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Poly(propylene glycol)-Based Non-Isocyanate Polyurethane
Ionenes: Thermal, Morphological and Conductive Properties

Jordan C. Pierce, George M. Timmermann, Creston Singer, David Salas-de la Cruz,
and Kevin M. Miller*

The synthesis and characterization of a series of polyurethane ionenes using a
non-isocyanate approach is disclosed. Imidazole-capped, urethane-containing
prepolymers are prepared by first reacting carbonyl diimidazole (CDI) with
several poly(propylene glycol) (PPG) diols with variable molecular weight,
followed by subsequent reaction with 3-aminopropylimidazole (API).
Polymerization with 1,4-dibromomethylbenzene followed by anion exchange
resulted in the desired polyurethane ionenes bearing the [NTf2] counteranion
as a series of viscous liquids. NMR and FTIR spectroscopy are used to
characterize the intermediates and final ionenes, including molecular weight
determination by end-group analysis. A single glass transition temperature
(Tg), as determined by differential scanning calorimetry (DSC), is observed for
each ionene (−38 to −64 °C) with the Tg decreasing with increasing PPG
molecular weight. Thermogravimetric analysis (TGA) indicated a two-step
decomposition for each ionene, with the first being degradation of the PPG
segment, followed by the urethane/ionic segment. Microphase separation is
observed from x-ray scattering profiles with Bragg distances that increased
with increasing PPG molecular weight. Ionic conductivity is found to be
inversely dependent upon DSC Tg at lower temperatures (RT and below);
however, at higher temperatures, conductivity appears to be more dependent
upon the ability of ionic aggregates caused by phase separation to interact.

1. Introduction

Since they were first disclosed in the 1930s, polyurethanes (PUs)
remain as one of themost heavily used commercial polymers due
to their broad range of thermal andmechanical properties.[1] The
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reaction between an alcohol and an iso-
cyanate is often rapid and exothermic.
As a result, applications of polyurethanes
are also broad in scope and include ad-
hesives, foams (rigid and flexible), coat-
ings, and elastomers. Currently, the most
common route used for making commer-
cial polyurethanes involves a two-step “pre-
polymer” process. First, a polyol is re-
acted with an excess of low molecular
weight diisocyanate, creating an isocyanate-
terminated prepolymer, followed by re-
action in the second step with another
polymer (chain extender or crosslinking
agent), resulting in the final PU. The vari-
ability in isocyanate and polyols which
are commercially available have led to
the aforementioned array of properties.
The synthesis of polyurethanes via

an isocyanate route comes with various
hazards. First of all, the synthesis of the
low molecular weight isocyanates from
amines requires the use of phosgene, a
highly toxic gas. Secondly, two of the most
common commercial isocyanates, TDI
(toluene diisocyanate) and MDI (methylene
diphenylisocyanate) are not only toxic

but also carcinogenic.[2,3] While the isocyanate-terminated pre-
polymers formed from the reaction of these lowmolecular weight
isocyanate monomers with polyols reduces their toxicity profile,
they still bear a very reactive functional group. Additionally, even
at the end of their lifetime, PUs have been found to degrade
into isocyanates and hydrogen cyanide during combustion.[4,5]

So, while their end-use properties are vast and encompass a num-
ber of applications of societal importance, the overall life cycle of
PUs must continue to be reevaluated in order to reduce their im-
pact on our human health and the environment.
From a synthetic standpoint, a number of non-isocyanate

routes to forming urethanes and polyurethanes have been under-
taken, including various polycondensations and rearrangements,
and the reader is directed toward several excellent reviews.[5–10]

Of the many alternative routes described in the literature, the
polyaddition of cyclic carbonates with diamines appears to be
the most viable route for non-isocyanate polyurethanes (NIPUs).
Cyclic carbonates are generally non-toxic and, once reacted with
an amine, do not produce any byproducts. Many of the logisti-
cal and environmental benefits of utilizing cyclic carbonates over
isocyanates to prepare polyurethanes was reviewed by Datta and
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Włoch.[11] Although cyclic carbonates have been and continue to
be prepared from phosgene, phosgene derivatives, or epihalohy-
drins, carbon dioxide has been utilized in combinationwith epox-
ides, olefins or diols as a less hazardous approach.[12–14] For ex-
ample, Torkelson and coworkers demonstrated that polyhydrox-
yurethane (PHU) thermoplastic elastomers could be prepared
through the reaction of a mixture of cyclic carbonate-terminated
PEG (poly(ethylene glycol)) and divinylbenzene dicyclocarbon-
ate, prepared through CO2 insertion of the respective epoxide
precursors, with 1,3-diaminopropane.[15] When compared with
an analogous traditional PUmade using isocyanate-polyol chem-
istry, they found that the PHU did not exhibit the same mechan-
ical strength due to the presence of the free hydroxyl groups,
formed during the ring-opening polymerization process. The hy-
droxyl groups prevented segregation of the soft and hard phases;
however, phase mixing could be reduced when sterically hin-
dered polyethers such as poly(propylene glycol) (PPG) or poly-
ols with decreased ether content (PTMO – poly(tetramethylene
oxide)) were used instead. In another example, plant oil-based
9-decenoate was epoxided and then converted into the cyclic
carbonate by Long and coworkers.[16] This difunctional mate-
rial served as a key monomer in the synthesis of a series of
poly(amide-hydroxyurethane)s. A more recent example of uti-
lizing cyclic carbonates as monomers in the preparation of
non-isocyanate polyurethanes involved the inclusion of dynamic
disulfide bonds (cystamine), allowing for the recycling of the net-
works within 20 min at 100 °C.[17] A broad range of thermal and
mechanical properties were realized by varying the nature of the
difunctional cyclic carbonate monomer (PEG, PTMO, aromatic).
Yet another approach tomaking non-isocyanate polyurethanes

involves the use of carbonyl diimidazole (CDI), a reagent his-
torically used as an alternative to thionyl chloride or carbodi-
imides in the synthesis of amides and esters from carboxylic
acids.[18–21] It has also been shown to have utility in the forma-
tion of ureas and urethanes.[22,23] Compared to the cyclic carbon-
ate approach previously described, the reaction of CDI avoids
the use of catalysts such as DBU (1,8-diazabicyclo[5.4.0]undec-
7-ene) which are required to promote polyaddition as well as
the complication of phase mixing that often arises from the
free hydroxyl group that is formed as a result of ring open-
ing. CDI has been employed in polymerization reactions in the
past, in particular the synthesis of polycarbonates.[24,25] Dendritic
and hyperbranched polyurethanes have also been prepared as
reported by Rannard and coworkers, demonstrating that CDI
can sequentially be reacted with an alcohol then an amine (or
in the reverse) resulting in a urethane functional group.[26,27]

More recently, Long et al. reported the first use of CDI in the
synthesis of linear polyurethanes through the stepwise addition
of 1,4-butanediol, forming an isolatable biscarbamate interme-
diate, followed by step-growth polymerization with a variety of
diamines.[28] The thermoplastic polyurethanes displayed high
thermal stability (Td5% > 275°C) and were melt processable.
Ionic liquid (IL)-containing polymers have applicability across

a number of important applications, including carbon dioxide
capture and energy storage.[29–32] IL-containing polymers can
generally be divided into two architectures: poly(ionic liquid)s
(PILs) where the IL group is pendant to the backbone and ionenes
where the IL group is anchored directly into the backbone of the
repeating unit. Early reports of polyurethane-containing ionenes

were reviewed by Nelson in 2014.[32] Since then, several re-
search teams have focused on combining the hydrogen bond-
ing capability of the urethane group and the ionic bonding dis-
played by the IL group to create uniquematerials for task-specific
applications. For example, Morozova et al. disclosed a series
of polyurethanes that combined various cations (ammonium,
imidazolium, quinuclidinium) and anions ([BF4], [PF6], [NTf2],
and others) for carbon dioxide capture.[33] CO2 storage capac-
ities of up to 24.8 mg g−1 were observed for these materials.
Spin-coated poly(acrylic acid)/polyurethane ammonium ionene
films have also been disclosed, and were observed to exhibit
self-healing properties due to the ability of the polyurethane to
change conformations from a coiled to a stretched state, trigger-
ing long-distance polymer migration.[34] Shape memory and fix-
ity properties have also been demonstrated for a series of ammo-
nium IL-crosslinked polyurethanes.[35] Imidazolium-containing
polyurethanes reported by Duan and workers not only high
toughness and self-healing properties, but also antibacterial ac-
tivity against S. aureus and E. coli.[36] Across all of these reports,
the urethane groups were generated using isocyanate chemistry.
In this work, we report the synthesis of polyurethanes

using a CDI non-isocyanate route which incorporate im-
idazolium ionic liquid (IL) units in the backbone, creat-
ing polyurethane ionenes. For the backbone, we utilized
poly(propylene glycol) diols, which were subsequently reacted
with CDI and 3-aminopropylimidazole (API), resulting in a se-
ries of imidazole-terminated polyurethane prepolymers. Step-
growth Menshutkin polymerization, followed by anion ex-
change, resulted in a series of polyurethane ionenes bear-
ing the bis(trifluoromethanesulfonyl)imide [NTf2] counteranion.
The polyurethane ionenes were characterized by NMR and IR
spectroscopy, and analyzed for their thermal, morphological, and
conductive properties. To the best of our knowledge, this repre-
sents the first report of IL-containing polyurethanes prepared us-
ing non-isocyanate chemistry.

2. Results and Discussion

2.1. Synthetic Approach

Polyurethane ionenes were prepared as follows. CDI was first re-
acted with poly(propylene glycol) (PPG) diols with variousmolec-
ular weights (1100, 2000, 4100, 8000 gmol−1 as determined from
end-group titration).[37] These reactions resulted in a series of
biscarbonylimidazolide-terminated intermediates xK PPG-CDI
where x refers to the molecular weight of the PPG used, i.e., 2 =
2000 g mol−1. These intermediates were then reacted with API
(3-aminopropylimidazole), generating the urethane-containing
prepolymers xK PPG-API bearing terminal imidazole groups.
The prepolymers were then polymerized by coupling with 1,4-
dibromomethylbenzene in NMP at 150 °C at a 1:1 molar ratio
of imidazole to bromide. The ionenes were isolated as the [NTf2]
derivatives by pouring the cooled reaction solution slowly into a
solution of LiNTf2 in DI water, allowing for removal of the sol-
vent as well as anion exchange. The ionenes (xK PPG-ionene)
were isolated as a series of viscous, light brown oils. The bro-
mide ionene intermediates were not isolated as the overall goal
of this study was to create materials that exhibited high thermal
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Scheme 1. Synthesis of poly(propylene glycol)-based polyurethane ionenes.

Table 1.Molecular weight data from 1HNMR end-group analysis and ther-
mal properties of the poly(propylene glycol) urethane-containing ionenes.

ionene wt% PPG 1H NMRMn (kg mol−1) DSC Tg (°C) TGA Td5% (°C)

1K PPG-ionene 56 42.5 −38.1 251

2K PPG-ionene 70 41.2 −45.4 274

4K PPG-ionene 83 38.5 −58.9 280

8K PPG-ionene 90 51.8 −64.3 264

stability and ionic conductivity, both of which are enhanced with
bulky, non-coordinating ions like [NTf2] (Scheme 1).

2.2. Ionene Characterization and Thermal Properties

NMR and FTIR spectroscopies were used to confirm the iden-
tity and purity of the polymers as well as all of the corresponding
intermediates. As the chemical shift of the end-group benzyl pro-
tons of the polyurethane ionenes (4.55 ppm in CDCl3) in the

1H
NMR spectra were separate from the main chain signals, molec-
ular weight values were determined by end-group analysis. The
relative integration of the end-group benzyl signal was compared
with that of the imidazolium H2 proton in the repeating unit of
the ionene. A representative example (4K PPG-ionene) is shown
in Figure 1. Molecular weight values are reported in Table 1 and
ranged from 38.5–51.8 kg mol−1. Additional NMR spectra can be
found in the Supporting Information.
The polyurethane ionenes were also analyzed by FTIR spec-

troscopy and Figure 2 provides an overlay of the FTIR spectra for
the 4K PPG polyurethane system as a representative example.

The 4K PPG-CDI precursor displayed a sharp band correspond-
ing to the carbonyl stretching at 1760 cm−1 which shifted to lower
wavenumber when the material was converted to 4K PPG-API
(1713 cm−1) and final ionene (1706 cm−1) versions, indicative of
the formation of a urethane functional group. Also observed was
the appearance of two bands corresponding to N-H stretching at
1534 and 1510 cm−1 for 4K PPG-API and 1562 and 1532 cm−1

for 4K PPG-ionene. The two N-H stretches are attributed to
“free” and hydrogen-bound groups, respectively. These observa-
tions follow what other research teams have observed in their
preparation of polyurethane ionenes.[33,37] Additionally, a series
of new signals that are attributed to the [NTf2] counteranion were
observed in the final 4K PPG-ionene product. These new bands
include SO2 stretching (1190 and 616 cm

−1), C-S stretching (788
cm−1) and S-N-S stretching (740 and 640 cm−1).[39,40]

Thermal properties of the ionenes were examined using differ-
ential scanning calorimetry (DSC) and thermogravimetric anal-
ysis (TGA). All four of the imidazolium polyurethane ionenes
exhibited a single endothermic transition (−38 to −64 °C) cor-
responding to the glass transition temperature (Tg) (Figure 3).
Prior literature suggests that the closeness of the Tg values rel-
ative to that of pure PPG diol indicates microphase separation
(for reference, a Tg value of −67.5 °C was found for the start-
ing 4K PPG diol.).[37,38] Note that the ionene Tg values decrease
and the transition sharpens as the PPG chain length increases,
supporting this hypothesis. No other transitions (first or second
heating) were observed for any of the samples. The presence of
microphase separation will be revisited in the discussion of the
X-ray scattering data.
Each of the polyurethane ionenes displayed a two-phase de-

composition by TGA as shown in Figure 4. The first mass

Macromol. Chem. Phys. 2023, 224, 2300290 © 2023 Wiley-VCH GmbH2300290 (3 of 9)

 15213935, 2023, 22, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

acp.202300290 by M
urray State U

niversity, W
iley O

nline Library on [23/05/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



www.advancedsciencenews.com www.mcp-journal.de

Figure 1. 1H NMR spectrum of the 4K PPG-ionene (in CDCl3) with structural assignments. Integrations are provided for the end group benzylic protons
g as well as the imidazolium protons a) of the repeating unit of the ionene.

loss (≈250 °C) is attributed to the decomposition of the
poly(propylene glycol) backbone as this event matches accord-
ingly with the wt.% PPG in each ionene (Table 1) and increases
with increasing PPG chain length. For reference, the Td5% value
observed for the 4K PPG starting diol was 220 °C. The second
mass loss (≈340 °C) is assigned to the imidazolium/urethane

portion of the ionene which most likely occurs through a
combination of retro-SN2 and elimination pathways; however,
additional work beyond the scope of the present study would
be necessary to confirm. Overall, the thermal stability of the
polyurethane ionenes prepared was clearly limited by the PPG
segment.

Figure 2. Overlay of FTIR spectra for the 4K PPG-polyurethane system.
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Figure 3. DSC overlay (second heating) of the imidazolium-containing
ionenes.

Figure 4. Thermogravimetric analysis data of the imidazolium-containing
polyurethane ionenes.

2.3. Morphology

The polyurethane ionenes were also analyzed by x-ray scatter-
ing (WAXS/SAXS) in order to investigate their morphology. The
x-ray scattering data shows three distinct peaks for each of the
ionones (Figure 5). The high scattering vector (q1) is assigned as
the monomodal amorphous halo and is indicative of the amor-
phous nature of these materials. The scattering vector represents
interactions between polymer backbones and cation/anion pairs
apart from the neutral polymer.[38,40,41] Themiddle scattering vec-
tor (q2) is associated with the distance between neighboring ionic
groups (anion-anion and cation-cation) and is on the length scale
(0.71 nm) reported for similar interactions in other PILs and
ionenes.[40–42] The low scattering vector (q3) is the result of mi-
crophase separation between the hard and soft segments. Note
that, starting with 1K PPG-ionene, there is broad gaussian-like
curve indicate of a broad range of distances; however, as the
length of the PPG chain gets longer, the peak becomes more
prominent and shifts to lower q. This increase in intensity of q3 is
indicative of a higher degree of microphase separation due to an
increase in electron density difference between the PPG segment
and the urethane/ionic segment.[35,37,38] The correlated distances

Figure 5. X-ray scattering (SAXS/WAXS) profiles for the poly(propylene
glycol)-based polyurethane ionenes.

Table 2. X-ray scattering data for the polyurethane ionenes.

ionene q1 (nm
−1) q2 (nm

−1) q3 (nm
−1)

1K PPG-ionene 13.9 8.9 1.53

2K PPG-ionene 13.9 8.9 1.33

4K PPG-ionene 13.9 8.9 1.05

8K PPG-ionene 13.9 8.9 0.62

calculated using Braggs Law for 1K PPG to 8K PPG goes from
4.0 to 10.1 nm, respectively. This assignment to microphase sep-
aration is corroborated by the differences in DSC Tg values. The
1K PPG-ionene polyurethane has the highest Tg value of the se-
ries which would indicate significant mixing between the PPG
and urethane/ionic phases. As microphase separation increases
with increasing PPG chain length, the observed Tg decreases as
it reflects the PPG segment (Table 2).

2.4. Ionic Conductivity

Conductivity of ion-containing polymers depends upon a num-
ber of factors including Tg, polymer morphology and structure,
ion diffusion, and aggregation, and it is often difficult to sepa-
rate which of these factors is the primary contributor.[41–47] Ionic
conductivity values for each of the polyurethane ionenes were de-
termined using a rheometer equipped with a dielectric accessory
under an atmosphere of dry nitrogen. Each sample, at a thickness
of 500 μm, was allowed to equilibrate at the desired temperature
(90–−30 in 10 °C steps) for 45 min prior to obtaining any data.
As shown in Figure 6, ionic conductivity was found to be on the
order of 10−4 to 10−5 S cm−1 at 30 °C. At lower temperatures,
closer to the polymers observed DSC Tg values, conductivity was
found to be inversely related to Tg (8K> 4K> 2K> 1K). However,
as the temperature increased, this trend eventually inverted with
the 1K PPG-ionene being observed to have the highest ionic
conductivity at 90°C (increasing to temperatures > 90 °C led to
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Figure 6. Ionic conductivities of the poly(propylene glycol)-based,
urethane-containing ionenes. Raw data points are provided alongwith VFT
fitted solid curves.

sample flowing out from between the plates). In addition to the
plotted data points in Figure 6, ionic conductivity curves were
fitted with the Vogel–Fulcher–Tammann (VFT) equation as 𝜎DC
values are dependent upon correlations between diffusion of the
ionic species and polymer chain dynamics at temperatures above
the Tg.

[48,49] The fitted data is represented by the solid curves
shown in Figure 6 and the VFT fitting parameters are provided
in the Supporting Information.
There are two primary, structural factors with these ionenes

that dictate ionic conductivity: the PPG softer segment and the
urethane/ionic harder segment. At lower temperatures, there
must be restricted motion of the urethane/ionic harder segment,
meaning that ionic conductivity is primarily driven by segmen-
tal relaxation of the softer PPG. The longer chain lengths (4K
and 8K) provide more flexibility (reflected by the lower DSC Tg
values) to allow for improved ion conduction. As the tempera-
ture increases, the urethane/ionic segments become more mo-
bile and contribute more to the ionic conductivity; however, ion
aggregation, caused by phase separation, dictates the ability of an
ion to move from one aggregate to another.[46,47] In other words,
longer PPG chain lengths force the ions into aggregates that are
not well interconnected, leading to poor ion transport through-
out the polymer matrix.[37] As 1K PPG-ionene utilizes the short-
est PPG chain length and phase separation is not as defined,
ions are not aggregated as well and/or the aggregates are inter-
connected (this distinction cannot be made at present), resulting
in improved conductivity with temperature as well as the largest
high-temperature ionic conductivity (𝜎∞ = 5.46 S/cm). It is also
worth noting that the other ionenes (2 K, 4 K, and 8 K), all of
which were observed to have a more definitive degree of phase
separation by x-ray scattering, exhibit the same “crossover” tem-
perature (≈10°C)whereby conductivity becomesmore heavily de-
pendent on the ability of ions to migrate from one aggregate to
another as temperature increases. Long et al. have reported a sim-
ilar dependence of ionic conductivity and temperature with re-
gards to hard and soft segment Tg values and phase separation
for a series of solid polyurethane ionomers bearing a PTMO soft
segment.[38]

3. Conclusions

Polyurethanes are a vital class of polymers, and continue to be
utilized in a number of commercial applications of societal im-
portance. Despite their utility, the synthesis of polyurethanes re-
mains highly hazardous due to the use of isocyanates. Several
non-isocyanate pathways have been reported in the literature;
however, each has their drawbacks such as the use of phosgene as
a precursor or the need for a catalyst to promote polymerization.
The use of carbonyldiimidazole (CDI) as a reagent represents yet
another non-isocyanate alternative in which one can selectively
chose the alcohol and amine partners in which to make the ure-
thane. The process does not require a catalyst but isolation and
scale-up evaluation of the imidazole byproduct formed as a result
of each synthetic step needs further investigation.
In this report, we discuss the synthesis and characterization

of a series of poly(propylene glycol) (PPG)-based polyurethane
ionenes. CDI was first coupled with PPG diols with variable
molecular weight, followed by reaction with 3-aminopropyl
imidazole (API), generating imidazole-terminated urethane-
containing prepolymers. Menshutkin (SN2) polymerization with
1,4-dibromomethylbenzene, followed by anion exchange with
LiNTf2, resulted in polyurethane ionenes. NMR and FTIR spec-
troscopy were used to confirm changes in chemical structure and
1H NMR spectroscopy of the final ionenes were utilized to de-
termine molecular weight (38.5–51.8 kg mol−1) using end-group
analysis. A single glass transition temperature (Tg) was observed
for each ionene using DSC and values were found to decrease
with increasing PPGmolecular weight. This finding supportsmi-
crophase separation of the PPG segment from the urethane/ionic
segment. TGA results showed a two-phase degradation process
for each ionene. The first event is assigned to the decomposi-
tion of the PPG segment as the mass percent lost matched the
weight percent of the PPG contained in each ionene. The second
decomposition event is assigned to the urethane/ionic segment,
but additional studies would need to be completed to determine
the exact mode of degradation.
The morphology of the polyurethane ionenes was investigated

by small- and wide-angle X-ray scattering. Three distinct peaks
were identified. The two high q signals (q1 of 13.9 nm−1 and
q2 of 8.9 nm−1) are assigned to the amorphous halo and the
ion-to-ion distances, respectively. These scattering distances
did not change as a function of PPG molecular weight. The
low q vector indicates microphase separation with correlated
distances from 4.0 to 10.1 nm from the 1K to 8K PPG ionenes,
respectively. As 1K PPG-ionene had the highest DSC Tg value
and the smallest (and broadest) q3 scattering vector, microphase
separation was deemed to be the lowest in this polymer. Ionic
conductivities were determined from 90 to −30 °C using the
dielectric accessory of a rheometer under dry nitrogen condi-
tions. At low temperatures, conductivity was found to increase
with decreasing Tg as ion mobility is most likely linked to the
relaxation of the PPG chains. As temperature increases and the
urethane/ionic segment becomes more mobile, conductivity
appears to be more dependent upon the ability of ions to move
between segregated ionic clusters. Overall, this study repre-
sents the first report of polyurethane ionenes prepared using a
non-isocyanate approach. Future work will focus on the ability
to isolate the imidazole byproduct from the synthetic process,
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thereby making the process more sustainable, and architectural
changes that allow for greatermechanical stability of the ionenes,
leading to potential application as membranes in energy devices.

4. Experimental Section
General: Several reagents used were purchased from TCI (carbonyl

diimidazole (CDI)), Fisher Scientific (3-aminopropylimidazole (API), N-
methyl pyrrolidone (NMP)), or Pharmco (ethyl acetate, dichloromethane)
and used as received. The poly(propylene glycol) (PPG) diols were pro-
vided by Bayer Scientific (Arcol 1000, Acclaims 2200, 4200, 8200). 1,4-
Dibromomethylbenzene was prepared following a literature procedure.[50]

Ultrapure water, having a resistivity of 18 MΩ-cm was produced using an
ELGA Purelab Ultra filtration device. 1H and 13C NMR spectra were ac-
quired on a JEOL-ECS 400MHz spectrometer and the chemical shift values
reported are referenced to residual solvent signals in CDCl3 (

1H, 7.26 ppm;
13C, 77.36 ppm).

Synthesis of 1K PPG-CDI: In a 100-mL round-bottomed flask equipped
with a magnetic stir bar was dissolved the 1K PPG diol (Arcol® 1000;
10.00 g, 0.010 mol) in ethyl acetate (50 mL). CDI (4.05 g, 0.025 mol) was
then added in portions over a 15-min period and the resulting solution was
stirred at room temperature overnight. The reaction was then diluted with
ethyl acetate (100mL), transferred to a separatory funnel, and washed with
DI water (2 × 50 mL), and brine (50 mL). The organic phase was isolated,
dried over Na2SO4/MgSO4, filtered, and then the solvent was removed
under reduced pressure to afford 10.32 g (86%) of a clear, colorless oil.
1H NMR (CDCl3): 𝛿 8.09 (s, 2 H), 7.38 (s, 2 H), 7.01 (s, 2 H), 5.18 (bs, 2
H), 3.21-3.68 (m, -CH2-CH(CH3)-O-), 0.99-1.36 (m, -CH2-CH(CH3)-O-).
13C NMR (CDCl3): 𝛿 148.21, 137.04, 130.39, 117.08, 71.20-75.77 (-CH2-
CH(CH3)-O-), 16.41-18.41 (-CH2-CH(CH3)-O-).

Synthesis of 1K PPG-API: In a 100-mL round-bottomed flask equipped
with a magnetic stir bar was dissolved the carbonyl imidazole-terminated
1K PPG (10.00 g, 8.33 mmol) in dichloromethane (75 mL). API (3.12 g,
25.0 mmol) was added and the resulting solution was stirred at room
temperature for 48 h. The solvent was then removed and the residue
was dissolved in chloroform (100 mL) and washed with DI water (2 ×
50 mL) and brine (50 mL). The organic phase was isolated and dried
over Na2SO4/MgSO4, filtered, and the solvent was removed under re-
duced pressure to afford 9.92 g (92%) of a clear, colorless oil. 1H NMR
(CDCl3): 𝛿 7.46 (s, 2 H), 7.02 (s, 2 H), 6.91 (s, 2 H), 4.88 (bs, 2 H), 3.96
(t, 4 H, J = 7.1 Hz), 3.21-3.72 (m, -CH2-CH(CH3)-O-), 3.13 (m, 4 H), 1.95
(t, 4 H, J = 6.8 Hz), 1.03-1.29 (m, -CH2-CH(CH3)-O-).

13C NMR (CDCl3):
𝛿 156.32, 137.04, 129.51, 118.75, 70.29-75.43 (-CH2-CH(CH3)-O-), 44.22,
37.87, 31.58, 16.92-18.23 (-CH2-CH(CH3)-O-).

Synthesis of the 1K PPG-ionene: In a PTFE screw-capped pres-
sure vessel equipped with a magnetic stir bar was dissolved 1,4-
dibromomethylbenzene (0.99 g, 3.75 mmol) in NMP (30 mL). API-
terminated 1K PPG (4.88 g, 3.75 mmol) was then added, and the reactor
was sealed under argon and heated to 150 °C where it remained for 24
h. The reaction was then cooled to room temperature and slowly poured
into a stirred solution of LiNTf2 (6.49 g, 0.0225 mol) in DI water (100 mL).
The resulting mixture was stirred for 24 h at room temperature. The wa-
ter was then decanted and the residue was dissolved in dichloromethane
(100 mL) and washed with DI water (2 × 50 mL). The organic phase was
then isolated and the solvent removed under reduced pressure to afford a
viscous, light brown oil (4.65 g).

Synthesis of 2K PPG-CDI: In a 250-mL round-bottomed flask equipped
with a magnetic stir bar was dissolved the 2K PPG diol (Acclaim® 2200,
5.00 g, 2.50 mmol) in ethyl acetate (50 mL). CDI (2.03 g, 12.50 mmol) was
then added in portions over a 15 min period. The resulting solution was
stirred at room temperature overnight. Additional ethyl acetate (50 mL)
was then added, followed by transferring to a separatory funnel where it
was washed sequentially with DI water (2 × 50mL) and brine (50 mL). The
organic phase was isolated, dried over Na2SO4/MgSO4, filtered, and then
the solvent was removed under reduced pressure to afford 5.35 g (97%) of
a clear, colorless oil. 1H NMR (CDCl3): 𝛿 8.14 (s, 2 H), 7.41 (s, 2 H), 7.04

(s, 2 H), 5.21 (bs, 2 H), 3.24-3.73 (m, -CH2-CH(CH3)-O-), 0.98-1.39 (m,
-CH2-CH(CH3)-O-).

13C NMR (CDCl3): 𝛿 148.16, 137.00, 130.23, 117.13,
71.11-75.86 (-CH2-CH(CH3)-O-), 16.40-18.47 (-CH2-CH(CH3)-O-).

Synthesis of 2K PPG-API: In a 100-mL round-bottomed flask equipped
with a magnetic stir bar was dissolved the carbonyl imidazole-terminated
2K PPG (5.10 g, 2.32 mmol) in dichloromethane (50 mL). API (0.87 g,
6.95 mmol) was then added and the resulting solution was stirred at room
temperature for 48 h. The solvent was then removed and the residue was
dissolved in chloroform (50 mL) and washed with DI water (3 × 50 mL),
and brine (50 mL) in a separatory funnel. The organic phase was dried
over Na2SO4/MgSO4, filtered, and the solvent was removed under re-
duced pressure to afford 5.15 g (97%) of a clear, colorless oil. 1H NMR
(CDCl3): 𝛿 7.46 (s, 2 H), 6.98 (s, 2 H), 6.88 (s, 2 H), 4.84 (bs, 2 H), 3.93
(t, 4 H, J = 7.0 Hz), 3.20-3.70 (m, -CH2-CH(CH3)-O-), 3.11 (m, 4 H), 1.92
(t, 4 H, J = 6.6 Hz), 0.91-1.26 (m, -CH2-CH(CH3)-O-).

13C NMR (CDCl3):
𝛿 156.26, 136.94, 129.30, 118.69, 70.22-75.34 (-CH2-CH(CH3)-O-), 44.16,
37.76, 31.49, 16.86-18.37 (-CH2-CH(CH3)-O-).

Synthesis of the 2K PPG-ionene: In a PTFE screw-capped pres-
sure vessel equipped with a magnetic stir bar was dissolved 1,4-
dibromomethylbenzene (0.34 g, 1.30 mmol) in NMP (20 mL). API-
terminated 2K PPG (3.00 g, 1.30 mmol) was then added, and the reactor
was sealed under argon and heated to 150 °C where it remained for 24
h. The reaction was then cooled to room temperature and slowly poured
into a stirred solution of LiNTf2 (2.25 g, 7.83 mmol) in DI water (75 mL).
The resulting mixture was stirred for 24 h at room temperature. The wa-
ter was then decanted and the residue was dissolved in dichloromethane
(100 mL) and washed with DI water (2 × 50 mL). The organic phase was
then isolated and the solvent removed under reduced pressure to afford a
viscous, light brown oil (3.02 g).

Synthesis of 4K PPG-CDI: In a 250-mL round-bottomed flask equipped
with a magnetic stir bar was dissolved the 4K PPG diol (Acclaim®
4200,10.00 g, 2.50 mmol) in ethyl acetate (100 mL). CDI (2.03 g,
12.50 mmol) was then added in portions over a 15 min period. The re-
sulting solution was stirred at room temperature overnight. It was then
transferred to a separatory funnel where it was washed sequentially with
DI water (50 mL), 5% NaCl solution (50 mL), and brine (50 mL). The or-
ganic phase was isolated, dried over Na2SO4/MgSO4, filtered, and then
the solvent was removed under reduced pressure to afford 10.37 g (99%)
of a clear, colorless oil. 1HNMR (CDCl3): 𝛿 8.10 (s, 2 H), 7.39 (s, 2 H), 7.02
(s, 2 H), 5.21 (bs, 2 H), 3.21-3.72 (m, -CH2-CH(CH3)-O-), 0.98-1.36 (m,
-CH2-CH(CH3)-O-).

13C NMR (CDCl3): 𝛿 148.20, 137.04, 130.38, 117.08,
72.7-75.9 (-CH2-CH(CH3)-O-), 16.4-18.6 (-CH2-CH(CH3)-O-).

Synthesis of 4K PPG-API: In a 250-mL round-bottomed flask equipped
with a magnetic stir bar was dissolved the carbonyl imidazole-terminated
4K PPG (10.00 g, 2.38 mmol) in dichloromethane (75 mL). API (1.49 g,
11.9 mmol) was then added and the resulting solution was stirred at room
temperature for 48 h. The solvent was then removed and the residue was
dissolved in chloroform (100 mL) and washed with DI water (2 × 50 mL),
and brine (50 mL) in a separatory funnel. The organic phase was then
dried over Na2SO4/MgSO4, filtered, and the solvent was removed under
reduced pressure to afford 10.07 g (98%) of a clear, colorless oil. 1H NMR
(CDCl3): 𝛿 8.07 (bs, 2 H), 7.13 (s, 2 H), 7.04 (s, 2 H), 5.88 (bs, 2 H), 4.08
(t, 4 H, J = 7.0 Hz), 3.25-3.75 (m, -CH2-CH(CH3)-O-), 3.17 (m, 4 H), 2.00
(t, 4 H, J = 6.7 Hz), 1.06-1.29 (m, -CH2-CH(CH3)-O-).

13C NMR (CDCl3):
𝛿 156.30, 136.97, 129.30, 11877, 71.80-75.74 (-CH2-CH(CH3)-O-), 44.3,
37.84, 31.57, 16.89-18.43 (-CH2-CH(CH3)-O-).

Synthesis of the 4K PPG-ionene: In a PTFE screw-capped pres-
sure vessel equipped with a magnetic stir bar was dissolved 1,4-
dibromomethylbenzene (0.18 g, 0.70 mmol) in NMP (20 mL). API-
terminated 4K PPG (3.00 g, 0.70 mmol) was then added, and the reactor
was sealed under argon and heated to 150 °C where it remained for 24
h. The reaction was then cooled to room temperature and slowly poured
into a stirred solution of LiNTf2 (1.20 g, 4.19 mmol) in DI water (100 mL).
The resulting mixture was stirred for 24 h at room temperature. The wa-
ter was then decanted and the residue was dissolved in dichloromethane
(100 mL) and washed with DI water (2 × 50 mL). The organic phase was
then isolated and the solvent removed under reduced pressure to afford a
viscous, light brown oil (2.85 g).
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Synthesis of 8K PPG-CDI: In a 100-mL round-bottomed flask equipped
with a magnetic stir bar was dissolved the 8K PPG diol (Acclaim® 8200;
5.00 g, 0.625 mmol) in ethyl acetate (50 mL). CDI (0.51 g, 3.13 mmol)
was then added in portions over a 15 min period. The resulting solu-
tion was stirred at room temperature overnight. It was then transferred
to a separatory funnel where it was diluted with additional ethyl acetate
(100 mL) and washed sequentially with DI water (50 mL), 5% NaCl solu-
tion (50 mL), and brine (50 mL). The organic phase was isolated, dried
over Na2SO4/MgSO4, filtered, and then the solvent was removed under
reduced pressure to afford 4.95 g (95%) of a clear, colorless oil. 1H NMR
(CDCl3): 𝛿 8.15 (s, 2 H), 7.41 (s, 2 H), 7.05 (s, 2 H), 5.21 (bs, 2 H), 3.21-
3.73 (m, -CH2-CH(CH3)-O-), 0.91-1.41 (m, -CH2-CH(CH3)-O-).

13C NMR
(CDCl3): 𝛿 148.19, 137.03, 130.30, 117.12, 72.76-75.45 (-CH2-CH(CH3)-O-
), 16.46-18.46 (-CH2-CH(CH3)-O-).

Synthesis of 8K PPG-API: In a 100-mL round-bottomed flask equipped
with a magnetic stir bar was dissolved the carbonyl imidazole-terminated
8K PPG (2.90 g, 0.35 mmol) in dichloromethane (25 mL). API (0.27 g,
2.12 mmol) was then added and the resulting solution was stirred at
room temperature for 48 hr. The solvent was then removed and the
residue was dissolved in chloroform (50 mL) and washed with DI water
(2 × 30 mL), and brine (30 mL). The organic phase was then dried over
Na2SO4/MgSO4, filtered, and the solvent was removed under reduced
pressure to afford 2.76 g (94%) of a clear, colorless oil. 1H NMR (CDCl3):
𝛿 7.60 (bs, 2 H), 7.04 (s, 2 H), 6.93 (s, 2 H), 4.88 (bs, 2 H), 4.00 (t, 4
H, J = 6.8 Hz), 3.22-3.71 (m, -CH2-CH(CH3)-O-), 3.17 (m, 4 H), 1.96 (t,
4 H, J = 7.0 Hz), 0.93-1.28 (m, -CH2-CH(CH3)-O-).

13C NMR (CDCl3):
𝛿 156.22, 136.89, 129.29, 118.63, 70.40-75.64 (-CH2-CH(CH3)-O-), 44.12,
37.72, 31.49, 17.04-18.32 (-CH2-CH(CH3)-O-).

Synthesis of the 8K PPG-ionene: In a PTFE screw-capped pres-
sure vessel equipped with a magnetic stir bar was dissolved 1,4-
dibromomethylbenzene (95.1 mg, 0.36 mmol) in NMP (20 mL). API-
terminated 8K PPG (3.00 g, 0.36 mmol) was then added, and the reactor
was sealed under argon and heated to 150 °C where it remained for 24
h. The reaction was then cooled to room temperature and slowly poured
into a stirred solution of LiNTf2 (0.62 g, 2.16 mmol) in DI water (75 mL).
The resulting mixture was stirred for 24 h at room temperature. The wa-
ter was then decanted and the residue was dissolved in dichloromethane
(100 mL) and washed with DI water (2 × 50 mL). The organic phase was
then isolated and the solvent removed under reduced pressure to afford a
viscous brown oil (2.78 g).

Thermal Analysis: Differential scanning calorimetry (DSC) was utilized
to determine any thermal transitions of the polymers at a heating rate of
2 °C min−1 on 3–8 mg samples. Glass transition temperatures (Tg) were
determined by the inflection point of the curve observed from the second
heating cycle. All DSC Tg experiments were performed in duplicate with
an error of ±2.0 °C. A TA instruments Q550 TGA (thermogravimetric an-
alyzer) was used to evaluate Td5% values (the temperature at which 5% of
the material had decomposed) by heating the material under a constant
dry nitrogen flow at a heating rate of 10 °C min−1.

X-Ray Scattering Data: Morphological studies were conducted using
a Xeuss 2.0 Dual Source Environmental X-ray Scattering system at the
University of Pennsylvania. Data acquisition was performed under a vac-
uum. A copper X-ray source was used for incident radiation, and a 1 M
Pilatus solid-state detector was used for wide-angle scattering (WAXS); 𝜆
= 1.54189 Å. Acquisition of data was performed for samples using full
flux collimation with a 1.2 mm x 1.2 mm slit for a 600 s scan time. Us-
ing Datasqueeze 3.0, isotropic 2-D scattering patterns were converted by
azimuthal integration to yield a 1-D profile of intensity (a.u.) versus scat-
tering vector q (nm−1). Bragg’s equation was used to calculate values for
d-spacing.

Conductivity: Anhydrous ionic conductivities were measured using a
TA Instruments DHR-2 discovery hybrid rheometer equipped with a di-
electric accessory and a Keysight Technologies E4980AL/120 LCR meter
was utilized. Each ionene sample was first dried in a vacuum oven for
48 h (60 °C, < 0.1 mm Hg) for 48 hours. Then, the sample was placed
between two 25 mm stainless steel parallel plate electrodes and the gap
set to 500 μm. Any excess material (squeeze out) was carefully removed
with a PFTE razor blade. The environmental chamber was closed and kept

under an atmosphere of dry nitrogen. Temperature was controlled using
the environmental chamber in combination with liquid nitrogen. Dielectric
permittivity and conductivity weremeasured isothermally over a frequency
range of 20.0−106 Hz in 10°C steps with an ac amplitude of ±0.01 V from
90 to −30 °C. Samples were soaked at each temperature for 45 min prior
to obtaining measurements. The DC conductivity (𝜎DC) was determined
from the plateau value observed in the spectral dependence of the con-
ductivity function (𝜎′ =𝜔𝜖″𝜖o, where𝜔 is the frequency, 𝜖″ is the dielectric
loss, and 𝜖o is the vacuum permittivity).
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