were found to be in the range 
of 6.2–8.0 × 10− 4 mol/cm3 (Table 1) [45]. DMA Tg values, determined 
from the maximum of the tan δ curves (Fig. S21), indicated that, as with 
the DSC data, the counteranion size heavily influenced the Tg. The order 
([NTf2] < [OTf] < [OMs] < [ClO4] < [NO3] < [PF6] < [Cl]) was slightly 
different than what was observed by DSC, however it is worth noting 
that many of the mid-sized anions ([ClO4], [NO3], [PF6]) have similar 
thermomechanical radii [46,47]. 

Temperature-dependent ionic conductivites of the ionene networks 
were initially determined under anhydrous conditions utilizing a TA 
Instruments DHR-2 Rheometer equipped with the dielectric accessory. 
At lower temperatures (Fig. 2), ionic conductivity was found to have an 
inverse relationship with Tg, presumably due to the existence of the 

Scheme 1. Synthesis of covalently crosslinked ionene networks, prepared from 1,3-bishexenylimidazolium IL ene monomers 2a-g.  
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weaker ionic association and plasticizing effect that commonly occur 
with larger anions such as [OTf] and [NTf2]. Overall, ionic conductivity 
at 20 ◦C was found to increase on the order of: [Cl] < [NO3] < [PF6] <
[ClO4] < [OMs] < [OTf] < [NTf2] with a range encompassing four or
ders of magnitude (10− 6 to 10− 10 S/cm). 

The anhydrous ionic conductivity curves were fitted to the Vogel- 
Fulcher-Tamman (VFT) equation: 

σ(T)= σ∞ × exp(
− DTo

T − To
) (1)  

where σ∞is the infinite conductivity limit, D is the strength parameter, 
To is the Vogel temperature (the temperature in which ion mobility goes 
to zero and polymer relaxation time is infinite) and T is the experimental 

temperature [39,52,53]. The results from the fitting are represented as 
dashed lines in the plot of anhydrous conductivity in Fig. 2 and the VFT 
fitting parameters are provided in Table 2. High temperature limiting 
conductivities (σ∞) were found to correlate within reason with the 
thermochemical radii of the corresponding counteranions, (i.e. σ∞ 

increased with decreasing anion size). The network bearing the Cl 
counteranion exhibited the highest σ∞ while the network employing the 
NTf2 counteranion exhibited the lowest σ∞, representing the two ex
tremes. Since anion size appears to be a correlating factor, this obser
vation likely results from the smaller, more basic anions overcoming 
electrostatic/Coulombic barriers as temperature increases. In a recent 
study, it has been demonstrated that conductivity of ionic polymers 
containing smaller ions is mostly controlled by such electrostatic in
teractions, while conductivities in polymers with larger, less basic an
ions are impacted strongly by elastic energy barriers (i.e. polymer free 
volume or mesh size) [54]. In the networks of present concern, it is 
possible that elastic barriers to ion motion are relatively small, and 
change very little, across a wide range of temperatures owing to the size 
of the spacer groups and the crosslinked nature of the polymers. At the 
same time, it is also likely that, due to the wide variety of sizes and 
geometries of the mobile counteranions, that there are differences in ion 
aggregation, both in extent and structure, that are impacting conduc
tivities [55]; however, additional morphological and/or computational 
studies would be required to support this hypothesis. 

T – To values were found to be comparable to our previously reported 
thiol-ene network data [39] but slightly higher than what have been 
observed for other imidazolium PILs [36,56–58]. The strength param
eter D, which is inversely related to dynamic fragility, was found to 
generally increase with decreasing counteranion size, although the 
majority of the ionene networks (except [Cl] and [NTf2]) exhibited 
similar values (±0.7 units). Larger D values have been associated with 
more Arrhenius-like behavior and increased coupling between free ion 
motion and polymer chain dynamics [39,52,53]. 

Ionic conductivity as a function of normalized Tg was also investi
gated in an effort to suppress the influence of changes in ionomer Tg and 
polymer segmental dynamics (Fig. 2). As the Tg-normalized curves do 

Table 1 
Gel fraction, thermal and mechanical properties of the imidazolium-containing ionene networks.  

Network Gel fraction (%) % swelling DSC Tg (◦C) TGA Td5% (◦C) E′ @ 100 ◦C (MPa) tan δ max (◦C) ρx x 10− 4 (mol/cm3) 

Cl 98.0 ± 0.3 122 ± 4 11.6 284 7.48 ± 0.13 36.9 ± 0.2 8.04 ± 0.1 
NO3 97.7 ± 0.2 123 ± 2 5.4 287 5.85 ± 0.12 19.2 ± 0.3 6.29 ± 0.1 
OMs 99.5 ± 0.2 125 ± 3 − 9.0 328 6.89 ± 0.15 17.1 ± 0.2 7.40 ± 0.2 
OTf 99.1 ± 0.2 136 ± 2 − 9.5 342 6.58 ± 0.21 9.4 ± 0.2 7.07 ± 0.2 
PF6 95.5 ± 0.4 136 ± 3 1.7 346 6.91 ± 0.24 24.3 ± 0.3 7.42 ± 0.3 
ClO4 99.6 ± 0.1 125 ± 3 4.4 336 6.05 ± 0.18 21.7 ± 0.1 6.50 ± 0.2 
NTf2 97.2 ± 0.3 154 ± 3 − 12.7 364 5.78 ± 0.14 2.8 ± 0.2 6.21 ± 0.1  

Fig. 1. Overlay of temperature-dependent storage modulus (E′) data from dy
namic mechanical analysis. 

Fig. 2. (Left) Temperature-dependent, anhydrous ionic conductivities of ionene networks with VFT fitted values shown as dashed curves for the anhydrous con
ductivity data. (Right) Tg-normalized ionic conductivities of the ionene networks shows that differences in ionic conductivity are not solely related to changes in Tg. 
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not converge well the observed differences in ionic conductivity cannot 
be solely related to changes in Tg. As previously alluded to, the interplay 
between morphology, molecular structure and ionic conductivity can be 
very complex and further experimentation would be necessary in order 
to completely separate these interconnected parameters. 

However, elucidating the relative contributions of free-ion concen
tration (p), free-ion mobility (μ), and polymer segmental dynamics to 
conductivity under anhydrous conditions could provide some initial 
insight into polymer characteristics controlling conductivities. Thus, the 
obtained dielectric data was evaluated by fitting both ε′ and ε” with 
previously reported models, the details of which are provided in the 
Supporting Information (Fig. S22). More specifically, the Debye-type 
relaxation function of modified Macdonald’s theory was applied to the 
low-frequency electrode polarization regime of both spectra. At the 
same time, information about polymer relaxations was extracted from 
the higher-frequency part of the spectra by fitting with a Havriliak- 
Negami function [39,52,59–61]. The dependence of free-ion concen
tration (number density of conducting ions) on temperature can be fitted 
to an Arrhenius function: 

p = p∞ × exp(
− Ea

RT
) (2)  

where p∞ is the high-temperature free-ion concentration limit and Ea is 
the activation energy for ion pair dissociation (Fig. 3) [39,61]. From the 
fitted lines, it was determined that log p∞ values for the ionene networks 
were in the range of 19.0 ± 0.7 cm− 3 and were lower than the estimated 
values of ~21 cm− 3 calculated from monomer stoichiometries (Table 2), 
meaning they are generally less “free” to participate in conduction than 
predicted. Activation energies were found to correlate with ion binding 
ability (Lewis basicity or hydrogen bond accepting capability) as ex
pected (Fig. S23) [50]. The stronger the ion binding affinity (chloride for 
example), the large the amount of energy needed for the ion to dissociate 
from any ion pairs or clusters. This result is consistent with the idea that 
temperature-dependent conductivites depend, at least in part, on elec
trostatic barriers to ion motion. 

Temperature-dependent ion mobilites were found by using a VFT 
fitting similar to that used for ionic conductivities: 

μ(T) = μ∞ × exp(
− D To

T − To
) (3)  

where μ∞ represents the high-temperature ion mobility limit and other 
parameters defined as before (Fig. 4). Ion mobility was found to be 
inversely related to Lewis basicity. Ionenes employing stronger Lewis 
bases ([Cl], [NO3], [OMs]) exhibited lower mobility values than the 
weaker, non-coordinating bases ([PF6], [ClO4], [OTf], [NTf2]). These 

results match well with the order of ionene conductivity over the same 
temperature range. What is somewhat surprising is that, despite having 
the highest limiting conductivity, chloride exhibits the smallest limiting 
mobility (μ∞). The reverse is true for [NTf2], which had the lowest 
limiting conductivity but the greatest limiting mobility. It should be 
noted, however, that the limiting mobilities also follow a general trend 
with anion/network hydrophobicity (as expressed by free energy of 
phase transfer between organic and aqueous phases) [62]. One hy
pothesis, then, for the observed mobility/conductivity trends is based on 
the idea of percolated aggregate theory [55]. Larger, more 
non-coordinated anions (more hydrophobic networks) may exist within 
a network of interconnected ionic aggregates, across all temperatures, 
which facilitate free ion motion (e.g., anion hopping) throughout the 
material. On the other hand, the smaller, more basic, ions (more hy
drophilic networks) may reside primarily within smaller ionic clusters, 
perhaps even as small as ion pairs, within the material. Due to anion size 
and tighter cation-anion contact, there is likely to be very little inter
connection between such ion pairs/clusters regardless of temperature, 

Table 2 
VFT Fitting, ion concentration and mobility data parameters for the ionene 
networks.  

Network σ at 
20 ◦C 
(S/cm) 

σ∞(S/ 
cm)  

D Tg − To 

(K)  
log μ∞ 

(cm2 

V− 1 

s− 1) 

Ea (kJ 
mol− 1) 

log p∞ 

(cm− 3) 

Cl 5.0 ×
10− 10 

8.09 14.3 93 − 0.17 20.13 19.6 

NO3 3.0 ×
10− 9 

1.09 7.6 67 − 0.08 22.74 19.7 

OMs 2.0 ×
10− 8 

0.61 8.9 78 0.02 22.16 19.6 

OTf 6.6 ×
10− 8 

0.64 8.3 82 0.41 15.29 18.8 

PF6 1.0 ×
10− 8 

4.13 11.0 70 0.77 10.30 18.2 

ClO4 1.1 ×
10− 8 

3.56 9.0 71 0.70 11.62 18.7 

NTf2 1.5 ×
10− 6 

0.32 6.6 69 0.95 8.25 18.1  

Fig. 3. Temperature-dependent free ion concentrations determined by fitting 
dielectric spectra with the modified Macdonald model. The dashed lines 
represent the linear Arrhenius fits extrapolated to the complete dissocia
tion limit. 

Fig. 4. Temperature-dependent free ion mobilities determined by fitting 
dielectric spectra with the modified Macdonald model. The dashed curves 
represent the VFT fits. 

N.C. Bontrager et al.                                                                                                                                                                                                                           



Polymer 222 (2021) 123641

7

thereby restricting the mobility of the smaller anions. 
This hypothesis alone, though, does not fully explain why the limiting 

mobilities and limiting conductivities do not correspond neatly with one 
another. As noted earlier, the limiting free ion concentrations for the 
various ionenes generally were within an order of magnitude of one 
another. However, closer inspection of the log p∞ values show that there 
is a trend of increasing log p∞ that also correlates with increasing anion 
basicity and network hydrophilicity, i.e, in the opposite direction of the 
limiting mobility trend. So, it appears that the amount of free ion 
contributing to conductivity increases much more rapidly/greatly for 
smaller, more basic anions (hydrophilic networks) than it does with 
larger, non-coordinating anions (hydrophobic networks). This observa
tion is likely due, again, to the possible differences in morphologies 
among the polymers outlined above. For instance, as temperature in
creases, anions in percolated aggregate networks generally remain 
contained within such aggregates (though those aggregates may become 
somewhat more diffuse) and total “free” anions remain rather low. Such 
observations with other ionic polymer systems have been recently re
ported [55]. On the other hand, once sufficient thermal energy is input 
to overcome electrostatic interactions present for smaller, basic anions a 
large number of those ions become free to contribute to conductivity 
(though those ions’ mobilities may be limited for reasons outlined 
above). In other words, while these ionenes all have nominally ~ the 
same total anion concentration, they are behaving as if they have very 
different anion loading due to variations in ion cluster/aggregation 
morphologies. Of course, in order to fully support these assertions, X-ray 
scattering studies will be required. 

As alluded to earlier, ionic conductivity can vary greatly with hu
midity and water absorption. Towards this end, temperature-dependent 
ionic conductivities were determined using dielectric relaxation spec
troscopy (DRS) where the relative humidity was controlled at 30, 50 or 
70% (Fig. 5). As expected, the polymer employing the chloride ion (most 
hydrophilic network) exhibited a tremendous enhancement (~5 orders 

of magnitude at 30 ◦C, 70% RH) in ionic conductivity with increasing 
humidity. Networks using either the [NO3] or [OMs] anion were also 
found to exhibit large enhancements in conductivity with increasing 
humidity. Hydrophobic networks which used anions such as [ClO4], 
[OTf], [PF6] and [NTf2] showed little to no difference regardless of the 
conditions. Overlays of temperature-dependent ionic conductivity 
curves, as a function of relative humidity, for individual networks can be 
found in the Supporting Information (Figs. S24-S30). 

To supplement these findings, each network was subjected to water 
uptake studies at the relative humidity of interest (30, 50 or 70%), as 
well as after a 16 h soaking in water to mimic 100% relative humidity, to 
determine the percent of water absorbed (Fig. 6). Water uptake was 
found to be the largest for chloride system as expected, however the 
mesylate-containing network was also observed to have a relatively 
large water uptake. Hydrophobic networks ([PF6] and [NTf2]) did not 
absorb any appreciable water at any humidity studied. It is also worth 
noting that water uptake was found to be consistent across the 30–90 ◦C 
temperature range. Overall, the results from these studies mirror those 
acquired from ionic conductivity studies. Clearly, the more hydrophilic 
the network is, the more water is absorbed, resulting in a system where 
ion transport is less dependent upon polymer chain dynamics (Nafion™- 
like). It is hypothesized that, similar to the PIL systems described by 
Elabd and Madsen, increased water content is assisting in the formation 
of ion channels within the network which, in turn, enhances ion trans
port [27,52,63]. The Tg values of the ionene networks were also moni
tored as a function of relative humidity. In each experiment, a sample of 
the film was taken directly out of the humidity-controlled oven and 
placed in a hermetically sealed aluminum pan, followed by analysis 
using DSC. Fig. 6 includes the results of these experiments which nicely 
complement the ionic conductivity and water uptake trends. Networks 
employing hydrophilic anions [Cl], [OMs] or [NO3] exhibited drastic 
decreases in Tg as a function of relative humidity while [PF6] and [NTf2] 
were unchanged. Tg-Normalization graphs at variable relative humidity 

Fig. 5. Temperature-dependent ionic conductivities of ionene networks under different relative humidity conditions.  
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were assembled in an attempt to decipher the role that Tg/polymer 
dynamics have on the observed changes in ionic conductivity (Fig. S31). 
A complete coelescnce of the networks most effected by humidity ([Cl], 
[NO3], [OMs]) was not observed, indicating that the observed increase 
in conductivity is not solely a Tg phenomenon. For two networks that 
were moderately affected by an increase in humidity ([OTf], [ClO4]), the 
Tg-normalized curves were found to coalesce, indicating that water may 
be primarily acting to plasticize the network as reflected in a reduction 
in Tg. 

4. Summary 

The influence of counteranion and humidity on the thermal and 
mechanical properties and ionic conductivities of a series of covalently 
crosslinked ionenes was investigated. Thiol-ene photochemistry was 
utilized to prepare the desired networks with PTMP as a tetrafunctional 
thiol and a wide range of counteranions ([NTf2], [PF6], [OTf], [ClO4], 
[OMs], [NO3], [Cl]) were included as part of the design of experiment. 
All of the networks exhibited a relatively high crosslink density (E′ of 
5.8–7.5 MPa at 100 ◦C), with Tg values found to be inversely related to 
the size of the counteranion. Thermal stability (Td5%) was inversely 
related to the Lewis basicity of the counteranions with the ionene 
network bearing the [NTf2] anion exhibiting the highest thermal sta
bility (>360 ◦C). 

Anhydrous ionic conductivities, as determined from dielectric 
relaxation spectroscopy, were found to be on the order of 10− 10 to 10− 6 

S/cm at 20 ◦C. At lower temperatures, ionic conductivity was found to 
have an inverse relationship with Tg as larger, non-coordinating anions 
such as [OTf] and [NTf2] result in weaker ionic associations and plas
ticize the network. VFT fitting of the anhydrous conductivity curves 
indicated that high temperature limiting conductivities (σ∞) were found 
to correlate within reason with the thermochemical radii of the corre
sponding counteranions with the Cl-bearing network exhibiting the 
highest σ∞ value. Although further morphological and/or computa
tional studies are needed, this data could be indicative of differences in 
ion aggregation, both in extent and structure. The relative contributions 
of free-ion concentration (p), free-ion mobility (μ), and polymer 
segmental dynamics to conductivity under anhydrous conditions was 
also investigated. Ionenes employing weaker, non-coordinating bases 
([PF6], [ClO4], [NTf2]) exhibited higher mobility values than stronger 
Lewis bases ([Cl], [NO3], [OMs]) and could be attributed to the exis
tence of more interconnected network ionic aggregates across all tem
peratures. Smaller, more basic ions (more hydrophilic networks) may 
reside primarily within smaller ionic clusters with little interconnection 
and restricted mobility. Free ion concentration was found to increase 
much more rapidly/greatly for these anions and may reflect that these 
percolated aggregates may be more diffuse throughout the network; 
however additional morphological studies would need to be carried out. 

Finally, the effect of relative humidity on the ionic conductivity of 
the ionene networks was also explored. The most hydrophilic networks 
([Cl], [OMs], [NO3]) were found to have a very large response to hu
midity changes, resulting in a 3- to 5-fold enhancement in conductivity. 
Water tends to have a plasticizing effect in most ion-containing net
works, leading to a decrease in Tg and an increase in conductivity; 
however, as the Tg-normalized curves did not completely collapse, the 
rate enhancement cannot be completely related to polymer chain dy
namics. As has been suggested in related publications, a water-assisted 
ion transport mechanism can be envisioned for these networks. Addi
tional morphological studies on these systems (anhydrous and under 
controlled humidity) are planned as part of a follow-on study. 
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