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ABSTRACT: New antibacterial agents are urgently required to fight
the emergence of antibiotic-resistant bacteria. We recently synthesized
the first thioimidazolium ionene, which has antibacterial properties and
can degrade in various media. This dual functionality is crucial in order
to limit the environmental impact of these biocides. We have found
that our polymer is stronger than benzalkonium chloride (BAC)
against Pseudomonas aeruginosa and also readily degrades in the
presence of base, while remaining stable in acidic environments. These results highlight a new emerging class of antibacterial
degradable polymers.
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■ INTRODUCTION

The rise of antibiotic resistant bacteria from the misuse and
overuse of antibiotics is increasingly a major global concern for
all humans, animals, and plants. New strategies to combat
these resistant bacteria are required in order to reduce bacterial
infections worldwide. If alternatives are not found, then we risk
returning to an era without antibiotics, warns the World Health
Organization.1 In the 2019 Antibiotic Resistance Threats report,
researchers found that over 2.8 million infections and 35,000
deaths occur yearly due to antibiotic resistance bacteria in the
United States alone, which highlights the severity of this issue.2

Healthcare associated infections (HAIs) are one major source
of antibiotic resistance infections.3 Those in hospitals are
already more prone to infection than the general population
due to their lowered immune system. Therefore, in order to
prevent the infection of this at-risk population and limit the
spread of antibiotic resistant bacteria, precautions must be
enforced in high risk areas such as hospitals. The prevention of
the initial spread of bacteria via adequate disinfection is
believed to be the leading approach to mitigate infection and
antibiotic use.
Traditional antibiotics and biocides are low molecular

weight compounds that, while effective, are susceptible to
resistance by bacteria. One common class of disinfectants are
quaternary ammonium compounds (QACs), such as benzal-
konium chloride (BAC), a well-known biocide.4−6 Unfortu-
nately, some biocides, such as QACs, also have accumulation
issues and have been found in sediments and biosoils
worldwide.7,8 BAC-resistant bacteria are known, and BAC
used as a widespread biocide will not be effective in the long
term.9 One way to increase biocidal activity and prevent the
emergence of resistant bacteria is to integrate QACs into
polymeric structures.10 This approach not only decreases the
likelihood of bacterial resistance but also increases the efficacy

of the material. The increase in antimicrobial efficiency in
polymeric QACs compared to molecular variants is due to the
increase in positive charge density and macroscopic character
of the polymer.11 Antimicrobial polymer QACs operate on the
basis of a membrane disruption mechanism similar to
QACs.12,13 Increases in charge density and attachment points
in polymeric QACs improve binding to the negatively charged
bacterium membrane, which causes rupture of the cell
membrane and cell death, leading to more effective
biocides.14,15

Amphiphilicity is another characteristic that is beneficial to
ensure permeation of the polymer through the lipid bilayer at
the bacterium membrane.16 Several amphiphilic polymeric
structures have been investigated for antibacterial activity
already, such as polyamides,17 polyphosphoniums,18,19 and
polymethacrylates.20,21 One way to achieve amphiphilic
properties in polymers is using polyionic liquids (PILs),
which contain charged species and may also include hydro-
phobic backbones, cross-linkers, or pendant groups.22 The
Mao and Yan groups have shown that PILs with high cation
density and long alkyl chains were more powerful biocides than
their small molecule counterparts.23

Polymer waste and accumulation is one major drawback to
their use as biocides. Due to their poor degradability, they are
mainly used in the areas of fabricating coatings, films, and
membranes, which benefit from stability. Thus, in order to
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have materials that do not accumulate and remain in our
ecosystem long after their use, their degradability must be
accessed. Ideally, cationic polymer biocides retain their
antibacterial activity but degrade after their useful lifetime.
Recently, our group has discovered thioimidazolium-based

biocides that slowly degrade in water via hydrolysis to form
benign products24,25 (Figure 1). The ability to hydrolyze these

compounds under relatively mild conditions may provide a
solution to prevent accumulation of biocides in the ecosystem.
When they are incorporated into polymers, it may also be
possible to harness their hydrolytic instability to depolymerize
them while eliminating their cationic charge, a feat yet to be
accomplished for poly(ionic liquids). To date, there have been
no reported polymers based on the thioimidazolium functional
group. Herein, we will describe the first example of a
degradable thioimidazolium PIL that is also an effective
antibacterial agent. While Escherichia coli and Staphylococcus
aureus are common bacteria to test antibacterial activity
against, we decided to test against Pseudomonas aeruginosa as it
is one of the top three highly antibiotic resistant bacteria of
public concern reported by the WHO.26 It was also tested
against our previously published thioimidazolium-based
biocides, which allows for direct comparison between the

two systems.24 Our polymer displays excellent antimicrobial
properties against P. aeruginosa, while slowly degrading in
water. We found that the rate of decomposition is related to
the anions present in the solution with relative rates following
the Hofmeister series. These findings indicate that hydrolysis is
dependent on the ionic environment and likely polymer
conformation in solution with some anions completely
inhibiting the degradation process, thus providing the
possibility for triggered decomposition. These materials are
essential as an environmentally conscious response to the need
for varied antibacterial treatments and will aid in the
development of new biocides.

■ RESULTS AND DISCUSSION

When one designs a degradable antibacterial polymer, there are
two aspects of the polymer to take into account. First, there
must be some moiety responsible for cell death; known
antibiotics, biomolecules, and salts are frequently used. Second,
there must be some moiety that will degrade in the
environment after the antibacterial properties have been
used. When designing our polymer, we considered both of
these aspects. In particular, imidazolium polymer salts are
frequently used, as they are relatively simple and low cost to
synthesize. Despite their use, they suffer from high stability and
do not easily degrade, which in the case of their polymer
congeners poses significant environmental concerns. In
contrast, thioimidazolium salts are less stable and thus are
ideal candidates for degradable antibacterial polymers due to
both their cationic nature, which should facilitate cell death,
and labile cross-linking groups, which will easily degrade.
To synthesize our thioimidazolium polymer, first, 1,2-bis(2-

iodoethoxy)ethane was synthesized from 1,2-bis(2-
chloroethoxy)ethane by the Finkelstein reaction with sodium
iodide in acetone (Figure 2(i)). Then, two equivalents of 1-
butyl imidazole were reacted with 1,2-bis(2-iodoethoxy)ethane
to afford compound 1, a diimidazolium salt (Figure 2(ii)).
This salt was then reacted with sulfur in order to produce a
dithione, which was then derivatized into either our small

Figure 1. Degradable polyionic liquid (PIL) to uncharged species.

Figure 2. Synthesis of small molecule 3 and polymer 4. (i) MeCN, 90 °C, 18 h; (ii) K2CO3, S8, MeOH, 90 °C, 6 days; (iii) DMF, MeI, RT, 18 h;
(iv) DMF, 1,2-bis(2-iodoethoxy)ethane, 65 °C, 18 h.
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molecule model compound 3 or our polymeric compound 4.
The small molecule model was synthesized by alkylating the
sulfur atoms with methyl iodide to acquire the dithioimida-
zolium salt, 3 (Figure 2(iii)). The polymeric derivative was
made by reacting 2 with 1,2-bis(2-iodoethoxy)ethane to obtain
the thioimidazolium polymer 4 (Figure 2(iv)). All compounds
were characterized by nuclear magnetic resonance spectrosco-
py (1H and 13C{1H} NMR) and mass spectroscopy (MS).
For polymer 4, additional characterizations were completed

to determine its molecular weight and polymeric properties.
Since the synthesis of this ionene by an Sn2 reaction is in fact
reversible, a reaction temperature that is hot enough to
promote high conversions yet will not result in dealkylation is
critical. We found that a reaction temperature of 65 °C was
suitable for this purpose to obtain 4 with aMw of 5.56 × 104 g/
mol. Conversely, only room temperature was necessary with
methyl iodide to produce 3.
When the polymer was designed, the characteristics of the

linker and the functional groups on the imidazoliums were
carefully examined. It has been reported that the polymeric
properties of ionenes rely highly on that of the linker groups.27

Therefore, in order to obtain a polymer with hydrophilic
properties, we selected a glycol linker for both between the
imidazolium groups and between the sulfurs. To impart
hydrophobic properties, butyl groups were selected to
functionalize the imidazoliums. As this design is very modular,
in the future, different linkers and nitrogen functional groups
may be selected to alter the materials properties, which may
affect its antimicrobial activity and degradability.
We explored the antimicrobial activity of our small molecule

3 and polymer 4 against Pseudomonas aeruginosa (Table 1),

which is a problematic bacterium to disinfect and has been
found in relation to hospital-obtained infections.28,29 At all
concentrations at which the small molecule (3) was tested
(2.5, 2.0, 1.5, and 1.0 × 10−3), the threshold of a 5 log10-
reduction (lg) in colony-forming units (cfu) was never
surpassed. In contrast, the polymer (4) was a significantly
more powerful antibacterial agent able to achieve a lg of 5.2
after only 5 min of contact time at 1.0 × 10−3 wt %. Even at
concentrations as low as 5.0 × 10−4 ,a lg of 5.3 was observed
with 30 min of contact time. These results show that our
polymer is a suitable antibacterial candidate, as it meets the
conditions imposed by EN1040, an evaluation for basic
antibacterial activity for disinfectants and antiseptics.

In contrast, previous studies have found several cationic
polymers tested to have minimum inhibitory concentrations
(MICs) of 1.6−6.4 × 10−2 wt % against the same bacteria.30,31

In one study, eight different cationic polymers were tested and
none could surpass the efficacy of BAC; in many cases, they
were well below BAC’s activity.30 Xiong and co-workers
recently synthesized antibacterial polyrotaxanes, and while they
were not as effective as our polymer, they found that cell death
was facilitated by binding and disrupting the cell wall.31 This
shows that our thioimidazolium design is a more effective
biocide than other common cationic polymers, and we can
surmise that the mode of action is similar to other cationic
polymers.
After a hydrolysis event and as the polymer depolymerizes to

form degradation products (Figure 3b), the molecular weight
of the polymer decreases and therefore should have reduced
biocidal properties. In addition, the degradation of the polymer
also eliminates the cationic thioimidazolium groups, which are
responsible for the biocidal activity of the polymer. Therefore,
the decrease in antimicrobial properties should be quite
pronounced as the polymer degrades.
The antimicrobial activity of the decomposition products is

important to consider. Here, the degradation products include
alkyl thiols and thiolates, bisimidazolones, and mineral acids
and salts (Figure 3b). Both alkylthiolates and mineral acids and
salts are present in very low concentrations upon degradation
and are not known to possess antimicrobial properties.
Imidazolone and other related functional groups are known
to be nontoxic and have uses as anticancer agents.32

Bisimidazoles, a related function group, have shown anti-
microbial activities requiring orders of magnitude more
material than our polymer against a variety of bacteria,33

while hydantoin-related compounds are shown to be good
fertilizers.34

To test the decomposition characteristics of our materials,
we designed NMR and GPC studies to measure their
decomposition over time (Figure 3). To determine %
decomposition, the integration of the protons on the
imidazolone ring (Figure 3a, blue) was compared to that of
the protons on the starting thiomidazolium ring to determine
overall decomposition. These peaks were chosen as they are
relatively isolated from the rest of the spectrum and are
characteristic to both the degradation product and the starting
polymer 4. We observed that the degradation rate is generally
on the order of days (Figure 3c) or, in the case in basic media,
hours (Figure 3d), which in both cases is much higher than the
time scale for the antimicrobial experiments (up to 30 min).
This large difference ensures that the polymer is the active
antimicrobial species present in solution and what is measured
in these experiments. The stepwise degradation of the polymer
likely follows that of other polymers, which degrade via
hydrolysis. Others have found that a bimodal distribution in
the observed Mw is seen initially;35 however, this eventually
coalesces as complete degradation is obtained.
Polyelectrolytes are highly sensitive to ions within their

environments and will change confirmation and behavior in
solution.36 It was unknown as to whether such variables would
affect the degradability of main-chain thioimidazolium
polymers. Sodium chloride, sodium hydrogen carbonate,
phosphate buffered saline (PBS), sodium hydroxide, sodium
iodide, sodium perchlorate, and sulfuric acid were chosen as
key conditions in order to test decomposition. Sodium
chloride and phosphate buffered saline (PBS) were chosen

Table 1. Quantitative Suspension Test for Antibacterial
Activity (Pseudomonas aeruginosa) of 3 and 4 in
Comparison to a Benzalkonium Chloride (BAC) Reference
at Different Times

target reduction of 5 log10
cfu

substance concentration (wt %) 5 min 10 min 30 min

small molecule (3) 2.5 × 10−3 N N N
2.0 × 10−3 N N N
1.5 × 10−3 N N N
1.0 × 10−3 N N N

polymer (4) 2.5 × 10−3 Y Y Y
1.0 × 10−3 Y Y Y
5.0 × 10−4 N N Y

BAC (reference) 1.0 × 10−2 Y Y Y
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as they are common species in marine and groundwater
environments. They are therefore likely to be present when the
polymer enters the environment after use. Sodium hydrogen
carbonate, sodium hydroxide, and sulfuric acid were chosen to
represent various pH regimes. Different pH environments are
predicted to have large effects on decomposition on the basis
of our proposed decomposition mechanism (Scheme S1).
Lastly, sodium iodide and sodium perchlorate were chosen as
they both are known to have strong effects in the Hofmeister
series, which describes the effect that various ions can have on
polymer solubility.
Solutions of 4 were prepared in deuterium oxide, and then,

the corresponding salts were added to the solution. NMR
spectra were taken at various intervals. In our 2018 report on
thiomidazolium molecular degradable antiseptics,24 we found
that thioimidazoliums degrade to imidazolones and thiol
byproducts when exposed to NaCl, D2O, NaHCO3, and
NaOH. The same is true for these polymer materials. As
expected, on the basis of our previous study,37 the polymer
degraded most rapidly in a solution of sodium hydroxide (0.2
M). After only 5 h, 56% of the starting polymer had degraded,
and 100% degradation was observed after 17 h. A solution of
the polymer in pure D2O surprisingly showed the next fastest
decomposition rate with over 36% of the starting polymer
degrading during this time. Sodium chloride and sodium
hydrogen carbonate (0.2 M) showed 20% and 8% decom-
position, respectively, during the same time period.
When NaI or NaHClO4 was added to a D2O solution of the

polymer, immediate precipitation was observed. This can be
explained using the Hofmeister series, which dictates that
proteins and neutral polymers should have enhanced solubility

in the presence of some cations when compared to others in
the order of SO4

2− > HPO4
2− > HCO3

− > Cl− > Br− > I− >
ClO4

−.38−41 For charged polymers, this order is switched and
salting out is observed for I− and ClO4

−. It is also interesting in
the case of PBS and H2SO4 that no decomposition is observed
over the 21 day time span. In the case of H2SO4, the polymer
remained stable with little to no degradation over a span of 21
days. This demonstrates that the polymer can withstand acidic
environments and supports our proposed decomposition
pathways that are accelerated in the presence of base (Scheme
S1). The instability of thioimidazolium salts in the presence of
base and other strong nucleophiles is well established and is
often used to prepare guanidines.42 In the case of PBS, it was
performed with a relatively low concentration (10 mM versus
0.2 M of other solutions). To test whether the concentration of
the buffer played a role in stability, an additional decom-
position experiment was performed in 0.2 M PBS (pH 7.25)
and no decomposition was observed after a 21 day period,
similar to the 10 mM PBS experiment. Therefore, it is
surmised that the phosphate anion and neutral pH are
responsible for the enhanced stability following the Hofmeister
series.
After 28 days, the solubility of the sample appeared to

change and, thus, the observed decomposition stagnated, as
interactions with the solvent is required for decomposition. For
this reason, the measurement of the decomposition under
concentrated conditions proved difficult. Nonetheless, in
alkaline conditions, solubility problems were avoided and
complete degradation was observed, demonstrating that, when
soluble, the polymer will hydrolyze.

Figure 3. (a) NMR spectroscopy of the polymer degradation in D2O at T = 0 and T = 21 days. (b) Degradation of the polymer 1 to the
imidazolone, thioether, and sodium iodide. (c) Decomposition kinetics of the polymer 1 in D2O, NaCl, NaHCO3, PBS, and H2SO4. (d)
Decomposition kinetics of the polymer in NaOH.
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In order to confirm the loss of cationic charge of the
polymer, Zeta potential measurements were conducted before
and after degradation. Solutions of 3 and 4 were prepared in
D2O, and NaOH was added. Immediately thereafter, Zeta
potential was measured on both samples, with potentials of
+21.32 ± 0.64 and +15.05 ± 0.40 mV for 3 and 4, respectively.
Then, the solutions were heated at 80 °C for 1 h, and Zeta
potential, NMR, and HR-MS experiments were performed.
NMR spectroscopy and HR-MS both confirmed the presence
of the bisimidazolone shown in Figure 3b. The found m/z of
398.2820 confirms the molecular weight and the characteristic
imidazolone peak at 6.5 ppm in the 1H NMR spectrum (Figure
S14), thus confirming degradation had taken place. The Zeta
potentials for the degraded samples were measured to be
−12.4 ± 1.4 and −25.6 ± 0.9 mV for 3 and 4, respectively,
indicating that the polymer has degraded. Discrepancies
between the two can be explained by the different thioether
side products that would arise in either reaction.

■ CONCLUSIONS
A thioimidazolium PIL and small molecule were synthesized
for the first time. We found that PIL 4 was an effective
antibacterial agent that facilitated cell death at very low
concentrations, while the small molecule 3 was unable to do
so. This antibacterial material was also found to degrade in
water at room temperature steadily over a span of 3 weeks and
in sodium hydroxide over several hours, thus demonstrating for
the first time a degradable PIL biocide that depolymerizes and
loses its positive charge simultaneously. Unexpectedly, we
found that the degradation of the polymer in the presence of
different anions can be described using the Hofmeister series,
which suggests that ionic environment and polymer con-
formation affects the hydrolysis rate. This feature can be used
to adjust the degradation rate whereby degradation can be
completely inhibited in solutions containing phosphate and
increased in the presence of chloride anions or pure water. The
ability to harness the improved biocidal activity of cation
polymer structures with depolymerization and deionization
simultaneously provides a new paradigm to design biocides
that are both effective and environmentally friendly. Different
polymer designs with other linkers and alkyl groups will be
examined in the future in order to synthesize more powerful
antibacterial agents that are able to more rapidly degrade under
milder conditions. Finally, a better understanding of the
decomposition mechanism in the presence of different ions is
needed in order to smartly design these polymers for practical
antimicrobial applications.
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