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Bifunctional imidazolium linked tetraphenylethene
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dynamic antibacterial properties and
supercapacitor electrodest
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Conjugated microporous polymers (CMPs) present intriguing potential for a myriad of applications. In this
study, we detail the synthesis of bimine-linked conjugated microporous polymers (CMPs), namely
TPET-Bimine and PT-Bimine CMPs, through Sonogashira—Hagihara cross-coupling. The process involves
coupling the (1E,2E)-N*,N2-bis(4-bromophenyl)ethane-1,2-diimine (Bimine-B,,) building block with
1,1,2,2-tetrakis(4-ethynylphenyl)ethene (TPET) and 1,3,6,8-tetraethynylpyrene (PT) units, followed by
partial post-cyclization into an imidazolium (Im)-linked CMP (TPET-Im and PT-Im CMPs). Our investi-
gation covers thermal stability, molecular structure, porous characteristics, and potential applications of
these novel CMPs using various analytical techniques. Notably, TPET-Bimine CMP demonstrates superior
thermal stability (Ty10 = 390 °C) with a char yield of 67 wt% and the highest BET surface area of 451 m?
g~ compared to the other samples. The antibacterial activities and electrochemical performance of all
synthesized CMPs were assessed. Im-linked CMPs exhibited enhanced antibacterial activity and improved
electrochemical capacitance compared to the pristine samples without the imidazolium ring. The cationic
linkage facilitates a robust interaction with bacterial membranes, enhancing antibacterial efficacy, particu-
larly against Staphylococcus aureus (S. aureus). Antibacterial activity increased with higher concentrations
of Im-linked CMPs; for instance, PT-Im and TPET-Im CMPs showed the highest antibacterial activity at
15 mg mL™%. Cytotoxicity evaluation against L929 fibroblasts demonstrated good compatibility in the pres-
ence of Im-linked CMPs. Additionally, TPET-Im CMP displayed the highest specific capacitance of 63 F
g% coupled with an energy density of 8.73 W h Kg™* in supercapacitive studies. These results highlight
the potential applications of Im-linked CMPs as both antibacterial agents and electrode materials for
supercapacitors.

Introduction

Bacteria, omnipresent and thriving on seemingly inconceiva-
ble surfaces, establish a delicate balance between human life
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and the environment. Their prevalence holds significance, as
many strains pose potential health risks, leading to the spread
of dangerous illnesses." The widespread and indiscriminate
use of antibiotics, a vital tool in combating microorganisms
and extending the human lifespan, has inadvertently given
rise to antibiotic-resistant bacteria, complicating antimicrobial
treatments.” Addressing the menace of antibiotic resistance is
crucial, necessitating the exploration of alternative and
effective antimicrobial materials.”® A diverse range of syn-
thetic antimicrobial agents has emerged to tackle this chal-
lenge, including antimicrobial polymers, cationic compounds,
antimicrobial peptides, and inorganic antimicrobial
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agents.” '® Among these, cationic polymers have garnered sig-
nificant attention due to their heightened antibacterial efficacy
and comparatively lower toxicity.'”'® Currently, antimicrobial
polymers based on pyridinium,'® pyrrolidinium,*® quaternary
ammonium,”* piperidinium,** and imidazolium**?* have
been developed and employed in antibacterial applications.
This growing focus on cationic polymers reflects their poten-
tial as promising solutions in the quest for effective and sus-
tainable antimicrobial strategies.>® Over the years, the health
risks to both human and animal life have escalated. This
increase is attributed not only to environmental pollution
caused by harmful organisms but also to contaminants linked
to the extensive use of fossil fuels.”>*” This includes excessive
carbon dioxide (CO,) emissions and hazardous pollutants
released from vehicle exhaust. To address the critical issue jeo-
pardizing the ecosystem, scientists have directed their efforts
toward intensifying research for the development of innova-
tive, sustainable, and efficient alternatives in the realm of
renewable energy storage.”®*? One standout solution is the
supercapacitor, known for its outstanding speed capabilities,
safe operation, maximal capacity, environmentally friendly
attributes, prolonged cycle stability, minimal fabrication cost,
and high power density.*** Supercapacitors (SCs) are categor-
ized into electrochemical pseudocapacitors and electric
double-layer capacitors (EDLCs) based on their charge-storing
mechanisms.**?* Pseudocapacitors store energy through
highly reversible redox interactions between electrolyte ions
and electrode materials.*® On the other hand, EDLCs primarily
store energy at the electrode—-electrolyte interface by adsorbing
and desorbing charged ions.?® The performance of super-
capacitors is significantly influenced by the choice of materials
for the electrodes. Traditionally, inorganic materials were
extensively used in supercapacitors, but their environmental
impact raised concerns.”” To address these shortcomings and
seek more sustainable alternatives, the development of poly-
mers becomes pivotal for the advancement of supercapacitor
technology.***° Conjugated microporous polymers (CMPs)
have captured significant scientific attention within the realm
of porous materials due to their remarkably porous extended
n-conjugated architecture.*’ What sets CMPs apart are distinc-
tive features such as low toxicity, low structure density, and
thermal stability, coupled with controlled assemblies facili-
tated by the principles of crystal engineering.*> CMPs can be
synthesized through various techniques, including Suzuki-
Miyaura coupling, Sonogashira-Hagihara coupling, Buchwald-
Hartwig amination, Yamamoto, and others.**"** The ability to
incorporate rational functional modifications into the porous
structure enhances CMPs’ potential to address energy and
environmental challenges, allowing for diverse applications.
These applications span gas storage and separation, photo-cat-
alysis, bioimaging, antibacterial treatments, biosensing, opto-
electronic devices, dye adsorption, and drug delivery, showcas-
ing the multifaceted capabilities of CMP frameworks.*®™"
Previous studies have underscored the efficacy of utilizing
CMPs in both antibacterial applications and supercapacitors.
Wang et al. devised a method to enhance the antibacterial pro-

398 | Polym. Chem., 2024, 15, 397-411

View Article Online

Polymer Chemistry

perties of CMPs by introducing hydantoin groups, resulting in
superior performance.’® Lei et al. developed a novel CMP
using acetylene and trichloroisocyanuric acid as monomer
fragments, demonstrating the complete suppression of E. coli
and S. aureus growth within 3 hours.>® Wu et al. presented a
technique for crafting CMP antibacterial compounds by intro-
ducing sulfur and nitrogen heteroatoms into the 1,10-phenan-
throline framework, achieving a 100% mortality rate for E. coli
within 12 hours.”® Mousa et al. engineered a novel CMP
named An-Ph-TPA CMP as an electrode material, showcasing a
capacitance of 116 F g '.>° Leveraging the advantages of
CMPs, we synthesized bimine-linked CMPs, specifically
PT-Bimine CMP and TPET-Bimine CMP, with a notable surface
area through Sonogashira-Hagihara cross-couplings involving
a newly synthesized Bimine-Br, and TPET and PT units.
Subsequently, a subtle ring closure using chloromethyl ethyl
ether enabled the transformation of adjustable bisimine links
in PT-Bimine CMP and TPET-Bimine CMP into partly imidazo-
lium (Im)-linked CMPs (PT-Im and TPET-Im CMPs). These Im-
linked CMPs were then explored for their potential appli-
cations as antibacterial agents and supercapacitor electrode
materials. The physicochemical and morphological attributes
of the four synthesized CMPs—PT-Bimine CMP, TPET-Bimine
CMP, PT-Im CMP, and TPET-Im CMP—were comprehensively
characterized using various techniques such as FTIR, TGA,
BET, XPS, SEM, NMR, and TEM. Among these, TPET-Bimine
CMP exhibited superior thermal stability (T4;0 = 390 °C) with a
char yield of 67 wt% and the highest BET surface area of
451 m® g, In antibacterial testing, Im-linked CMPs demon-
strated potent antibacterial effects against S. aureus.
Cytocompatibility assessments with L929 fibroblasts validated
the ultralow toxicity of these CMPs. Additionally, we explored
the practical application of these CMPs as supercapacitor elec-
trode-active materials. The introduction of imidazolium
groups, notably in TPET-Im CMP, resulted in high electro-
chemical performance, displaying a capacitance of 63 F g™*
considerably greater than that of TPET-Bimine CMP (capaci-
tance of 34 F g'). Considering the superior antibacterial
characteristics, minimal toxicity, and impressive electro-
chemical performance of our novel Im-linked CMPs, these
materials showcase promise for diverse applications in fields
such as antibacterial treatments and energy storage.

Experimental section
Materials

4-Bromoaniline, tetrahydrofuran (THF), triphenylphosphine
(PPhj, 99%), ethyl acetate, methanol (MeOH), triethylamine
(EtsN, 99.5%), chloromethyl ethyl ether, copper(i) iodide (Cul,
99%), glyoxal, acetone, tetrakis(triphenylphosphine)palladium
[Pd(PPhj;),], and isopropyl alcohol were obtained from diverse
commercial sources (Sigma-Aldrich, Alfa Aesar, ]J. T. Baker,
Acros). As stated, in our previous research, we efficaciously pre-
pared PT and TPET.>®™>°

This journal is © The Royal Society of Chemistry 2024
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Synthesis of Bimine-Br,

Glyoxal (6.4 mL, 139.49 mmol) was combined with isopropyl
alcohol (50 mL) and stirred for nearly 15 minutes under ice-
cooling (0 °C). Subsequently, a solution of 4-bromoaniline
(15 g, 87.19 mmol) in isopropyl alcohol (100 mL) was slowly
added dropwise using a syringe into a two-neck reaction flask.
The resulting mixture was then swirled for 24 hours. Following
this period, the product was filtered and thoroughly washed
with isopropyl alcohol. Finally, the resulting residue was dried
under vacuum, yielding a yellow powder. FTIR (Fig. S1t): 3045,
2925 (aliphatic C-H), 1606 (C=N), 653 (C-Br). 'H NMR
(Fig. S21) 6 8.45 (s, 2H), 7.64 (d, 4H), 7.35 (d, 4H). *C NMR
(Fig. S31): 161.6, 149.2, 133.1, 123.8, 121.3. Tq; = 259 °C and
char yield = 33 wt% (using TGA (Fig. S47)).

Synthesis of TPET-Bimine CMP

Cul (0.011 g, 0.057 mmol), PPh; (0.015 g, 0.057 mmol), Pd
(PPhy), (0.06 g, 0.052 mmol), TPE-T (0.25 g, 0.584 mmol), and
Bimine-Br, (0.43 g, 1.174 mmol) were mixed in DMF (15 mL)
and Et;N (15 mL). The mixture was heated for 72 hours to
100 °C. After the reaction was finished, the orange precipitate
that was produced was filtered out and thoroughly cleaned
using THF, and MeOH. After that, the product was dried for a
whole night at 80 °C, producing TPET-Bimine CMP (0.93 g,
84%).

Synthesis of PT-Bimine CMP

PPh; (0.022 g, 0.083 mmol), Cul (0.015 g, 0.078 mmol), PT
(0.25 g, 0.837 mmol), Bimine-Br, (0.61 g, 1.674 mmol), Pd
(PPhj), (0.05 g, 0.043 mmol), and Et;N (15 mL) were mixed.
After 72 hours of reflux heating, the mixture reached 100 °C.
The dark precipitate was removed from the reaction by filtering
it and giving it a thorough washing in THF, MeOH, and
acetone once it had finished. A yield of 0.29 g (84%), was
obtained by drying it overnight.

Synthesis of TPET-Im and PT-Im CMPs

In an inert atmosphere, TPET-Bimine CMP (0.3 g) or
PT-Bimine CMP (0.2 g), along with chloromethyl ethyl ether
(0.2 mL) and THF (15 mL), were introduced into an oven-dried
flask. The flask gently swirled for two days while maintaining
a temperature of 40 °C. After isolating the resulting solid
through filtration, it was washed with anhydrous ethyl acetate
and subsequently vacuum-dried. This process yielded TPET-Im
CMP as a dark amber solid and PT-Im CMP as a dark brown
solid.

Antibacterial activity evaluation of bimine-linked CMPs and
Im-linked CMPs

In this research, S. aureus (ATCC No. 25923) was cultivated
using agar/broth media at 37 °C. The microorganisms were
diluted in phosphate-buffered saline (PBS) solution to a con-
centration of 3 x 10° CFU mL ™" upon reaching the mid-logar-
ithmic stage. Subsequently, PT-Bimine, PT-Im, TPET-Bimine,
and TPET-Im CMPs were introduced to centrifuge tubes at
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concentrations ranging from 5-15 mg mL™". To each centri-
fuge tube, 1 mL of microbial suspension was added and incu-
bated at a constant temperature for 18 hours. Following the
incubation, a 10™'-107°-fold dilution was performed on 100 pL
of the mixture. Finally, 5 pL of the diluted solution was added
dropwise to pre-prepared agar plates, with 2 drops applied for
each dilution as shown in Fig. S5,f before incubating at 37 °C
for 18 hours. The resultant microbial colonies were then docu-
mented through photography. As an alternative approach for
SEM analysis, the cultured bacterial solution underwent cen-
trifugation and fixation using a 2.5% glutaraldehyde solution
for 4 h. Subsequently, the bacteria were subjected to two
washes with PBS. The solution was then dehydrated through
sequential immersions in aqueous ethanol with gradient con-
centrations (30%, 50%, 70%, 90%, 95%, and 100%), with each
concentration having an immersion time of 15 minutes. The
bacterial solution was applied onto slides and allowed to air-
dry for 2 days at room temperature. Following this, gold was
evaporated onto the slide’s surface, and SEM observations
were conducted using a SU-5000 microscope from HITACHI at
an acceleration voltage of 15 kV.

Cytocompatibility test of bimine-linked CMPs and Im-linked
CMPs

In this investigation, L929 fibroblasts were employed to evalu-
ate the impact of CMPs on biotoxicity and L929 proliferation.
The MTT colorimetric assay, aligned with the ISO 10993-5 test
method, was employed. Initially, 5 mg mL™" of CMPs were
introduced into an L929 fibroblast solution and incubated at
37 °C for 48 hours. The initial concentration of L929 fibro-
blasts in 96-well plates was 5 x 103 cells per well, and the cells
were cultured at 37 °C/5% CO,. Following the completion of
the cell culture, the media was aspirated from the 96-well
plates, and the cells were rinsed with pH 7.4 PBS.
Subsequently, the culture media was once again removed after
incubation, and the 96-well plate was washed with a pH 7.4
PBS solution. The plate was then placed in an incubator at
37 °C/5% CO, for 4 hours following the addition of 10 pL of
MTT solution (1 mg mL™" in MEM) to each well. Following
incubation, the media was withdrawn, and 70 pL of DMSO was
added to each well to dissolve the MTT reaction product that
had formed. Subsequently, the plate underwent vigorous
shaking for 15 minutes to ensure thorough mixing of DMSO
and the reaction product. Optical densities at 570 nm were
then detected using a Microplate Reader (800TS/BioTek), with
630 nm serving as the reference wavelength. The optical den-
sities of the remaining test samples were quantified as a per-
centage of cell viability relative to the optical density of
samples lacking CMP. The optical density of L929 cells
without samples was established as the standard (100%). The
results for cell viability were obtained from three independent
trials. Furthermore, optical microscopy was employed to
examine the adhesion and proliferation characteristics of
CMPs. The initial step included the removal of the CMP
culture medium, followed by washing the tray’s bottom with
phosphate buffer solution (PBS; pH = 7.4) to eliminate any
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dead cells. Subsequently, images of L929 fibroblasts were
observed using an optical microscope (BX51/Olympus).

Results and discussion

The synthesis of imidazolium (Im)-linked CMP frameworks
involved a three-step process. Initially, a novel Bimine-Br,
monomer was easily prepared by condensing glyoxal and
4-bromoaniline in isopropyl alcohol at 0 °C (Scheme S17).
Subsequently, bimine-linked CMPs (TPET-Bimine
[Scheme S2t] and PT-Bimine [Scheme S31] CMPs) were syn-
thesized through Sonogashira couplings of Bimine-Br, with
TPET and PT units in a 1: 1 mixture of DMF and Et;N, employ-
ing a palladium catalyst (Fig. 1(a) and (b)). Finally, the Im-
linked CMPs [Fig. 1(c), (d) and Schemes S4, S5t] were obtained
in good yield by reacting the bimine-linked CMPs with chloro-
methyl ethyl ether as a mild reagent to close the ring in THF at
40 °C for 2 days. The resulting CMPs were insoluble and stable
in water and most typical solvents, indicating high chemical
stability and well-crosslinked networks. The chemical struc-
tures of the novel Bimine-Br, monomer and these four CMPs
were initially confirmed using FTIR and NMR spectroscopy.
The FTIR spectrum of Bimine-Br, lacked the C=O character-
istic peak for glyoxal and NH, characteristic peak for 4-bro-
moaniline but displayed new absorption bands at 1606 cm™",
attributed to the emerging C=N linkage (Fig. S1t). Bimine-Br,
exhibited additional absorption bands at 653 cm™" for C-Br
and 3045 cm™" for aromatic C-H. In the "H NMR spectrum of

(a)
Q.

TPET-Im CMP

Fig. 1 The chemical structures of (a) TPET-Bimine CMP, (b) PT-Bimine CMP, (c) TPET-Im CMP and (d) PT-Im CMP.
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Bimine-Br,, two doublets were observed at 7.64 and 7.35 ppm,
corresponding to the aromatic protons, along with a singlet at
8.45 ppm, attributed to the -N=CH- (imine group) protons
(Fig. S27). As depicted in Fig. 2(a), FTIR spectra provided evi-
dence for the presence of alkyne linkers in all the resulting
CMPs, as indicated by the appearance of a stretching absorp-
tion band for -C=C- bonds at 2182 cm™".

Additionally, absorption bands at 3073-3062 and
1627 cm™ " were observed in the FTIR spectra of all CMPs, sig-
nifying the stretching of aromatic C-H and C=N units. The
distinctive alkyne C-H peak from TPET and PT disappeared,
indicating the successful coupling of Bimine-Br, with TPET
and PT units via the Sonogashira reaction. Further validation
of the chemical structures of bimine-linked CMPs and Im-
linked CMPs was carried out using solid-state *C NMR
[Fig. 2(b)]. In the solid-state '>C NMR spectrum of
TPET-Bimine, PT-Bimine, TPET-Im, and PT-Im CMPs, signals
of aromatic carbon were observed in the range of 110 to
150 ppm, and a distinct imine carbon peak was discernible at
179.92 ppm. Additionally, the signal of the alkyne groups in
these frameworks was observed at 82 ppm, providing further
evidence of complete monomer polymerization. TGA of syn-
thesized TPET-Bimine, PT-Bimine, TPET-Im, and PT-Im CMPs,
conducted under N, from 40 °C to 800 °C, demonstrated the
high thermostability of these CMPs. The 10% weight losses for
TPET-Bimine, PT-Bimine, TPET-Im, and PT-Im CMPs occurred
at 390, 342, 365, and 354 °C, respectively, with char yields of
67, 66, 61, and 62 wt% after heating to 800 °C [Fig. 2(c)].
Elemental compositions of the bimine-linked CMPs and Im-

A Z
C .
e =
& X
NN"‘
PT-Bimine CMP
(d)

PT-Im CMP
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Fig. 2 (a) FTIR, (b) solid state *C NMR, (c) TGA and (d) XPS of TPET-Bimine CMP, PT-Bimine CMP, TPET-Im CMP and PT-Im CMP.

linked CMPs were estimated using XPS. The results confirmed
the presence of carbon (C) and nitrogen (N) elements in
TPET-Bimine, PT-Bimine, TPET-Im, and PT-Im CMP frame-
works. Additionally, the Cl element was found in both
TPET-Im and PT-Im CMPs [Fig. 2(d)]. The porous character-
istics of the synthesized CMPs were evaluated through nitro-
gen adsorption/desorption analyses at 77 K [Fig. 3(a-h)]. The
N, isotherm profiles of TPET-Bimine, PT-Bimine, and
TPET-Im CMPs exhibited a combination of Type I and Type IV
isotherms, while PT-Im CMP displayed a Type III isotherm as
per the IUPAC classification. The sorption isotherms of
TPET-Bimine, PT-Bimine, and TPET-Im CMPs indicated an
increase in uptake at low relative pressures (<0.1), indicating
the presence of a substantial number of micropores.
Subsequently, N, adsorption increased at relative pressures (P/
P,) between 0.1 and 0.8. Moreover, at P/P, of 0.8, both N, iso-
therms showed consistent nitrogen uptakes, suggesting the
coexistence of macropores and mesopores in these three CMP
networks. The Brunauer-Emmett-Teller (BET) surface areas

This journal is © The Royal Society of Chemistry 2024

and total pore volumes of bimine-linked CMPs were deter-
mined as 451 m*> ¢ and 0.61 cm® g~* for TPET-Bimine CMP
and 155 m” ¢”" and 0.21 cm® g~ for PT-Bimine CMP, respect-
ively. Post-cyclization significantly affected the porosity of
bimine-linked CMPs, with the BET surface area of TPET-Im
and PT-Im CMPs reduced to 330 and 16.1 m”> g~*, along with
total pore volumes of 0.52 and 0.08 cm® g™, respectively. Pore
size diameters were assessed using non-local density func-
tional theory, revealing TPET-Bimine (1.01 and 2.06 nm),
PT-Bimine (1.77 nm), TPET-Im (1.06 and 1.99 nm), and PT-Im
(2.58 and 4.84 nm) CMPs. This suggests that TPET-Bimine,
PT-Bimine, and TPET-Im CMPs exhibit micro/mesoporous
characteristics, while PT-Im demonstrates microporous behav-
ior. The surface morphologies of TPET-Bimine, PT-Bimine,
TPET-Im, and PT-Im CMPs were observed through SEM [Fig. 4
(a-h)]. All CMPs exhibited amorphous surfaces and clustered
shapes. High-resolution TEM provided further evidence of
their microporous characteristics. HR-TEM images [Fig. 4(i-1)]
revealed that both bimine-linked CMPs and Im-linked CMPs

Polym. Chem., 2024,15, 397-411 | 401


https://doi.org/10.1039/d3py01303k

Published on 27 December 2023. Downloaded by National Sun Yat Sen University on 5/13/2024 10:20:48 AM.

View Article Online

Paper Polymer Chemistry
(a) (b) (c) (d)
400 400 100
—@~— TPET-Bimine CMP adsorption =~ PT-Bimine CMP adsorption ~@—TPET-Im CMP adsorption ~(=PT-Im CMP adsorption

= ~O—TPET-Bimine CMP desorption 120 ~(=PT-Bimine CMP desorption ~O=TPET-Im CMP desorption ~(=PT-Im CMP desorption

i i
- ? 80+

£ 300 % 300

3 ~

g ') 60 o
2
O 2004 2004 &
B 40 [
<

>

x

+= 100 ]

% 100 5 20

S

(<]

(] 0 r . r : . 0 . , . . ; 04— T . : .
0. 00 02 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 06 08 1.0

Relative Pressure (P/P;)

) (f) (9) (h)

0.08. 0.0036
] 9 020{ 9
A
— 0.20{ 8 ‘T %
o d 0.064 3 5 0.0027
E 0.15-
S 0.15] ol
= 0 9
: o }
J 0.0018
E l ;bo 0041 o | 0.10 °q
S o10d o 19
> L3 g | S
S 9l ¥ 002) @ & ¢ % 0.0009
0 0.05 “To o 21 %‘ .05 | Y X
. ° \
9 o
by g0 [ C 2 Y
| °| 3 CIPRC L %a )}1’)) ] Y W
000l @ 00 a0l g l” T 9aiad o000 .91. 2 790,209 g 0000
12 3 4 5 6 7 8 172 3 4 5 6 7 8 12 3 4 5 6 7 8

Pore Size (nm)

Fig. 3 BET (a—d) and pore diameter (e—h) profiles of TPET-Bimine CMP (a and e), PT-Bimine CMP (b and f), TPET-Im CMP (c and g) and PT-Im CMP
(d and h).
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Fig. 4 SEM (a—h) and TEM (i—1) profiles of TPET-Bimine CMP (a, b and i), PT-Bimine CMP (c, d and j), TPET-Im CMP (e, f and k) and PT-Im CMP (g, h
and 1).

402 | Polym. Chem., 2024, 15, 397-411 This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3py01303k

Published on 27 December 2023. Downloaded by National Sun Yat Sen University on 5/13/2024 10:20:48 AM.

Polymer Chemistry

Electron Image 1

Electron Image 1

200m Electron Image 1

CKal_2

View Article Online

Paper

NKal_2
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Fig. 5 SEM-EDS mapping of TPET-Bimine CMP (a—c), PT-Bimine CMP (d—f), TPET-Im CMP (g—i) and PT-Im CMP (j-1).

feature a porous network architecture. Elemental area
mapping of bimine-linked CMPs and Im-linked CMPs using
energy-dispersive X-ray spectroscopy (EDS) demonstrated a
uniform distribution of C and N atoms within their frame-
works, represented by the colors white and green, respectively,
as shown in Fig. 5. Analysis using PXRD indicated that both
TPET-Bimine and PT-Bimine CMPs possess an amorphous
nature, as evidenced by the presence of broad peaks (Fig. S67).

Antibacterial activities of bimine-linked CMPs and Im-linked
CMPs

The study assessed the efficacy of different concentrations of
PT-Bimine, PT-Im, TPET-Bimine, and TPET-Im CMPs against

This journal is © The Royal Society of Chemistry 2024

S. aureus. The microbial suspension was exposed to these
CMPs for 18 hours, and solution droplets were subsequently
placed on agar plates. The experimental results are summar-
ized in Fig. 6(a). PT-Bimine and TPET-Bimine CMPs, lacking
imidazolium modification, exhibited minimal antibacterial
activity. In contrast, PT-Im and TPET-Im CMPs demonstrated
robust antibacterial effects, primarily attributed to the pres-
ence of the imidazolium cation in imidazolium-linked CMPs,
showcasing potent antibacterial properties. At a concentration
of 15 mg mL™", the bactericidal activity of the PT-Im and
TPET-Im CMPs was maximum. The imidazolium cation of
these CMPs and the negatively charged microbial surface inter-
act electrostatically to produce the antibacterial mechanism.

Polym. Chem., 2024, 15, 397-411 | 403
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Fig. 6 Antibacterial activity of PT-Bimine, PT-Im, TPET-Bimine and TPET-Im CMPs against S. aureus (a) Agar plate image of S. aureus incubated for
18 h with CMPs at concentrations of 5, 10 and 15 mg mL™* (b) SEM image of S. aureus incubated for 18 h with CMPs at a concentration of 15 mg

mL~L.

Electrostatic adsorption attracts the imidazolium cation to the
anionic microbial cell wall. This interaction modifies the
surface appearance of bacteria and increases the permeability
of the cell wall by interacting with cations such as Mg”>* and
Ca®" within the cell wall. Furthermore, these CMPs’ hydro-
phobic components can pierce the hydrophobic portion of the
cell membrane, breaking microorganisms’ cell membranes.
The demise of microorganisms stems from an inability to
maintain regular osmotic pressure when their cell membranes
are disrupted. The potent antibacterial activity of PT-Im and
TPET-Im CMPs is attributed to robust electrostatic interactions
between the cationic CMPs and anionic microbial cell walls.
Previous research suggests that Im-linked CMPs share a com-
parable antibacterial mechanism.®°

This study employs SEM images to explore alterations in
the microscopic morphology of bacteria following antibacterial
treatment. Through the analysis of SEM images, this investi-
gation explores alterations in the microscopic morphology of
bacteria post-antibacterial treatment. Bacteria subjected to
PT-Bimine and TPET-Bimine CMPs exhibited smooth, unblem-
ished surfaces and formed clusters resembling grapes

404 | Polym. Chem., 2024, 15, 397-411

[Fig. 6(b)]. This distinctive characteristic corresponds to the
biological activities of the S. aureus cell wall. Conversely,
S. aureus treated with PT-Im and TPET-Im CMPs displayed a
rugged, uneven surface morphology, indicating significant
damage to the cell membrane [Fig. 6(b)]. This observation
suggests that the cell membrane structure of S. aureus was
penetrated and collapsed, rendering the distorted S. aureus
biologically inactive following treatment with PT-Im and
TPET-Im CMPs. The SEM images provided offer additional evi-
dence of the robust antibacterial activity exhibited by our novel
synthetic Im-linked CMPs.

The cytocompatibility of bimine-linked CMPs and Im-linked
CMPs

Assessing cytotoxicity is crucial for materials intended for anti-
bacterial applications, necessitating low toxicity to human
cells. In this study, the cytotoxicity of CMPs was evaluated
using a standard MTT assay. As shown in Fig. 7(a), PT-Bimine,
PT-Im, TPET-Bimine, and TPET-Im CMPs exhibited cell viabi-
lity values of 112.1%, 112.5%, 120.3%, and 104.7%, respect-
ively. These results indicate that at a concentration of 5 mg

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a) MTT assessment of the cytotoxicity of PT-Bimine, PT-Im, TPET-Bimine, and TPET-Im CMPs against L929 fibroblasts. (b) Optical micro-
scope images of L929 fibroblasts cultured for 48 hours using a concentration of 5 mg mL™ of CMPs. The MTT results and corresponding error bars

are the standard deviation values from three independent experiments.

mL™!, the CMPs had no toxic effects on L929 fibroblasts.
Furthermore, the optical microscope images [Fig. 7(b)]
revealed the typical proliferation and spreading morphology of
L1929 fibroblasts, demonstrating excellent cytocompatibility
across all groups, aligning with the outcomes of the cell viabi-
lity assay. These findings highlight the excellent biocompat-
ibility of our novel CMPs, suggesting them as a cost-effective
and safe alternative to hazardous and expensive chemicals for
antibacterial applications. This positions them with promising
potential as antibacterial materials.

Electrochemical performance of the bimine-linked CMPs and
Im-linked CMPs

The prepared conductive bimine-linked CMPs and Im-linked
CMPs underwent cyclic voltammetry (CV) and galvanostatic
charge-discharge (GCD) tests to evaluate their electrochemical
performance as potential electrode materials for energy
storage applications. Working, reference, and counter electro-
des were made of glassy carbon, mercury, and platinum,
respectively, immersed in a 1.0 M KOH aqueous electrolyte,
with a potential range of 0 to —1.0 V. CV curves [Fig. 8(a-d)]
were obtained for TPET-Bimine CMP, PT-Bimine CMP,
TPET-Im CMP, and PT-Im CMP at various scan speeds (5 to
200 mV s~'). These compounds consistently exhibited a dis-
tinctive humped structure resembling a rectangle, indicating
stability during current sweeps and accurate representation of
capacitance from EDLC. The compounds demonstrated simple
kinetics and high-rate capacity, as evidenced by the CV
curves.®’® The CV profiles [Fig. 8] of both Bimine and Im-
linked CMPs exhibit distinct humps, implying potential pseu-
docapacitance responses. These observable humps are

This journal is © The Royal Society of Chemistry 2024

ascribed to the existence of electron-rich phenyl groups and
nitrogen, indicating their likely impact on the electrochemical
characteristics of these compounds, and the mechanism is
shown in Fig. S7.7%4%° Capacitance and GCD profiles [Fig. 8(e-
h)] were further explored at current densities ranging from 0.5
A g7 to 20 A g”'. The bent-triangular shape of the (GCD)
curves pointed towards the EDLC and pseudocapacitive charac-
teristics of the compounds. Specific capacitance measure-
ments [Fig. 9(a)] at different current densities (5, 10, 20, 30, 50,
70, 100, and 200 A g~ ') revealed varying performance levels.
For instance, PT-Im CMP exhibited specific capacitances of 53,
20,9, 7, 6,5, 4.8, 4.6, and 4.2 F ¢”', while PT-Bimine CMP deli-
vered 37, 20, 16, 12, 10, 9, 8, 7.6, and 7 F g In comparison,
TPET-Im CMP showed specific capacitances of 63, 27, 17, 15,
12, 11, 10, 9.5, and 9.4 F ¢”', and TPET-Bimine CMP exhibited
34,17, 13, 11, 10, 9.8, 9.2, 8.5, and 8 F g~ *. The specific capaci-
tance trends followed the order: TPET-Im CMP > PT-Im CMP >
PT-Bimine CMP > TPET-Bimine CMP. These trends suggest the
superior performance of imidazolium-based compounds over
bimine-based ones, emphasizing the potential of Imidazolium
in enhancing capacitance in these energy storage applications.
Moreover, TPET-Im CMP, PT-Im CMP, PT-Bimine CMP, and
TPET-Bimine CMP achieved energy densities of 8.73, 7.36,
5.14, and 4.75 W h kg™", respectively [Fig. 9(b)]. As depicted in
the stability plots [Fig. 10(a)], both Im-linked CMPs (specifi-
cally TPET-Im and PT-Im CMPs) exhibited superior durability
properties compared to their bimine-linked CMPs precursors.
The enhanced specific retention observed in Im-CMPs com-
pared to their bimine-linked counterparts could be attributed
to the incorporation of an imidazolium (Im) ring in the Im-
CMPs framework. The capacity values for TPET-Im CMP and
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Fig. 8 CV (a—d) and GCD (e—h) profiles of TPET-Bimine CMP (a and e), PT-Bimine CMP (b and f), TPET-Im CMP (c and g) and PT-Im CMP (d and h).

PT-Im CMP surpassed those of other porous candidate
materials for SCs applications, as illustrated in Fig. 10(b) and
Table S1.1

The Electrochemical Impedance Spectroscopy (EIS) was
used to analyze Bimine and Im linked CMPs. Nyquist spectra
are depicted in Fig. S8(a) and S8(b).t Notably, the lines for
TPET-Bimine and TPET-Im CMP cells are shorter than those of
the other cells, with the TPET-Bimine CMP line leaning
towards the vertical Z” axis, suggesting superior capacitance
performance.®>”>
cal axis indicate that none of the other cells have a greater
Warburg length or resistance compared to TPET-Bimine CMP.
The ohmic resistances of PT-Im CMP, PT-Bimine CMP,
TPET-Im CMP, and TPET-Bimine CMP were measured at 1.68,
0.75, 0.93, and 0.51 Q, respectively. The frequency-dependent
magnitude Bode plot, presented in Fig. S8(c),f supports the
exceptional capacitive properties of the electrode materials.

The straight lines departing from the verti-

Slant lines with a negative slope at low frequencies and negli-
gible resistance at high frequencies confirm the superior
capacitive behavior. Fig. S8(d)f also illustrates phase angle
plots varying with frequency for the electrodes. The knee fre-

406 | Polym. Chem., 2024, 15, 397-411

quencies, where the phase angle reaches —45° indicating equal
capacitive and resistive characteristics were identified. Notably,
PT-Bimine and PT-Im CMP exhibit knee frequencies of
1599.43 and 711.12 Hz, respectively, while TPET-Bimine and
TPET-Im CMPs show comparable knee frequencies of 437.57
Hz. These knee frequency values are indicative of the rate capa-
bility of the compounds and their proportional connection,
further validating their outstanding electrochemical perform-
ance. To investigate the practical applications of TPET-Bimine
CMP, PT-Bimine CMP, TPET-Im CMP, and PT-Im CMP, we
assembled two-electrode symmetric coin cell devices, as illus-
trated in Fig. S9.1 The CV curves were examined across various
scan speeds ranging from 5 mV s~ to 200 mV s~ within the
potential window of 0 to +0.5 V. Notably, these CMP materials
displayed quasitriangular forms with discernible humps, indi-
cating a combination of electric double-layer capacitance
(EDLC) and pseudocapacitance behavior, as depicted in Fig. S9
(a-d).t Importantly, the CV curves for TPET-Bimine CMP,
PT-Bimine CMP, TPET-Im CMP, and PT-Im CMP devices
maintain a stable and acceptable form even as the scanning
rate progressively increases. As the current density rises,

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3py01303k

Published on 27 December 2023. Downloaded by National Sun Yat Sen University on 5/13/2024 10:20:48 AM.

Polymer Chemistry

80

70

60

50

40

30

Specific capacitance (F g™')

20

10

(a)

== TPET-Bimine CMP
) PT-Bimine CMP
n == TPET-Im CMP
PT-Im CMP
—_~
] o
X
n <
- =
>
_ =
N
c
E ()
©
] >
o
’ .
)
1 c
L
Q
- &
T T T 1

0 5 10 15 20
Current density (A g™)

(b)

View Article Online

Paper

12

oo
]
©

(o]
1

N
]
y =¥

'\
q
24 T

1L\

R\Q—R

0 | ! I

T
0 3000 6000 9000

Power density (W Kg™')

Fig. 9 (a) Specific capacitance and (b) Ragone profile of TPET-Bimine CMP, PT-Bimine CMP, TPET-Im CMP and PT-Im CMP.

(a) (b)
100 OO0 30 2999000004
60
@ 80 —
= o
c L i '_\
s L
£ 3
60
ha 5 |
o) (]
Q.
() ]
S 40 8
5 i
= (&)
o =
S 3 20
© o
O 204 2
—a— TPET-Bimine CMP l ™
PT-Bimine CMP
1—o— TPET-Im CMP
PT-Im CMP
0 1 T 1 0 Q 1 Q 1 I
0 500 1000 1500 2000 & \s“d‘ g DA
‘°\<~‘«“ > Q"\ &S o
Cycle number & E oo P N *9 S
42*’ <& /8

Fig. 10 (a) Specific retention pattern of TPET-Bimine CMP, PT-Bimine CMP, TPET-Im CMP and PT-Im CMP and (b) comparing the specific capaci-
tance profiles of TPET-Im CMP and PT-Im CMP to those of other previously reported materials.

This journal is © The Royal Society of Chemistry 2024

Polym. Chem., 2024,15, 397-411 | 407


https://doi.org/10.1039/d3py01303k

Published on 27 December 2023. Downloaded by National Sun Yat Sen University on 5/13/2024 10:20:48 AM.

Paper

Fig. S9(e-h)t depict the GCD curves for TPET-Bimine CMP,
PT-Bimine CMP, TPET-Im CMP, and PT-Im CMP. It is observa-
ble that with the escalating current density, the discharging
time of the electrode material diminishes, leading to a pro-
portional decrease in specific capacitance. Notably, the highest
specific capacitance is observed at 0.5 A g™*, as illustrated in
Fig. S10(a). At a current density of 0.5 A g™, the determined
specific capacitances for TPET-Bimine CMP, PT-Bimine CMP,
TPET-Im CMP, and PT-Im CMP were 23.35, 31.6, 37.26, and 35
F g', respectively [Fig. S9(a)}]. Moreover, as depicted in
Fig. S10(b),T the achieved energy densities for TPET-Bimine
CMP, PT-Bimine CMP, TPET-Im CMP, and PT-Im CMP were
3.24,4.39, 5.18, and 4.86 W h kg_l, respectively.

Conclusions

In summary, we successfully synthesized bimine-linked CMPs
and subjected them to a post-modification process, transform-
ing them into imidazolium (Im)-included CMPs. These modi-
fied CMPs were then evaluated for their dual functionality as
antibacterial agents and supercapacitor electrode materials.
The incorporation of the imidazolium moiety not only
enhanced antibacterial properties but also improved electro-
chemical performance. The cationic charges facilitated robust
interactions with bacterial membranes, thereby elevating anti-
bacterial efficacy, particularly against S. aureus. The antibacter-
ial study revealed a concentration-dependent increase in
activity, with PT-Im and TPET-Im CMPs exhibiting the highest
antibacterial efficacy at a concentration of 15 mg mL™".
Furthermore, we assessed the cytocompatibility of all CMPs by
examining their cytotoxicity against L929 fibroblasts, demon-
strating excellent extrinsic cytocompatibility. Electrochemical
evaluations indicated remarkable capacitance for TPET-Im and
PT-Im CMPs, reaching 63 and 53 F g™, respectively, at a
current density of 0.5 A g”". Due to their tunable structure,
facile production, superior antibacterial activity, minimal tox-
icity, favorable porosity, good capacitance, and robust physico-
chemical stability, our Im-linked CMPs exhibit promising
potential for diverse applications, including antibacterial treat-
ments and energy storage.
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