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Abstract: A diverse range of linear polysiloxane-based ionic polymers that are hydrophobic and
highly flexible can be obtained by substituting the polymers with varying amounts of ionic centers.
The materials can be highly crystalline solids, amorphous soft solids, poly(ionic) liquids or viscous
polymer liquids. A key to understanding how structural variations can lead to these different materials
is the establishment of correlations between the physical (dynamic and static) properties and the
structures of the polymers at different distance scales. This short review provides such correlations
by examining the influence of structural properties (such as molecular weights, ion pair contents,
and ion types) on key bulk properties of the materials.
Keywords: polysiloxane; ionomer; polyelectrolyte; ionic polymer; poly(ionic) liquid; polymer ionic
liquid; ionic liquid

1. Introduction
1.1. A Brief History of Polysiloxanes, Including an Overview of Their Properties
Since the seminal work of Frederic Kipping on organosilanes, commencing more than 100 years
ago [1], polysiloxanes and silicones have been used for an enormous range of applications [2–11];
they pervade our lives. The applications include electrical insulation [2–4], water repellents for
leather [5], adhesives [6,8,11], surfactant agents for both foaming and anti-foaming [7,9], and personal
care products [10]. The continued popularity of these materials can be attributed to their high stability
to heat, light and many classes of chemicals [12–14], as well as their flexibility, and ease of modification
of other mechanical properties. Neat polydimethylsiloxanes (PDMS) are structurally flexible due to
the low torsional energy barrier around their Si-O-Si bonds (0–5 kJ/mol [15,16]) and the related glass
transition temperatures (Tg ) that are lower than those of linear polyacrylates of a similar molecular
weight. The ability to synthesize polysiloxanes by polycondensation reactions [13] between cyclic
oligosiloxanes and functionalized dichlorosilanes provides a plethora of materials with different
chemical structures and mechanical behaviors that can be tuned for different applications. For example,
the commonly employed Karstedt’s catalyst [17,18] can be used to convert cyclic oligosiloxanes from
liquids at room temperature into flexible plastic and gel-like materials that have been used as platforms
for optoelectronics [19,20]. With appropriate polar functional groups, polysiloxanes become somewhat
hydrophilic, making them useful as adhesives and sealants [11] despite the parent polymers being
highly hydrophobic. For example, aminopropyl dimethicone and amodimethicone [21], classes of
polysiloxane copolymers with aminopropyl and dimino-containing chains, form emulsions in water.
Also, the amino groups can be protonated using mild acids, and even form crosslinks with diacids;
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in both cases, ion pairs, that alter the local polarity of the polymers, are produced [22]. Although
the use of amodimethicone and other polysiloxane-based copolymers in cosmetic [23] and textile
products [24] appeared in the 1980s, functionalized ionic polysiloxanes have been introduced more
recently. Recent developments in the field of polysiloxanes that exploit non-covalent (especially ionic)
cross-links will be the focus of this mini-review. Also, the increasing number and type of applications
of polysiloxane-based ionic polymers, in fields as diverse as fuel cells and electrolytic media for
batteries [25,26], make a review of these materials especially pertinent at this time.
1.2. Ionic Polymers and Polysiloxanes
Ionomers are ionic polymers with a small fraction (defined formally by the International union
of pure and applied chemistry (IUPAC) as 10%) of monomers containing charged groups. Ionic
polymers with a higher fraction of monomers containing charged groups are defined by IUPAC
as polyelectrolytes.
As a result of the charged centers, ionomers have a propensity to form microphases consisting
of small ionic clusters (approximately 1–5 nm in size [27]) embedded in the amorphous regions.
The physical properties of the polymers depend on the ion content because the strength of the
electrostatic interactions between ion pairs exceeds the dispersive polymer–polymer chain polysiloxane
interactions. When ionomers are dissolved in low dielectric solvents, the ionic interactions remain a
dominant factor, but they are less important in solvents of high polarity. The distribution of the sizes is
due to numerous factors related to the polymer architecture [27]: molecular weight, type of pendant
groups, polymer backbone type, random versus block substituent placement, etc. One disadvantage of
ionic aggregation is the lowering of conductivity relative to polymers without ionic clustering [28].
IUPAC provides only a qualitative definition of polyelectrolytes, and modifications of them
include ionic polymers (ionomers) and their interactions with solvents [29,30]. Because this review
focuses on neat ionic polymer melts, the original limit suggested by IUPAC of 10% by mole for the
ion content will be used here to distinguish ionomers from polyelectrolytes. The greater number of
non-covalent ionic interactions among the constituents of polyelectrolytes also helps to distinguish
them from ionomers. Many ionomers are semi-crystalline solids whose packing can be discerned
from analyses of X-ray diffraction data. In addition, when monomers of ionic liquids are polymerized,
a special category of polyelectrolytes, called poly(ionic) liquids (or polymeric ionic liquids), is formed;
many poly(ionic) liquids remain liquids at temperatures below 100 ◦ C [31–33]. These materials have
been studied for their potential to combine the benefits of polyelectrolytes (i.e., flexible macromolecular
architectures) and ionic liquids (i.e., high thermal stabilities and ionic conductivities) [34,35].
The overview presented here focuses on the bulk and physico-chemical properties of neat linear
polysiloxane-based ionic polymers and emphasizes their ion pair content and molecular weight as the
principal macromolecular variables.
2. Types of Polysiloxane-Based Ionic Polymers
2.1. Polyelectrolytes Where All Monomers Except the Terminal Group Contain an Ion
Polysiloxane-based polyelectrolytes with inorganic counterions. The flexibility of the
polysiloxane polymer chains can be decreased drastically by increasing the frequency of ionic
cross-linker sites [31,36–40]. Polyelectrolyte examples of this effect, shown in Figure 1A, have
been studied by Kaneko and coworkers [36–39,41]. This general structure is related to the
polyelectrolyte ionomer (with far fewer ionic groups), aminopropyl dimethicone. Another key
structural difference between the structures in Figure 1A and aminopropyl dimethicone is the
presence of a hydroxyl group in the former instead of a methyl group in the siloxane monomer.
Each of the aminopropyl-trimethoxysiloxane monomeric units (APTMOS) used to form the resulting
siloxane-based polyelectrolytes (PAPS) in Figure 1 contains a charged ammonium ion with either
chloride or nitrate (PAPS-Cl or PAPS-NO3 , respectively) as the counterion. Neither the average

porosimetry. Due to the high density of ion pairs and hydroxyl groups along the polymer chains, the
formation of highly ordered structures is not surprising. XRD data showed that the chains of both
PAPS-Cl and PAPS-NO3 pack in hexagonally ordered arrays that implicate somewhat extended
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The correlation between the bulk properties of polyelectrolytes and the length of the alkyl chain in
the counterion is interesting, and has been found in other examples involving polyelectrolyte-surfactant
complexes [42–45]. Polyacrylate-based polycations with hexanoate and shorter alkyl carboxylate
anions are also ionic liquids at room temperature, but form ordered structures when the carboxylates
are decanoate or longer.
Polysiloxane-based polyelectrolytes with a polymeric counterions. To the best of our
knowledge, there is only one report of a polysiloxane-based polyelectrolyte in which all monomeric units
contain an ion pair [37]: PAPS-Cl has been combined with another polymeric polyelectrolyte, sodium
polyacrylate (molecular weight of 250 KDa). The resultant nano-composite was heterogeneous because
the two polymers exhibited minimal interactions. Their nearly complete separation allowed the rod-like
polysiloxane to retain its hexagonal packing while being surrounded by layers of sodium polyacrylate.
Polysiloxane-based poly(ionic) liquids/polymer ionic liquids.
Due to their flexibility,
polysiloxane-copolymer chains have been shown to form polymeric ionic liquids (PILs). Both of the
PILs shown in Scheme 1 [31,32] have pendant groups that lack sufficient non-covalent interactions to be
in a semi-crystalline state at room temperature. In the PILs designed by Jourdain and coworkers [31],
a triazolium bis(trifluoromethyl)sulfonamide ion pair is generated through click chemistry using
a copper(I)-catalyzed azide-alkyne cycloaddition. The presence of the oligomeric ethylene oxide
group promotes packing of the chains, although the glass transition temperature is still only ca.
−62 ◦ C; by comparison, the glass transition temperature of neat, high molecular weight PDMS is
−123 ◦ C [12]. A similar result was found for the PILs made by Bocharova and coworkers [46], where
the length of the alkyl chain is too short to generate lamellar packing that is stable at room temperature.
The trends observed for both PILs can be summarized by a correlation of the monomer molar volume
and glass transition temperature. For PILs with a flexible backbone, a smaller molar volume of the
monomer (including the counterion) results in a higher glass transition temperature. This observation
may explain why the polyelectrolyte salts of Kaneko and coworkers [36,38] did not form polymeric
ionic liquids—their molar volumes are smaller. Lastly, one assumption implicit in this correlation
is that the counterions of the PILs do not contribute significantly to the non-covalent interactions
(i.e., bis(trifluoromethane)sulfonimide (TFSI) and the halide anions do not aggregate or phase separate
into structures similar to those found for organic anions such as long-chain carboxylates). More
examples will be needed to test this hypothesis adequately.
2.2. Polysiloxane-Based Polyelectrolytes with Some Monomers not Containing Ion Pairs
Influence of lowering the ion pair content. A decrease in the amount of non-covalent crosslinkers
does not always translate to a decrease in their influence on the physical state of an ionic polymer;
a broad range of possible materials can still be formed [40,47,48]. Much of the intermolecular
interactions that influence the physical state of the material is now delegated to the pendant groups
and counterion. Thus, a polysiloxane-based imidazolium bromide polyelectrolyte salt remains a
liquid at room temperature even with 25% by mole of imidazolium bromide ion content. Beyond
noting that this material is a Newtonian liquid at room temperature, not much else is known about
the physical texture of the polyelectrolyte. Also using an imidazolium bromide (NL) ion pair, Zuo
and coworkers [40] in 2017 synthesized polyelectrolytes (PNL1-n) with differing NL grafting densities
using thiol-ene chemistry (Figure 2a). Ranging from 16% for PNL1-1 to 85% for PNL1-5 (Figure 2),
the grafting density was calculated using the weight average molar mass provided. Surprisingly, at a
higher grafting density, the authors found that the resulting polyelectrolyte remains a viscous liquid.
The authors attribute this result to the disruption of entanglements that occurs for PNL1-4 and PNL1-5,
but not for PNL1-3. This is interesting, as the polysiloxane copolymer with mercaptopropyl pendant
groups (PMMS) is a liquid as noted by the rheological data. Thus, there appears to be an optimal
grafting density range that results in a phase transition. An unanswered question in this work involves
the 365 nm wavelength used to photo-initiate the thiol-ene click chemistry This radiation can also
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Influence of alkyl chain lengths at lowered ion content [50]. Many researchers are exploiting
the influence of pendant groups on the bulk properties of ionic polymeric systems. The highly flexible
nature of the linear polysiloxane homopolymers and the type and amount of a pendant group can be
used to tailor physical properties, such as the glass transition temperature. Exploring different types
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Microstructural properties of ionomers [48,52–56]. Because of their applications in single-ion
conductivity, especially in materials containing lithium, understanding their microstructural
properties has been a focus of ionomers research. Examples with polysiloxanes included here involve
investigations of the microstructural consequences of changing the ion content of monomers with
lithium perfluoroether sulfonate [48] and the nature of pendant groups [52–56]. One such example
from the Colby group describes ionomers with halide counterions [52]. These ionomers cannot form
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[48] and the nature of pendant groups [52–56]. One such example8
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Figure 4.
4. Polysiloxane-based
ionomers
with
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halide
pendant
groups
[52,53].
(A)
(A)
Thermogravimetric
(TGA)
results
for
neat
polysiloxane-based
ionomers
with
phosphonium
Thermogravimetric (TGA) results for neat polysiloxane-based ionomers with phosphonium halide
halide
pendant
groups.
(B) Correlation
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ion density
of
pendant
groups.
(B) Correlation
between
the glass
transition
temperature
and and
ion density
of the
the
ionomers
with
various
halide
ions.
(C)
X-ray
scattering
spectra
of
polysiloxane-based
ionomers
ionomers with various halide ions. (C) X-ray scattering spectra of polysiloxane-based ionomers with
with
phosphonium
bromide,
bis(trifluoromethane)sulfonimide
(TFSI),
andfluoride
fluoridependant
pendant groups
groups at
phosphonium
bromide,
bis(trifluoromethane)sulfonimide
(TFSI),
and
at
varying temperatures; the filled and open circles are for data obtained at 25 and 125 ◦ C, respectively.
varying temperatures; the filled and open circles are for data obtained at 25 and 125 °C, respectively.
(D) Structure of the allyltributylphosphonium bromide monomer used for the TGA data in A. Reprinted
(D) Structure of the allyltributylphosphonium bromide monomer used for the TGA data in A.
with permission from [52,53]. Copyright (2013, 2014) (American Chemical Society).
Reprinted with permission from [52,53]. Copyright (2013, 2014) (American Chemical Society).

3. Melt Rheology of Polysiloxane-Based Ionic Polymers
3. Melt Rheology of Polysiloxane-Based Ionic Polymers
3.1. Melt Rheology
3.1. Melt Rheology
The effects of ion association and reptation in polysiloxane-based polymers will be discussed in
The effects
of ion
association
reptation[62,64],
in polysiloxane-based
polymers
will to
beassociate
discussedhas
in
this section
[59–64].
Unlike
neutraland
copolymers
the affinity of ionic
polymers
section [59–64].
Unlike
neutral
copolymers
affinity mechanical
of ionic polymers
to associate
has
athis
significant
influence
on their
chain
dynamics[62,64],
and thethe
resulting
properties
[59–61,63].
a significant
on theirtochain
dynamics
and the resulting
mechanical
properties
The
ability of influence
an ionic polymer
undergo
chain relaxation
is determined
principally
by (1)[59–61,63].
the ability
The
ability
of an
ionic
undergo
chain relaxation
is determined
principally
ability
of
the
pendant
ions
to polymer
dissociatetofrom
one position
and re-associate
with another
and by
(2) (1)
thethe
ability
of
of the pendant ions to dissociate from one position and re-associate with another and (2) the ability
of the entangled ionomer chains to undergo reptation. The first can be described as “ion-hopping”
[59,65]: ions bound to a charged pendant group on an ionomer changes partners either by intra- or
inter-chain processes. Association of ions in an ionomer is an equilibrium process and the rate of
exchange depends on the nature of the solvation of the ions by the charged polymer pendant group.
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the entangled ionomer chains to undergo reptation. The first can be described as “ion-hopping” [59,65]:
ions bound to a charged pendant group on an ionomer changes partners either by intra- or inter-chain
processes. Association of ions in an ionomer is an equilibrium process and the rate of exchange depends
on the nature of the solvation of the ions by the charged polymer pendant group. The importance of the
second factor is related to the ease of relaxation of a polymer chain that depends on the microstructure
of
the polymer (including the flexibility of its backbone, the number of ionic or ionizable pendant9
Macromol 2020, 1, FOR PEER REVIEW
groups, and the solvation ability of the ions [59,60,65]).

3.2. Melt Rheology of Polysiloxane-Based Ionic Iolymers
3.2. Melt Rheology of Polysiloxane-Based Ionic Iolymers
The melt rheology of polysiloxane-based ionic polymers has been investigated in numerous
The melt rheology of polysiloxane-based ionic polymers has been investigated in numerous studies
studies that involve phosphonium halide ionomers [52–54], zinc propanoate ionomers and
that involve phosphonium halide ionomers [52–54], zinc propanoate ionomers and polyelectrolytes [66],
polyelectrolytes [66], as well as ammonium carbamate and ammonium dithiocarbamate
as well as ammonium carbamate and ammonium dithiocarbamate polyelectrolyte complexes [67];
polyelectrolyte complexes [67]; the authors of [67,68] report rotationally sheared rheology of
the authors of [67,68] report rotationally sheared rheology of uncharged PDMS. A key study by Chen
uncharged PDMS. A key study by Chen and coworkers [52] provides a good example of the effects
and coworkers [52] provides a good example of the effects of ion pairs on polysiloxane copolymers.
of ion pairs on polysiloxane copolymers. Figure 5 is a time-temperature superposition master curve
Figure 5 is a time-temperature superposition master curve with a reference temperature of −75 ◦ C.
with a reference temperature of −75 °C. The curves were correlated using the William–Landau–Ferry
The curves were correlated using the William–Landau–Ferry equations [69,70] and crossover points
equations [69,70] and crossover points such as the onset of the glass transition from the glassy region
such as the onset of the glass transition from the glassy region to a transition region. The phosphonium
to a transition region. The phosphonium bromide pendant group content ranged from 0 to 22% (by
bromide pendant group content ranged from 0 to 22% (by mole). Only samples with 5 and 11% were
mole). Only samples with 5 and 11% were analyzed by gel permeation chromatography (GPC). They
analyzed by gel permeation chromatography (GPC). They indicate an average molecular weight of
indicate an average molecular weight of 2500 to 5400 Da. This is a relatively small ionomer and, thus,
2500 to 5400 Da. This is a relatively small ionomer and, thus, it not surprising that the rubbery plateau
it not surprising that the rubbery plateau could be missing in the 0% master curve. To obtain a plateau
could be missing in the 0% master curve. To obtain a plateau according to the sticky Rouse model,
according to the sticky Rouse model, both strong ion association and significant polymer
both strong ion association and significant polymer entanglement would be needed. The current
entanglement would be needed. The current system is far below the critical molecular weight for
system is far below the critical molecular weight for entanglements for systems such as PDMS and
entanglements for systems such as PDMS and further rationalizes the absence of a rubbery plateau.
further rationalizes the absence of a rubbery plateau. As the ion association increases, the master curve
As the ion association increases, the master curve changes in two ways. The first change occurs in the
changes in two ways. The first change occurs in the intermediate ion content range of 5–11%, where we
intermediate ion content range of 5–11%, where we observe an elongation of the transition region
observe an elongation of the transition region (i.e., where the storage and loss moduli are proportional
(i.e., where the storage and loss moduli are proportional to the angular frequency, suggesting the
to the angular frequency, suggesting the ionomer exhibits ion association preventing relaxation to the
ionomer exhibits ion association preventing relaxation to the terminal region). The second change
terminal region). The second change involves the decreased angular frequency for the onset of the
involves the decreased angular frequency for the onset of the glass transition. This occurs in the
glass transition. This occurs in the 5−26% region, suggesting that the glass transition is related to the
5−26% region, suggesting that the glass transition is related to the ion content. The curves for 22–26%
ion content. The curves for 22–26% exhibit an extreme broadening of the glass transition temperature
exhibit an extreme broadening of the glass transition temperature region that has been ascribed to
region that has been ascribed to slow β-relaxations (segmental motions in the glassy state [69–72]) and
slow β-relaxations (segmental motions in the glassy state [69–72]) and α2-transitions (polymer chain
α2 -transitions (polymer chain relaxations [73]).
relaxations [73]).

Figure
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ionomerscontaining
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different
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bromidependant
pendantgroups
groups[52]
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rightto
toleft:
left:ff== 0%,
0%, 5%,
5%, 11%,
11%,
◦ C. Reprinted with permission from [52].
22%,
and
26%).
The
reference
temperature
was
set
at
−75
22%, and 26%). The reference temperature was set at −75 °C. Reprinted with permission from [52].
Copyright
Copyright(2013)
(2013)(American
(AmericanChemical
ChemicalSociety).
Society).

4. Applications of Polysiloxane-Based Ionic Polymers
Polysiloxane-based polymers have been used in applications that range from food production
to cosmetics to surfactants. Previous research has shown that many of the applications found for
PDMS and similar polysiloxanes use the polymers in their charge-neutral forms (i.e., in which van
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4. Applications of Polysiloxane-Based Ionic Polymers
Polysiloxane-based polymers have been used in applications that range from food production
to cosmetics to surfactants. Previous research has shown that many of the applications found for
PDMS and similar polysiloxanes use the polymers in their charge-neutral forms (i.e., in which van
der Waals interactions but no ionic interactions are present). Only since the late 1980s has research
been conducted to explore possible applications of polysiloxane polymers with charged and ionizable
pendant groups. Those efforts have resulted in significant applications that exploit the electrostatic
forces and ionic crosslinking of an ionomer and its polyelectrolyte complexes.
Biocidal, and antimicrobial, properties [74–76]: Due to the hydrophobic nature of the
polysiloxane backbone and its cationic-anionic domains, ionomers and polyelectrolytes have been
shown to exhibit antimicrobial properties, working in a similar fashion to soap with hydrophobic and
hydrophilic regions. Cationic disinfectants, which are quaternary ammonium salts (QAs), have been
shown to be very effective in combating microbial growth [77,78]. These QAs are thought to interact
with and damage the cell walls of a variety of microorganisms so that they may not replicate, ultimately
killing the organism. Hazziza-Laskar and coworkers [74] showed that ionomers even with low QA
compositions exhibit strong biocidal properties. Using polyurethane films based on copolymers with
3.9% and 12.4% QA groups with octyl alkyl substituents (corresponding to 0.4 mmol/g and 1.0 mmol/g,
respectively), they found that the concentration of Escherichia coli decreased substantially even after
only an hour of contact [74]. They also found that, after immersing the polyurethane film in water
for 30 days, the biocidal activity remained relatively unchanged, and there was no evidence for the
presence of toxic molecules; the anti-bacterial properties are an intrinsic property of the polymer
surface. Similar findings were reported by Sauvet and coworkers [76] and Novi and coworkers [75],
although using different siloxane-based ionomers that utilize QA pendants (Scheme 2). Sauvet and
coworkers [76] used higher concentrations of QAs, ranging from 1.73 to 2.58 mmol/g, and conducted
their bactericidal tests in solutions of both E. coli and Staphylococcus aureus instead of polyurethane films.
They found that the minimum inhibitory concentration (MIC), associated with the largest dilution
of soluble polymer, glucose broth, and incubated bacteria that appeared not cloudy, was similar in
the five polymers that were employed. They noted that although the molar fractions of QAs in each
ionomer were different, the moles of QAs per gram of polymer were small initially, and cited this
as a potential explanation for the similarities. Regardless, their results show that all of the polymers
examined exhibited antibacterial activity. MIC values, based on QA molar concentrations, were in
range found usually for other antiseptics [79].
Novi and coworkers [75] employed a different method for the construction of their ionomers.
They attached ammonium groups to the ends as well as along the PDMS chains. This provided
hydrophobic environments in both the middle and cationic ends. Even with this change in molecular
construction, they found in the patch tests performed on Bacillus subtilis and E. coli that the antibacterial
effects were stronger on Gram-positive bacteria (B. subtilis) than on Gram-negative bacteria (E. coli) for
end-chain ammonium groups, and vice versa for main-chain ammonium groups. However, both effects
were comparable to those found for other antibacterial compounds and products. As shown by the
studies [74–76], the addition of QA groups to PDMS backbones can yield ionomers with appreciable
antibacterial activity.
Anti-fungal properties. A series of PDMS-based ABA triblock ionomers (Figure 6B) has been
test for antifungal activity [80]. The syntheses of the ionomers involved a ring opening polymerization
of cyclic siloxanes into one of the block polymers and an amidation reaction to connect the blocks.
Polydispersity indexes (PDI) ranging from 1.6 to 1.8 and molecular weights ranging from 4.0 to 8.0 KDa
of the different triblock polymers were determined by GPC measurements before the attachment of
the benzylammonium chloride group. Figure 6C shows results from experiments with one of the
polymers (J2; Mw (copolymer backbone) = 4.0 KDa, PDI (copolymer backbone) = 1.79, 4 m = 20.8%)
to determine the minimum inhibitory concentration (MIC, µg/mL) and the minimum fungal growth
(MFC, µg/mL) of the fungal species, Candida Albicans. Good anti-fungal activity (an average MIC of

interact with and damage the cell walls of a variety of microorganisms so that they may not replicate,
ultimately killing the organism. Hazziza-Laskar and coworkers [74] showed that ionomers even with
low QA compositions exhibit strong biocidal properties. Using polyurethane films based on
copolymers with 3.9% and 12.4% QA groups with octyl alkyl substituents (corresponding to 0.4
mmol/g2021,
and 11.0 mmol/g, respectively), they found that the concentration of Escherichia coli decreased
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Single Ion Conductors. Other uses for polysiloxane-based ionic polymers explored more recently
Novi and coworkers [75] employed a different method for the construction of their ionomers.
are in energy storage and energy conversion. As mentioned earlier, polysiloxanes and their respective
They attached ammonium groups to the ends as well as along the PDMS chains. This provided
ionomers and polyelectrolytes have low glass transition temperatures that allow many of the materials
hydrophobic environments in both the middle and cationic ends. Even with this change in molecular
to conduct ions well and are considered highly flexible [15,16,81]. For this reason, polysiloxanes resist
construction, they found in the patch tests performed on Bacillus subtilis and E. coli that the
crystallization, a process which is known to hinder ionic conductivity.
antibacterial effects were stronger on Gram-positive bacteria (B. subtilis) than on Gram-negative
Thus, materials with ionic side chain groups have been designed to increase the conductivity.
bacteria (E. coli) for end-chain ammonium groups, and vice versa for main-chain ammonium groups.
In that regard, Liang and coworkers [55] added anionic borates to the PDMS backbone as a means
However, both effects were comparable to those found for other antibacterial compounds and
to further lower the glass transition temperatures and, in so doing, increase conductivity. They used
products. As shown by the studies [74–76], the addition of QA groups to PDMS backbones can yield
tree types of borate side chains: lithium triphenylsytryl borate, lithium triphenylstyryl borate with
ionomers with appreciable antibacterial activity.
three ethylene oxides, and one with perfluorinated phenyl rings. Because Tg typically increases as
ionic concentration increases, there is a tradeoff between the deleterious effect on conductivity of
increasing the glass transition temperature and the beneficial effect on ionic conductivity of increasing
the ion content. Whereas the borate A (Scheme 3) showed maximum conductivity at 8% by mole ion
content, the ethylene oxide separated borates lowered the Tg value and increased the conductivity,
and the perfluorinated borate also substantially increased the conductivity [53]. Thus, the borate
anions lower the ion association energy and are fairly good Li+ conductors. This complements the low
Tg values that are intrinsic to the flexible siloxane backbone. For these reasons, PDMS-based ionomers
may become useful in lithium ion batteries if the ionomer designs can be improved for that purpose.
Choi and coworkers [69] similarly found that adding weakly binding borates to a polyethylene glycol

When larger triblock ionomers were used, the MFC decreased, suggesting that the ionomers are less
effective. This result is not surprising because larger hydrophobic backbones make penetration into
fungal cell walls more difficult. The siloxane backbone, being more hydrophobic than skin, inhibits
the ionomer from being adsorbed through the skin while allowing the medicinally active pendant
groups 2021,
(i.e.,1the charged benzylammonium chloride) to interact at the dermal surface (Figure 6A).
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Thus, materials with ionic side chain groups have been designed to increase the conductivity. In
that regard, Liang and coworkers [55] added anionic borates to the PDMS backbone as a means to
further lower the glass transition temperatures and, in so doing, increase conductivity. They used
tree types of borate side chains: lithium triphenylsytryl borate, lithium triphenylstyryl borate with
three ethylene oxides, and one with perfluorinated phenyl rings. Because Tg typically increases as
ionic concentration increases, there is a tradeoff between the deleterious effect on conductivity of
increasing the glass transition temperature and the beneficial effect on ionic conductivity of
increasing the ion content. Whereas the borate A (Scheme 3) showed maximum conductivity at 8%
by mole ion content, the ethylene oxide separated borates lowered the Tg value and increased the
conductivity, and the perfluorinated borate also substantially increased the conductivity [53]. Thus,
the borate anions lower the ion association energy and are fairly good Li+ conductors. This
complements the low Tg values that are intrinsic to the flexible siloxane backbone. For these reasons,
PDMS-based ionomers may become useful in lithium ion batteries if the ionomer designs can be
improved for that purpose. Choi and coworkers [69] similarly found that adding weakly binding
borates to a polyethylene glycol (PEG) increased overall lithium ion conduction by increasing
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Single Ion Conductors. Other uses for polysiloxane-based ionic polymers explored more
recently are in energy storage and energy conversion. As mentioned earlier, polysiloxanes and their
respective ionomers and polyelectrolytes have low glass transition temperatures that allow many of
the materials to conduct ions well and are considered highly flexible [15,16,81]. For this reason,
polysiloxanes resist crystallization, a process which is known to hinder ionic conductivity.
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Both of these studies indicate that ionomers and polyelectrolytes based on polysiloxanes may
Both of these studies indicate that ionomers and polyelectrolytes based on polysiloxanes may
have widespread use for facile ionic conduction, especially for conduction of lithium ions.
have widespread use for facile ionic conduction, especially for conduction of lithium ions.

5. Summary
At the beginning of this review, a question was posed: How does changing the structure of the
monomers in the ionic polymers affect the bulk properties of the resulting materials? The results cited
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5. Summary
At the beginning of this review, a question was posed: How does changing the structure of the
monomers in the ionic polymers affect the bulk properties of the resulting materials? The results cited
show that increasing the ion content increases the ability of an ion pair to influence the bulk properties.
The results from Kaneko and coworkers [36–39,41] show that the disorder in neat PAPS-C8 decreases
as the length of the chains of the carboxylate counterions decreases, allowing the polymers to pack in
a hexagonal phase. When an oligoethylene oxide is the connecting group, greater disorder is found
in the system and a poly(ionic) liquid results. Even at low concentrations of ion pairs, they can play
a decisive role in whether a polysiloxane-based material is more liquid, solid or even liquid crystal
like [50].
We conjecture that future uses of polysiloxane-based ionic polymers will be very important in
fields that exploit the intrinsic tunability—backbone flexibility, hydrophobicity, and charge content and
type—of the polymers. Because the polymeric chains of these materials experience strong, localized
non-covalent interactions, it may be possible to construct shape memory and self-healing materials
from them. The potential for using semi-crystalline or liquid crystalline polysiloxane-based ionic
polymers as adhesive films seems quite high as well. Obviously, this list is incomplete. We hope that
readers will add to it.
Author Contributions: Conceptualization has been done by R.G.W. and L.P., methodologies were developed
by all authors, and writing/editing was done by all authors. All authors have read and agreed to the published
version of the manuscript.
Funding: This research was funded in part by the U.S. National Science Foundation through Grant CHE-1502856.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

Thomas, N.R. Frederic Kipping—Pioneer in Silicon Chemistry: His Life & Legacy. Silicon 2010, 2, 187–193.
Rochow, E.G. Methyl Aryl Silicones and Insulated Conductors and Other Products Utilizing the Same.
U.S. Patent 2,258,222, 7 October 1941.
Rochow, E.G. Methyl Silicones and Related Products. U.S. Patent 2,258,218, 7 October 1941.
Hyde, J.F. Organo-Silicon Polymers and Method of Making Them. U.S. Patent 2,371,050, 6 March 1945.
Currie, C.C. Leather Water Repellent. U.S. Patent 2,672,455, 16 March 1954.
Currie, C.C.; Keil, J.W. Organopolysiloxane Adhesive and Pressure-Sensitive Adhesive Tape Containing
Same. U.S. Patent 2,814,601, 26 November 1957.
Rauner, L.A. Method for Reducing or Preventing Foam in Liquid Mediums. U.S. Patent 3,455,839, 15 July 1969.
Hartlein, R. Epoxy Silane Coupling Agent. U.S. Patent 3,702,783, 14 November 1972. [CrossRef]
Cobb, V.S.; Rauscher, W.W.; Stanga, M.A.; Stevens, R.E.; Whitmarsh, R.H.; Wiese, K.D. Silicone Polyether
Surfactants. U.S. Patent 5,830,970, 3 November 1998.
Ahn, D.; Schulz, W.; Thompson, J. Silicone Compositions Comprising a Swollen Silicone Gel. U.S. Patent
9,243,113B2, 26 January 2016.
Magalhäes, S.; Alves, L.; Medronho, B.; Fonseca, A.C.; Romano, A.; Coelho, J.F.J.; Norgren, M. Brief Overview
on Bio-based Adhesives and Sealants. Polymers 2019, 11, 1685–1705. [CrossRef]
Kuo, C.M. Alex. Poly(Dimethylsiloxane). In Polymer Data Handbook; Mark, J., Ed.; Oxford University Press:
New York, NY, USA, 1999; pp. 411–435.
Noll, W. CHAPTER 5—Preparation of Polyorganosiloxanes. In Chemistry and Technology of Silicones; Academic
Press INC.: New York, NY, USA, 1968; pp. 190–245. [CrossRef]
Noll, W. The Polymeric Organosiloxanes. In Chemistry and Technology of Silicones; Academic Press INC.:
New York, NY, USA, 1968; pp. 246–331. [CrossRef]
Smith, J.S.; Borodin, O.; Smith, G.D. A Quantum Chemistry Based Force Field for Poly(Dimethylsiloxane).
J. Phys. Chem. B 2004, 108, 20340–20350. [CrossRef]

Macromol 2021, 1

16.
17.
18.
19.

20.

21.
22.

23.
24.

25.

26.

27.
28.
29.
30.
31.
32.

33.
34.
35.
36.

37.

14

Weinhold, F.; West, R. The Nature of the Silicon-Oxygen Bond. Organometallics 2011, 30, 5815–5824. [CrossRef]
Karstedt, B.D. Platinum Complexes of Unsaturated Siloxanes and Platinum Containing Organopolysiloxanes.
U.S. Patent 3,775,452, 27 November 1973.
Stochmal, E.; Strzezik, J.; Krowiak, A. Physicochemical and Catalytic Properties of Polysiloxane Network–Pt
Systems. RSC Adv. 2017, 7, 26342–26360. [CrossRef]
Shanmuga sundar, D.; Sivanantha Raja, A.; Sanjeeviraja, C.; Jeyakumar, D. Highly Transparent Flexible
Polydimethylsiloxane Films—A Promising Candidate for Optoelectronic Devices. Polym. Int. 2016, 65,
535–543. [CrossRef]
Neplokh, V.; Kochetkov, F.M.; Deriabin, K.V.; Fedorov, V.V.; Bolshakov, A.D.; Eliseev, I.E.; Mikhailovskii, V.Y.;
Ilatovskii, D.A.; Krasnikov, D.V.; Tchernycheva, M.; et al. Modified Silicone Rubber for Fabrication and
Contacting of Flexible Suspended Membranes of n-/p-GaP Nanowires with a Single-Walled Carbon Nanotube
Transparent Contact. Available online: https://arxiv.org/abs/1910.13182 (accessed on 19 July 2020).
CosIng—European Commission Database for Information on Cosmetics Substances and Ingredients.
Available online: https://ec.europa.eu/growth/tools-databases/cosing/ (accessed on 19 July 2020).
He, Y.; Zhao, H.; Yao, M.; Weiss, R.G. Complex New Materials from Simple Chemistry: Combining an
Amino-Substituted Polysiloxane and Carboxylic Acids. J. Polym. Sci. Part A Polym. Chem. 2017, 55, 3851–3861.
[CrossRef]
Disapio, A.; Fridd, P. Silicones: Use of Substantive Properties on Skin and Hair. Int. J. Cosmet. Sci. 1988, 10,
75–89. [CrossRef] [PubMed]
Skinner, M.W.; Caibao, Q.; Grigoras, S.; Halloran, D.J.; Zimmerman, B.L. Fundamental Aspects of Aminoalkyl
Siloxane Softeners by Molecular Modeling and Experimental Methods. Text. Res. J. 1999, 69, 935–943.
[CrossRef]
Allen, M.H.; Wang, S.; Hemp, S.T.; Chen, Y.; Madsen, L.A.; Winey, K.I.; Long, T.E. Hydroxyalkyl-Containing
Imidazolium Homopolymers: Correlation of Structure with Conductivity. Macromolecules 2013, 46, 3037–3045.
[CrossRef]
Sanchez, J.Y.; Iojolu, C.; Alloin, F.; Guindet, J.; Lepretre, J.C. Fuel Cells—Proton Exchange Membrane
Fuel Cells. Membranes: Non-Fluorinated. In Encyclopedia of Electrochemical Power Sources; Elsevier B.V.:
Amsterdam, The Netherlands, 2009; Available online: https://www.sciencedirect.com/science/article/pii/
B978044452745500887X (accessed on 12 December 2020).
Zhang, L.; Brostowitz, N.R.; Cavicchi, K.A.; Weiss, R.A. Perspective: Ionomer Research and Applications.
Macromol. React. Eng. 2014, 8, 81–99. [CrossRef]
Choi, U.H.; Lee, M.; Wang, S.; Liu, W.; Winey, K.I.; Gibson, H.W.; Colby, R.H. Ionic Conduction and Dielectric
Response of Poly(Imidazolium Acrylate) Ionomers. Macromolecules 2012, 45, 3974–3985. [CrossRef]
Eisenberg, A.; Rinaudo, M. Polyelectrolytes and Ionomers. Polym. Bull. 1990, 24, 671. [CrossRef]
Zhang, Z.; Chen, Q.; Colby, R.H. Dynamics of Associative Polymers. Soft Matter 2018, 14, 2961–2977.
[CrossRef]
Jourdain, A.; Serghei, A.; Drockenmuller, E. Enhanced Ionic Conductivity of a 1,2,3-Triazolium-Based
Poly(Siloxane Ionic Liquid) Homopolymer. ACS Macro Lett. 2016, 5, 1283–1286. [CrossRef]
Bocharova, V.; Wojnarowska, Z.; Cao, P.F.; Fu, Y.; Kumar, R.; Li, B.; Novikov, V.N.; Zhao, S.; Kisliuk, A.;
Saito, T.; et al. Influence of Chain Rigidity and Dielectric Constant on the Glass Transition Temperature in
Polymerized Ionic Liquids. J. Phys. Chem. B 2017, 121, 11511–11519. [CrossRef]
Yuan, J.; Mecerreyes, D.; Antonietti, M. Poly(Ionic Liquid)s: An Update. Prog. Polym. Sci. 2013, 38, 1009–1036.
[CrossRef]
Wang, Y.; Fan, F.; Agapov, A.L.; Yu, X.; Hong, K.; Mays, J.; Sokolov, A.P. Design of Superionic Polymers—New
Insights from Walden Plot Analysis. Solid State Ion. 2014, 262, 782–784. [CrossRef]
Wang, Y.; Sokolov, A.P. Design of Superionic Polymer Electrolytes. Curr. Opin. Chem. Eng. 2015, 7, 113–119.
[CrossRef]
Kaneko, Y.; Iyi, N.; Kurashima, K.; Matsumoto, T.; Fujita, T.; Kitamura, K. Hexagonal-Structured Polysiloxane
Material Prepared by Sol-Gel Reaction of Aminoalkyltrialkoxysilane without Using Surfactants. Chem. Mater.
2004, 16, 3417–3423. [CrossRef]
Kaneko, Y.; Iyi, N.; Matsumoto, T.; Kitamura, K. Preparation of Higher-Ordered Inorganic-Organic
Nanocomposite Composed of Rodlike Cationic Polysiloxane and Polyacrylate. J. Mater. Chem. 2005, 15,
1572–1575. [CrossRef]

Macromol 2021, 1

38.

39.
40.

41.

42.
43.
44.

45.
46.

47.

48.
49.
50.

51.
52.
53.
54.

55.

56.
57.
58.

15

Kaneko, Y.; Iyi, N.; Matsumoto, T.; Kitamura, K. Synthesis of Rodlike Polysiloxane with Hexagonal Phase
by Sol-Gel Reaction of Organotrialkoxysilane Monomer Containing Two Amino Groups. Polymer 2005, 46,
1828–1833. [CrossRef]
Kubo, T.; Koge, S.; Ohshita, J.; Kaneko, Y. Preparation of Imidazolium Salt Type IonicLiquids Containing
CyclicSiloxane Frameworks. Chem. Lett. 2015, 44, 1362–1364. [CrossRef]
Zuo, Y.; Gou, Z.; Li, Z.; Qi, J.; Feng, S. Unexpected Self-Assembly, Photoluminescence Behavior,
and Film-Forming Properties of Polysiloxane-Based Imidazolium Ionic Liquids Prepared by One-Pot
Thiol–Ene Reaction. New J. Chem. 2017, 41, 14545–14550. [CrossRef]
Kaneko, Y.; Iyi, N.; Matsumoto, T.; Fujii, K.; Kurashima, K.; Fujita, T. Synthesis of Ion-Exchangeable Layered
Polysiloxane by Sol-Gel Reaction of Aminoalkyltrialkoxysilane: A New Preparation Method for Layered
Polysiloxane Materials. J. Mater. Chem. 2003, 13, 2058–2060. [CrossRef]
Antonietti, M.; Burger, C.; Effing, J. Mesomorphous Polyelectrolyte-Surfactant Complexes. Adv. Mater.
1995, 7, 751–753. [CrossRef]
Antonietti, M.; Conrad, J.; Thünemann, A. Polyelectrolyte-Surfactant Complexes: A New Type of Solid,
Mesomorphous Material. Macromolecules 1994, 27, 6007–6011. [CrossRef]
Sokolov, E.L.; Yeh, F.; Khokhlov, A.; Chu, B. Nanoscale Supramolecular Ordering in Gel-Surfactant
Complexes: Sodium Alkyl Sulfates in Poly(Diallyldimethylammonium Chloride). Langmuir 1996, 12,
6229–6234. [CrossRef]
De Oliveira, V.A.; Tiera, M.J.; Neumann, M.G. Interaction of Cationic Surfactants with Acrylic Acid-Ethyl
Methacrylate Copolymers. Langmuir 1996, 12, 607–612. [CrossRef]
Gainaru, C.; Stacy, E.W.; Bocharova, V.; Gobet, M.; Holt, A.P.; Saito, T.; Greenbaum, S.; Sokolov, A.P. Mechanism
of Conductivity Relaxation in Liquid and Polymeric Electrolytes: Direct Link between Conductivity and
Diffusivity. J. Phys. Chem. B 2016, 120, 11074–11083. [CrossRef]
Marangoci, N.; Ardeleanu, R.; Ursu, L.; Ibanescu, C.; Danu, M.; Pinteala, M.; Simionescu, B.C. Polysiloxane
Ionic Liquids as Good Solvents for Beta-Cyclodextrin-Polydimethylsiloxane Polyrotaxane Structures.
Beilstein J. Org. Chem. 2012, 8, 1610–1618. [CrossRef]
Snyder, J.F.; Hutchison, J.C.; Ratner, M.A.; Shriver, D.F. Synthesis of Comb Polysiloxane Polyelectrolytes
Containing Oligoether and Perfluoroether Side Chains. Chem. Mater. 2003, 15, 4223–4230. [CrossRef]
Li, L.; Feng, W.; Welle, A.; Levkin, P.A. UV-Induced Disulfide Formation and Reduction for Dynamic
Photopatterning. Angew. Chem. 2016, 128, 13969–13973. [CrossRef]
Wang, X.; Bai, L.; Tang, X.; Gao, Y.; Pan, D.; He, X.; Meng, F. Ionic Liquid-Crystalline Network Polymers
Formed by Sulfonic Acid-Containing Polysiloxanes and Pyridinium Compounds. Eur. Polym. J. 2018, 100,
146–152. [CrossRef]
Mitov, M. Cholesteric Liquid Crystals in Living Matter. Soft Matter 2017, 13, 4176–4209. [CrossRef]
Chen, Q.; Liang, S.; Shiau, H.S.; Colby, R.H. Linear Viscoelastic and Dielectric Properties of Phosphonium
Siloxane Ionomers. ACS Macro Lett. 2013, 2, 970–974. [CrossRef]
Liang, S.; Oreilly, M.V.; Choi, U.H.; Shiau, H.S.; Bartels, J.; Chen, Q.; Runt, J.; Winey, K.I.; Colby, R.H. High Ion
Content Siloxane Phosphonium Ionomers with Very Low Tg. Macromolecules 2014, 47, 4428–4437. [CrossRef]
Choi, U.H.; Liang, S.; Chen, Q.; Runt, J.; Colby, R.H. Segmental Dynamics and Dielectric Constant of
Polysiloxane Polar Copolymers as Plasticizers for Polymer Electrolytes. ACS Appl. Mater. Interfaces 2016, 8,
3215–3225. [CrossRef]
Liang, S.; Choi, U.H.; Liu, W.; Runt, J.; Colby, R.H. Synthesis and Lithium Ion Conduction of Polysiloxane
Single-Ion Conductors Containing Novel Weak-Binding Borates. Chem. Mater. 2012, 24, 2316–2323.
[CrossRef]
Huang, Z.; Yu, Y.; Huang, Y. Ion Aggregation in the Polysiloxane Ionomers Bearing Pendant Quaternary
Ammonium Groups. J. Appl. Polym. Sci. 2002, 83, 3099–3104. [CrossRef]
Steinbach, J.C.; Schneider, M.; Hauler, O.; Lorenz, G.; Rebner, K.; Kandelbauer, A. A Process Analytical
Concept for In-Line FTIR Monitoring of Polysiloxane Formation. Polymer 2020, 12, 2473. [CrossRef] [PubMed]
Zhang, C.; Zhang, J.; Xu, T.; Sima, H.; Hou, J. Effects of Polyhedral Oligomeric Silsesquioxane (POSS) on
Thermal and Mechanical Properties of Polysiloxane Foam. Materials 2020, 13, 4570. [CrossRef] [PubMed]

Macromol 2021, 1

59.
60.
61.
62.
63.
64.
65.
66.
67.

68.
69.
70.
71.
72.
73.

74.

75.
76.
77.
78.

79.

80.

81.

16

Chen, Q.; Zhang, Z.; Colby, R.H. Viscoelasticity of Entangled Random Polystyrene Ionomers. J. Rheol.
2016, 60, 1031–1040. [CrossRef]
Chen, Q.; Tudryn, G.J.; Colby, R.H. Ionomer Dynamics and the Sticky Rouse Model. J. Rheol. 2013, 57,
1441–1462. [CrossRef]
Leibler, L.; Rubinstein, M.; Colby, R.H. Dynamics of Reversible Networks. Macromolecules 1991, 24, 4701–4707.
[CrossRef]
Rouse, P.E. A Theory of the Linear Viscoelastic Properties of Dilute Solutions of Coiling Polymers.
J. Chem. Phys. 1953, 21, 1272–1280. [CrossRef]
Lindman, B.; Antunes, F.; Aidarova, S.; Miguel, M.; Nylander, T. Polyelectrolyte–Surfactant Association—from
Fundamentals to Applications. Colloid J. 2014, 76, 635–644. [CrossRef]
Zimm, B.H. Dynamics of Polymer Molecules in Dilute Solution: Viscoelasticity, Flow Birefringence and
Dielectric Loss. J. Chem. Phys. 1956, 24, 269–278. [CrossRef]
Colby, R.H. Structure and linear viscoelasticity of flexible polymer solutions: Comparison of polyelectrolyte
and neutral polymer solutions. Rheol. Acta 2009, 49, 1441–1462. [CrossRef]
Batra, A.; Cohen, C.; Duncan, T.M. Scaling Behavior of the Viscosity of Poly(Dimethylsiloxane) Ionomer
Solutions. Macromolecules 2006, 39, 2398–2404. [CrossRef]
Yu, T.; Wakuda, K.; Blair, D.L.; Weiss, R.G. Reversibly Cross-Linking Amino-Polysiloxanes by Simple
Triatomic Molecules. Facile Methods for Tuning Thermal, Rheological, and Adhesive Properties. J. Phys.
Chem. C 2009, 113, 11546–11553. [CrossRef]
Gerhardt, L.J.; Manke, C.W.; Gulari, E. Rheology of Polydimethylsiloxane Swollen with Supercritical Carbon
Dioxide. J. Polym. Sci. Part B Polym. Phys. 1997, 35, 523–534. [CrossRef]
Williams, M.L.; Landel, R.F.; Ferry, J.D. The Temperature Dependence of Relaxation Mechanisms in
Amorphous Polymers and Other Glass-Forming Liquids. J. Am. Chem. Soc. 1955, 77, 3701–3707. [CrossRef]
Kasapis, S.; Mitchell, J.R. Definition of the Rheological Glass Transition Temperature in Association with the
Concept of Iso-Free-Volume. Int. J. Biol. Macromol. 2001, 29, 315–321. [CrossRef]
Johari, C.P.; Goidstein, M. Viscous Liquids and the Glass Transition. II. Secondary Relaxations in Glasses of
Rigid Molecules. J. Chem. Phys. 1970, 53, 2372–2388. [CrossRef]
Ngai, K.L. Relation between Some Secondary Relaxations and the α Relaxations in Glass-Forming Materials
According to the Coupling Model. J. Chem. Phys. 1998, 109, 6982–6994. [CrossRef]
Alegría, A.; Guerrica-Echevarría, E.; Goitiandía, L.; Telleria, I.; Colmenero, J. α-Relaxation in the Glass
Transition Range of Amorphous Polymers. 1. Temperature Behavior across the Glass Transition.
Macromolecules 1995, 28, 1516–1527. [CrossRef]
Hazziza-Laskar, J.; Helary, G.; Sauvet, G. Biocidal Polymers Active by Contact. IV. Polyurethanes Based on
Polysiloxanes with Pendant Primary Alcohols and Quaternary Ammonium Groups. J. Appl. Polym. Sci.
1995, 58, 77–84. [CrossRef]
Novi, C.; Mourran, A.; Keul, H.; Möller, M. Ammonium-Functionalized Polydimethylsiloxanes: Synthesis
and Properties. Macromol. Chem. Phys. 2006, 207, 273–286. [CrossRef]
Sauvet, G.; Fortuniak, W.; Kazmierski, K.; Chojnowski, J. Amphiphilic Block and Statistical Siloxane
Copolymers with Antimicrobial Activity. J. Polym. Sci. Part A Polym. Chem. 2003, 41, 2939–2948. [CrossRef]
Domagk, G. Eine Neue Klasse von Desinfektionsmitteln. Dtsch. Med. Wochenschr. 1935, 61, 829–832.
[CrossRef]
Jiao, Y.; Niu, L.N.; Ma, S.; Li, J.; Tay, F.R.; Chen, J.H. Quaternary Ammonium-Based Biomedical Materials:
State-of-the-Art, Toxicological Aspects and Antimicrobial Resistance. Prog. Polym. Sci. 2017, 71, 53–90.
[CrossRef]
Cancouët, P.; Daudet, E.; Hélary, G.; Moreau, M.; Sauvet, G. Functional Polysiloxanes. I. Microstructure of
Poly(Hydrogenmethylsiloxane-Co-Dimethylsiloxane)s Obtained by Cationic Copolymerization. J. Polym.
Sci. Part A Polym. Chem. 2000, 38, 826–836. [CrossRef]
Lei, Y.; Zhou, S.; Dong, C.; Zhang, A.; Lin, Y. PDMS Tri-Block Copolymers Bearing Quaternary Ammonium
Salts for Epidermal Antimicrobial Agents: Synthesis, Surface Adsorption and Non-Skin-Penetration.
React. Funct. Polym. 2018, 124, 20–28. [CrossRef]
Fakirov, S. Flexibility of Polymer Chains and Its Origin. In Fundamentals of Polymer Science for Engineers; John
Wiley & Sons, Inc.: Weinheim, Germany, 2017; pp. 43–58. [CrossRef]

Macromol 2021, 1

82.

17

Choi, U.H.; Ye, Y.; Salas De La Cruz, D.; Liu, W.; Winey, K.I.; Elabd, Y.A.; Runt, J.; Colby, R.H. Dielectric and
Viscoelastic Responses of Imidazolium-Based Ionomers with Different Counterions and Side Chain Lengths.
Macromolecules 2014, 47, 777–790. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

