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Introduction

Imidazolium—-POSS—anthracene
hybridfluorophores for sensitive and selective
detection of nitroaromatic compounds (NACs)
and polycyclic aromatic hydrocarbon (PAH)
derivatives

Chenchira Pherkkhuntod,? Supphachok Chanmungkalakul,”

Vuthichai Ervithayasuporn,® Worawat Meevasana,” Jonggol Tantirungrotechai
and Thanthapatra Bunchuay () *

a

Driven by environmental concerns and associated health risks, the chemical sensing of nitroaromatic
compounds (NACs) and polycyclic aromatic hydrocarbon derivatives (PAH derivatives) has gained critical
importance for monitoring organic pollutants. In this study, we report the design and synthesis of dual-
responsive fluorescent sensors based on an imidazolium-functionalized polyhedral oligomeric silses-
quioxane (POSS) scaffold incorporating an anthracene fluorophore (POSS—Im—An-X, where X = Br, BFy,
PFe). The cooperative functions between the inorganic POSS core and the imidazolium unit enhance
both the binding affinity toward electron-deficient organic guests and the stability of the anthracene
emission unit in agueous media. Photophysical studies revealed strong fluorescence in mixed aqueous—
organic media (up to 15% v/v water) and a preferential response toward picric acid (PA), 2,4-
dinitrophenol (DNP), and electron-deficient PAH derivatives. *H NMR titration and density functional the-
ory (DFT) calculations indicate that the binding mechanism is primarily governed by charge—dipole and
n—7 interactions, leading to fluorescence quenching upon guest binding through donor-photoinduced
electron transfer (d-PET) processes. Furthermore, the counter anion significantly influences solid-state
emission through ion-pairing and molecular packing effects. These findings position POSS—Im—-An-X as a
versatile and robust fluorescent sensor for the simultaneous detection of NACs and PAH derivatives,
offering a promising platform for environmental monitoring and pollutant remediation.

atmospheric nitrogen dioxide to form nitroaromatic compounds
(NACs)."? In addition to atmospheric processes, NACs are exten-

Rapid industrial growth has outpaced the ability to effectively
manage waste and emissions from manufacturing processes,
resulting in persistent and long-term environmental damage.
In urban environments, incomplete combustion of hydrocarbons
generates various polycyclic aromatic hydrocarbon derivatives
(PAH derivatives), which can undergo nitration reactions with
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sively introduced into the environment through anthropogenic
activities, including the manufacture and use of dyes, polymers,
pesticides, and explosives.>* The accumulation of PAH derivatives
and NACs in environmental matrices poses serious threats to
ecosystems and human health, thereby necessitating the develop-
ment of efficient and reliable methods for their detection and
monitoring.>”” Conventional analytical techniques for detection of
PAH derivatives and NACs, such as high-performance liquid
chromatography (HPLC), gas chromatography mass spectrometry
(GC-MS), and ion mobility spectrometry (IMS), offer high accuracy
and reliability.*'° However, these techniques are generally con-
fined to laboratory environments due to high operational costs,
complex sample preparation procedures, and the requirement for
skilled personnel. Consequently, increasing attention has been
directed toward fluorescence-based sensing platforms, which
enable sensitive, low-cost, and rapid on-site detection.>***¢
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Recent advances in fluorescence sensing of PAH derivatives
and NACs have emphasized rational sensor designs that exploit
donor-acceptor interactions between electron-rich fluorophores
and electron-deficient analytes."” " In particular, conjugated poly-
mers, porous organic frameworks, and hybrid materials have
demonstrated remarkable sensitivity toward nitroaromatic explo-
sives such as picric acid and dinitrophenols.?>>® Polyaromatic
fluorophores, including anthracene and pyrene, are widely
employed as optical reporters owing to their extended m-conju-
gation and strong fluorescence emission.””** Nevertheless, their
poor aqueous solubility and aggregation propensity significantly
limit practical environmental applications.

Polyhedral oligomeric silsesquioxane (POSS) has emerged as
a versatile inorganic-organic hybrid scaffold due to its rigid
Si-O-Si cage structure, excellent thermal stability, and tunable
organic periphery.**** In recent years, POSS-based materials have
been actively explored in membranes, polymer nanocomposites,
photo-functional materials, and sensing platforms, highlighting
their potential for advanced environmental applications.>*>*
Notably, the incorporation of ionic or bulky substituents onto
the POSS framework has been shown to enhance solubility,
suppress aggregation, and improve sensing performance.

Previously, our group reported water-soluble fluorescent
sensors incorporating imidazolium-functionalized pyrene
and anthracene units.>>*® The large aromatic surfaces enabled
effective donor-acceptor interactions with various NACs,
including nitrophenols and picric acid, resulting in pro-
nounced fluorescence quenching in aqueous media. However,
aggregation of polyaromatic fluorophores often reduces quan-
tum efficiency and sensing performance.’ To mitigate this
limitation, bulky and sterically hindered substituents have
been employed to suppress aggregation and enhance fluores-
cence signal-to-noise ratios. For example, bis-silsesquioxane-
functionalized pyrene systems exhibited strong blue emission
and selective quenching toward PAH derivatives, with density
functional theory (DFT) calculations attributing the quenching
mechanism to nt-donor-n-acceptor interactions.**

In parallel, pyrene-based metal-organic frameworks (MOFs)
and conjugated microporous polymers (CMPs) have demonstrated
high sensitivity and low detection limits for NACs and PAH
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derivatives.*> Despite these advances, the development of POSS-
based fluorescent sensors capable of efficient operation in aqu-
eous or mixed aqueous-organic environments remains challen-
ging, particularly in terms of solubility, aggregation control, and
dual detection capability.** In this study, we report the design and
synthesis of an imidazolium-functionalized polyhedral oligomeric
silsesquioxane (POSS) bearing an anthracene fluorophore as a
bifunctional fluorescence sensor for the simultaneous detection
of NACs and PAH derivatives in aqueous-organic media. The
sensor architecture was efficiently constructed via a one-step
nucleophilic substitution reaction. Structurally, the sensor inte-
grates three synergistic components: (i) an anthracene moiety that
serves as an electron-rich fluorophore with strong and well-defined
emission characteristics; (ii) an imidazolium spacer that enhances
aqueous compatibility while modulating the electronic properties
of the m—conjugated system; and (iii) a POSS core that provides
exceptional thermal stability and broad solvent compatibility,
facilitating potential integration into functional coatings and
sensing platforms (Fig. 1).*>

The photophysical properties of the sensor were systematically
investigated across a range of solvent systems, revealing that a 15%
(v/v) water/DMSO mixture offers optimal conditions for both
qualitative and quantitative detection of NACs and PAH derivatives
via UV-visible absorption and fluorescence spectroscopies. Nota-
bly, the sensor exhibited high sensitivity toward picric acid (PA),
2,4-dinitrophenol (DNP), and electron-deficient PAH derivatives.
Mechanistic insights derived from NMR spectroscopy and compu-
tational modelling suggest that charge-dipole interactions, hydro-
gen bonding interactions, and n—r interactions collectively govern
the sensor-analyte recognition process. This work advances the
development of dual-function fluorescence sensors and provides a
robust POSS-based platform for environmental detection of aro-
matic pollutants in complex aqueous matrices, with significant
implications for ecological monitoring and pollutant remediation.

Experimental section
Materials and characterization

The materials and experimental methods are described in
the SIL
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Fig. 1 An imidazolium-functionalized polyhedral oligomeric silsesquioxane (POSS) bearing an anthracene fluorophore.
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Synthesis

Isobutyl-POSS-propyl-3-imidazole (POSS-Im). POSS-Im
was synthesized following the modified procedure from the
previously reported synthetic procedure.”” Imidazole (2.3 g,
30 mmol) and POSS-CI (1.5 g, 1.68 mmol) were added to a
thick-walled tube, and then toluene (5 mL) was added.
Subsequently, the mixture was stirred at 110 °C for 24 h. After
that, the solution was evaporated to remove toluene in vacuo.
The resulting crude product was extracted with diethyl ether
and washed with DI water. The organic phase was evaporated
to obtain a white solid powder (1.18 g, 65% yield). '"H-NMR
(400 MHz, CDCl;): 6 7.87 (s, 1H), 7.15 (s, 1H), 6.94 (s, 1H), 4.02—
3.98 (t, 2H), 1.88-1.80 (m, 9H), 0.96 (s, 21H), 0.94 (s, 21H), 0.61-
0.59 (d, 16H); ">*C-NMR (100 MHz, CDCl,): § 137.1, 129.4, 118.8,
49.4, 25.8, 24.9, 24.0, 22.6, 9.2; **Si-NMR (79 MHz, CDCl,): 6
—67.6, —67.8, —67.9, —68.3; HRMS (ESI): Anal. caled for
[C32H,,N,04,Si15 + H]" m/z = 925.3312, found m/z = 925.3339.

9-(Anthracenyl methyl)imidazolium bromide silsesquioxane
cage (POSS-Im-An-Br). POSS-Im (0.3 g, 0.32 mmol) and Br-An
(0.14 g, 0.48 mmol) were added into a thick-walled tube, and
then DMF was added in this tube. Then the mixed solution was
stirred at 110 °C for 1 day. This reaction evaporated the solvent.
Then the residue product was decanted with diethyl ether until
the solution color changed from yellow to clear to obtain a pale-
yellow solid. The resulting product was dissolved with ethanol
and carbon powder, and then this solution was filtered through
Celite using a Biichner funnel. Then, the solvent was evapo-
rated to obtain the final product (0.31 g, 86% yield). "H-NMR
(400 MHz, CDCl;): § 10.90 (s, 1H), 8.60 (s, 1H), 8.38-8.36
(d, 2H), 8.08-8.06 (d, 2H), 7.69-7.65 (t, 2H), 7.55-7.52 (t, 2H),
6.90 (s, 1H), 6.76 (s, 1H), 6.67 (s, 2H), 4.32-4.28 (t, 2H), 1.96-
1.93 (m, 2H), 1.83-1.79 (m, 7H), 0.94-0.93 (d, 21H), 0.91-0.89
(d, 21H), 0.59-0.56 (m, 16H); "*C-NMR (100 MHz, CDCl;): ¢
137.4, 131.3, 131.0, 130.7, 129.6, 128.5, 125.7, 122.8, 121.7,
121.4, 120.6, 52.1, 46.0, 25.6, 24.0, 23.8, 22.4, 8.9; 2°Si-NMR
(79 MHz, CDCl;): & —67.5, —67.8, —69.2; HRMS (ESI): Anal.
caled for [C4oHg3N,04,Sig + H]" m/z = 1116.4173, found m/z =
1115.4159.

Results and discussion

Synthesis and characterization

Initially, a mono-chloro functionalized POSS (POSS-Cl)
was synthesized following a previously reported synthetic
protocol.*® A solution of POSS-OH precursor in dried THF
was slowly reacted with 3-chloropropyltrichlorosilane at 0 °C
overnight. The obtained crude product was further purified
through recrystallization from a mixture of THF and MeOH,
affording POSS-Cl in 64% yield with high purity as determined
by '"H-NMR analysis. A nucleophilic substitution reaction of
POSS-Cl with imidazole in toluene at 110 °C afforded POSS-Im
in a 65% yield. The reaction between POSS-Im and Br-An in
DMF at 110 °C gave a 9-(anthracenyl methyl)imidazolium
bromide silsesquioxane cage (POSS-Im-An-Br) in an 86% yield
(Scheme 1). Finally, POSS-Im-An-Br was anion exchanged to
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Scheme 1 Synthetic route for the preparation of POSS—Im—-An-Br, fol-
lowed by anion-exchange reactions to afford POSS—-Im-An-BF, and
POSS—Im—-An-PFe.

POSS-Im-An-BF, and POSS-Im-An-PF by stirring a solution of
POSS-Im-An-Br that was layered with a saturated solution of
NaBF, and KPF, respectively.

All synthesized compounds were initially characterized by
'H, C, and *°Si-NMR spectroscopy (Fig. S1-S14). A successful
synthesis of POSS-CI, POSS-Im, and POSS-Im-An-Br could be
simply observed by monitoring the chemical shift of the
terminal methylene protons (H,) in all compounds. The H,
signals are observed at the chemical shift of 3.52 in POSS-CI,
4.00 in POSS-Im, and 4.30 in POSS-Im-An-Br, suggesting that
incorporation of both imidazole and imidazolium functional
groups into the POSS scaffold induced downfield perturbations
of H, as a result of their electron-withdrawing properties.
Moreover, POSS-Im showed characteristics of imidazole signals
at the chemical shifts of 7.87 (H), 7.15 (H,), and 6.94 (Hg) ppm.
These signals were further shifted to 10.90 (Hy), 6.90 (H,), and
6.76 (Hg) ppm in the 'H-NMR spectrum of POSS-Im-An-Br
concomitantly with emerging of signals attributed to anthra-
cene moieties (He) at chemical shifts of 6.67 ppm (Fig. 2a-c and
Fig. S3, 6, S9).

The “C-NMR spectra revealed a chemical shift of the C,
signal at 47.4 ppm for POSS-Cl, which further downfield
shifted to 49.4 ppm for POSS-Im. In addition, **C signals from
the imidazole ring in POSS-Im emerged at chemical shifts of
137.2, 129.4, and 118.8 ppm. Incorporating the anthracene
moiety into POSS-Im-An-Br shifted the C, signal to 52.1 ppm,
with carbon signals from the anthracenyl group (C.) at
45.9 ppm and the imidazolium moiety (Cp, C., and Cq4) at
137.4,121.7, and 121.4 ppm (Fig. S4, S7 and S10). The structure
of POSS-Im-An-Br was further verified through >°Si-NMR
spectroscopy. The chemical shifts of >°Si signals derived from
the POSS core structure were observed at —67.6, —67.8, —67.9, and
—68.3 ppm for POSS-Im, while 2°Si signals of POSS-Im-An-Br
were observed at —67.5, —67.8, and —69.2 ppm (Fig. S8 and S11).

Thermogravimetric analysis (TGA) of all samples demon-
strated improved thermal stability, as evidenced by the decom-
position temperatures under air. The composition tempera-
tures for POSS-Cl, POSS-Im, and POSS-Im-An-Br were
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observed at 242 °C, 302 °C, and 305 °C, respectively. The main
weight loss percentages for POSS-Cl, POSS-Im, and POSS-Im-
An-Br were 61%, 66%, and 95%, respectively, correlating with
the size of the substituents (CI > Im > An) (Fig. S15-517).
In the case of POSS-Im-An-Br, the improved thermal stability is
indicated by the initial weight loss occurring at 292 °C, which is
higher than that of POSS-CI. This suggests that the anthracene-
imidazolium moiety significantly influences the thermal prop-
erties of the modified POSS, proving enhanced thermal stability
because of bulky or aromatic substituents.*?>"

POSS-Cl, POSS-Im, and POSS-Im-An-Br exhibit distinct
PXRD patterns (Fig. S18), demonstrating that modifications to
the substituents influence their crystal structures. The intro-
duction of bulky and highly conjugated substituents, such as
imidazole and anthracene, can significantly disrupt molecular
packing.

A series of mono-anthracenyl functionalized imidazolium
POSS compounds with different counter anions (POSS-Im-An-X,
where X = Br, BF,, and PF¢) were prepared (see SI), and fully
characterized via '"H-NMR, *C-NMR, F-NMR spectroscopy,
HRMS, and PXRD (Fig. $9-S21). Truncated "H-NMR spectra
of POSS-Im-An-Br, POSS-Im-An-BF,, and POSS-Im-An-PF¢ in
CDCl; revealed the positions of the acidic proton of the
imidazolium group (Hyp) in each compound located at 10.90,
8.97, and 9.27 ppm, respectively (Fig. 2c-e and Fig. S12-S14).
The result indicated that H; interacted with these anions
through charge-assisted hydrogen bonding interactions in a
low-polarity solvent such as CDCl;. The high charge density and

View Article Online
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coordinating anions, such as Br , formed strong hydrogen
bonding with the imidazolium group and induced a significant
downfield perturbation of H;, compared to the chemical shift of
these protons in POSS-Im-An-BF, and POSS-Im-An-PF,.

These stark contrasts in Hy, chemical shifts were diminished
when the spectra of the samples were recorded in a high
polarity solvent such as de-DMSO (Fig. 3a).”> ""F-NMR spectra
of POSS-Im-An-BF, and POSS-Im-An-PF¢ were recorded, and
their '°F signals were compared with those of two reference
organic fluoride salts, TBABF, and TBAPF. '°F signals of POSS-
Im-An-PF, appeared at —71.6 and —73.5 ppm and those of
POSS-Im-An-BF, appeared at —151.8 and —151.9 ppm, in
contrast to the '°F signals of the reference TBAPF, (—71.8 and
—73.6 ppm) and TBABF, (—152.1 and —152.2 ppm) (Fig. 3b and c).

The similarity in PXRD patterns indicates that the primary
crystal structures of POSS-Im-An-Br, POSS-Im-An-BF,, and
POSS-Im-An-PF¢ remain largely unchanged despite containing
different counter ions (Fig. S19). This implies that the domi-
nant intermolecular interactions responsible for crystal pack-
ing are likely occurring between the main molecular structures,
rather than being mediated by the counterions.>?

Photophysical properties

UV-visible and fluorescence spectroscopic measurements were
carried out to investigate the photophysical properties of POSS-
Im-An-Br at a fixed concentration in a range of polar protic and
aprotic organic solvents, including MeOH, EtOH, DMSO, DMF,
MeCN, and THF (Fig. S22 and Table S1). UV-visible absorption
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400 MHz).
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Fig. 3 (a) 'H-NMR spectra of POSS—Im—An-X (X = Br, BF,, and PFg) recorded in CDCls and dg-DMSO, (b) **F-NMR spectra of POSS—Im—An-PFg and

TBAPFg, and (c) POSS—Im—An-BF4 and TBABF, recorded in CDClz/CFCls.

spectra of POSS-Im-An-Br show three distinct absorption
bands, centered approximately at 353, 371, and 391 nm, which
are similar in all solvents. These bands indicate the character-
istic n-m* transitions of the anthracene group (Fig. 4a).>*™°
In addition, the spectrum in water was also collected and
showed significantly low absorption intensity, due to the self-
aggregation and low solubility. Fluorescence emission spectra
of POSS-Im-An-Br in different solvents revealed distinct emis-
sion spectra, centered approximately at 396, 419, and 440 nm,
with the following order of emission intensity: DMSO >
MeOH > DMF > EtOH > MeCN > THF > DI water
(Fig. 4b). DMSO gave the most pronounced color and the
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highest fluorescence intensity among the solvents examined
when exposed to UV light. As a result, DMSO was chosen as the
most suitable solvent for this investigation. In addition, the
fluorescence emission signals were progressively quenched as
the water content increased from 0% to 40% (v/v) and were
completely quenched in the solution containing water up to
50% (v/v) (Fig. 4c-e). In solvent media with high water contents,
POSS-Im-An-Br tends to aggregate and form a colloidal state.
The hydrophobic nature of the aromatic anthracenyl moiety
and isobutyl groups connected to the POSS scaffold results in
aggregation in high water content media. The n-n interactions
between anthracenyl aromatic units in POSS-Im-An-Br led to

c) £
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Fig. 4 (a) UV-visible absorption spectra and (b) fluorescence emission spectra of POSS—Im—-An-Br solutions (1 x 107® M) in various solvents,
(c) fluorescence emission spectra of POSS—Im—An-Br solutions (1 x 107 M) in DMSO containing varying amounts of water contents, (d) a plot
representing the fluorescence emission intensity at 419 nm as a function of water content (%v/v) in DMSO, and (e) photograph illustrating changes in
fluorescence emission in DMSO—-water mixtures as the water content increases, viewed under UV light at 365 nm (upper) and room light (lower).
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non-radiative decay pathways that suppress fluorescence
signals.””*®

Solid-state and solution-state emission

A solution of POSS-Im-An-Br in 15% (v/v) water in DMSO displayed
well-defined characteristic absorption bands of the anthracene
moiety, with maxima at 353, 371, and 391 nm. Upon excitation
under UV light, the solution produced sharp fluorescence peaks
centered at 396, 419, and 440 nm (Fig. 5a). In contrast, the solid-
state sample of POSS-Im-An-Br exhibited only a broad absorption
band centered at 372 nm and a broad emission signal at 450 nm
(Fig. 5b). The spectral broadening in the solid state indicates
excimer formation and energy state distribution, a phenomenon
where two anthracene moieties interact in an excited state through
n-1 interactions.*® In solution, such interactions are minimal due
to molecular motion and solvation effects that attenuate the degree
of n-7 interactions among anthracenyl units.*

Effect of counter anions

Solid samples of POSS-Im-An-Br, POSS-Im-An-BF,, and POSS-
Im-An-PF; are yellow powders that emit light in various colors,
from green to strong yellow, when exposed to UV radiation,
suggesting the influence of anions in solid-state emission
(Fig. 6). This variation in emission behavior can be attributed
to differences in electrostatic interactions between the [POSS-
Im-An]‘cation and its corresponding counter anion.®*** Smal-
ler anions, such as Br~, interact more strongly with cations,
resulting in tighter ion-pair formation and more organized
molecular packing in the solid state. Larger and weakly coordi-
nating anions, such as PFs,  and BF, , exhibited reduced
electrostatic interactions with the cation, potentially leading
to enhanced n-7 interactions between chromophores.®* These
findings highlight the importance of counter-anion identity in
tuning the photophysical properties of fluorophores in the
solid state through combined electrostatic effects and
packing-induced interactions (Fig. $23).5%°¢

Quantitative fluorescence titration studies

In this study, a series of NACs and PAH derivatives chosen were

summarized and named using acronyms for clarity (Fig. 7).>¢”
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Quantitative fluorescence titration experiments of POSS-Im-
An-Br with all selected NACs and PAH derivatives were per-
formed in a 15% (v/v) water/DMSO aqueous solution to deter-
mine parameters including the Stern-Volmer constant (Kj,),
binding affinity (K,), limits of detection (LOD), and limits of
quantification (LOQ) (Fig. $24).%®

In the presence of NACs, POSS-Im-An-Br displayed differ-
ent degrees of fluorescence quenching varying with the type
of NAC. Upon addition up to 50 equivalents (equiv.) of
NACs, POSS-Im-An-Br demonstrated considerable quenching
of fluorescence signals only in the presence of PA and
DNP, with 89% and 55% quenching, respectively, while other
NACs failed to yield the same results (Table 1 and Fig. 8a).
Linear Stern-Volmer plots determined the K, values for PA
and DNP of 2.89 x 10° M ' and 2.29 x 10* M, respec-
tively (Fig. 8d and Fig. S25). In addition, the Benesi-Hildeb-
rand plot determined the binding affinity for PA and DNP
of 1.11 x 10° M™" and 7.41 x 10* M, respectively (Fig. 8g
and Fig. S26). The results suggested that POSS-Im-An-Br
has a greater selectivity for PA than for DNP, aligning with
the observed quenching efficiencies. In addition, POSS-
Im-An-Br exhibited LOD and LOQ values of 0.72 uM and
2.41 puM for PA, and 0.64 uM and 2.13 pM for DNP, respectively
(Table 1 and Fig. S27). The preferential selectivity and
affinity towards PA and DNP binding are a result of strong
donor-acceptor interactions between the anthracenyl fluoro-
phore and the electron-deficient PA and DNP. The higher
number of nitro groups, as electron-withdrawing groups
(EWGs), in PA and DNP enhances their sensitivity and selec-
tivity compared to ONP, MNP, PNP, and other NACs (Fig. S28a
and $29a).'%%°

In the case of PAH derivatives, NPY exhibited the most
significant quenching (79%), followed by PCA (63%), ACA
(49%), NAA (36%), and NNP (22%) (Table 1, Fig. 8b, c and
Fig. S24), aligned with the trend of K, values (Fig. 8e, f and
Fig. S25). The binding affinity followed the order: NPY >
NAA > ACA > NNP > PCA (Table 1, Fig. 8h, i and Fig. S26).
These results suggest that the strength of electron-withdrawing
groups (EWGs: NO, > CHO) significantly affects donor-acceptor
interactions, thereby promoting the observed dark emission

b) POSS-Im-An-Br: Solid-State Compounds

15 P EEPE BRI B R T 15
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?
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Fig. 5 UV-visible absorption and fluorescence emission spectra of POSS—Im—An-Br in (a) 15% (v/v) water in DMSO solution (1 x 10~ M) and (b) a solid

sample.
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Fig. 6 Fluorescence emission characteristics of POSS—Im—-An-Br, POSS—-Im—-An-BF,4, and POSS—Im—-An-PFg as solutions prepared in a mixture of 15%
(v/v) water/DMSO and as solid samples under room light and UV light at 365 nm.
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Fig. 7 The selected NACs and PAH derivatives employed in this study.

(Fig. S28b and S29b). For PAHs, some derivatives, including
PYR, ANT, and BAA, showed fluorescence background signals.
The fluorescence enhancement observed upon addition of PAH
guests arose from the signal of POSS-Im-An-Br together with
PAHs.*®° To assess the sensing performance relative to pre-
viously reported systems, the K, values were compared with
representative literature data (Table S2). Notably, the K, value
of POSS-Im-An-Br is approximately an order of magnitude
higher than those of many reported systems, reflecting its
enhanced quenching efficiency and stronger binding capability.

This journal is © The Royal Society of Chemistry 2026

The enhanced sensitivity originates from the cooperative
n-donor-n-acceptor interactions between the anthracenyl
fluorophore and electron-deficient aromatic analytes, particu-
larly NACs and PAH derivatives bearing -NO, or ~-CHO sub-
stituents. Consequently, POSS-Im-An-Br is highly promising
for field-deployable NAC/PAH detection and integration into
portable optical sensing devices.

POSS-Im-An-Br exhibited rapid fluorescence sensing
toward PA, DNP, NNP, NAA, ACA, NPY, and PCA (Fig. S30 and
Movies S1-S7). The fluorescence intensity dropped rapidly and
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Table 1 Summary of the determined titration parameters, including quantum efficiency, quenching efficiency, limit of detection (LOD), limit of
quantification (LOQ), the Stern—Volmer constants (Ks,), and the binding affinity (K,) of POSS—Im—An-Br in the presence different target analytes

Compounds Quantum efficiency (%) Quenching efficiency (%) LOD (uM) LOQ (uM) Ko M7 K. (M)
POSS-Im-An-Br 15.42 “ @ a @ @
PA 0.16 89 0.72 2.41 2.89 x 10° 1.11 x 10°
DNP 0.85 55 0.64 2.13 2.29 x 10* 7.41 x 10*
ACA 1.86 49 0.84 2.80 1.89 x 10* 6.57 x 10*
NAA 2.81 36 3.87 12.89 9.80 x 10° 7.26 x 10*
PCA 0.98 63 0.62 2.06 3.26 x 10* 3.54 x 10*
NPY 2.98 79 0.54 1.80 7.66 x 10* 8.49 x 10*
NNP 3.96 22 6.24 20.82 5.04 x 10° 6.11 x 10*
¢ Not performed.
a) _ b) _ c) -
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Fig. 8 Fluorescence emission spectra of a solution of POSS—Im—An-Br (1 x 10~° M) in 15% (v/v) water/DMSO in the presence of increasing equivalents
of the target analyte from 0 to 50 equiv. of (a) PA, (b) NPY, and (c) PCA. Stern—Volmer plots of POSS—Im—An-Br in the presence of (d) PA, (e) NPY, and (f)

PCA. Benesi—Hildebrand plots recorded at Amax = 419 nm obtained from (g) PA, (h) NPY, and (i) PCA.

reached a stable state within a short time. Furthermore, Job’s
method was used to determine the binding stoichiometry
between POSS-Im-An-Br and the analytes. The total concen-
tration of host and guest was kept constant at 1.0 x 10 ° M.”*

J. Mater. Chem. C

The plots of AF x Xj, versus X;, display maxima at X, =~ 0.5 for
all representative analytes (PA, DNP, NNP, NAA, ACA, NPY, and
PCA), which is consistent with a predominant 1:1 binding
stoichiometry (Fig. $31).>!

This journal is © The Royal Society of Chemistry 2026
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Quantum efficiency

The pristine quantum efficiency of POSS-Im-An-Br in a 15%
(v/v) water/DMSO solution was 15.42% but decreased consider-
ably to 0.16% and 0.85% when PA and DNP were added,
respectively. The quantum efficiency of electron-deficient
PAH derivatives (NNP, NPY, NAA, ACA, and PCA) dropped to
3.96%, 2.98%, 2.81%, 1.86%, and 0.98%, respectively (Table 1
and Fig. S32-S34). The decrease is principally caused by
n-donor and m-acceptor interactions between the anthracenyl
ring and phenyl groups in NACs and PAH derivatives. These
non-covalent interactions promote charge transfer from the
fluorophore to the analyte, resulting in non-radiative decay
and severe quenching.

The effect of ionic strength

The effect of ionic strength on the sensing behavior of POSS-
Im-An-Br towards target analytes was investigated. NaCl
solutions with concentrations ranging from 0.00 to 0.60 M were
added to adjust high-ionic-strength environments.””® POSS-
Im-An-Br demonstrated exceptional tolerance to increasing
ionic strength, maintaining strong fluorescence emission
across various NaCl concentrations, underlining the potential
uses for PA detection under practical conditions. The observed
quenching phenomenon can be attributed to non-radiative
decay processes involving collisions between the fluorophore
and quenching anions (Fig. S35). These interactions result
in reduced emission, effectively diminishing the fluorescence
intensity of POSS-Im-An-Br in the presence of target analytes.”

Effect of anti-interferences and real water sample analysis

NACs and PAH derivatives typically coexist in environmental
matrices with abundant inorganic ions that could potentially
interfere with fluorescence-based sensing. To evaluate selectiv-
ity, the fluorescence response of POSS-Im-An-Br (15% (v/v)
H,0/DMSO) was examined in the presence of 50 equiv. of
common additives, including Na*, K*, Mg*>*, Mn>*, Co*", Ni**,
cu*', zn*', Pb**,Br,I,NO; ", ClO,~, HSO, , and SCN . These
ions produced no measurable interference with the sensing
performance toward PA, DNP, NNP, NAA, ACA, NPY, and PCA
(Fig. S36-538).2°%° Furthermore, POSS-Im-An-Br successfully
detected these analytes spiked into real water samples (tap
water and mineral water) without a significant matrix effect
(Fig. S39 and Table S3), supporting its practical applicability for
fluorescence detection in complex aqueous environments.

Binding mode studies

"H-NMR titration experiments were performed to gain insight
into the binding modes of POSS-Im-An-Br with PA and DNP
in de-DMSO. Addition of increasing equivalents of PA caused
upfield perturbations of proton signals associated with the
imidazolium unit (Hp,, H., and Hgq) and the anthracenyl
substituent (Hy, H,, Hy, Hj, and H;j), concomitantly the down-
field shift of the aromatic proton signal of PA (H,). These
similar changes were observed in the case of DNP (Fig. S40
and $41).407>7¢

This journal is © The Royal Society of Chemistry 2026
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Due to the limited solubility in de-DMSO, titration experi-
ments with PAH derivatives were carried out in CDCl;. NAA
induced the upfield perturbations and broadening of signals
associated with Hy, the acidic proton of the imidazolium motif,
indicating the dynamic exchange with the surrounding.
In addition, other proton signals of the imidazolium unit (H.
and Hg), the anthracenyl substituent (Hy, Hy, Hy, Hj, and Hj),
and the NAA guest moved to the upfield region, indicating a
strong tendency to engage in n-n interactions with the electron-
deficient NAA (Fig. S42).>*777% In the case of ACA, the
C-H:--O—C hydrogen bonding interactions between Hj and
the aldehyde carbonyl resulted in the downfield perturbation of
H;, (Fig. S43). In addition, the signals of the POSS moiety are
located at 0.56-1.97 ppm and remain unchanged upon the PAH
derivative binding. Although POSS did not participate in the
binding, it helps preventing the aggregation of the fluorophore
as well as restricting the motion. The binding trends observed
for other PAH derivatives (NPY, PCA, and NNP) were consistent
with those of NAA and ACA (Fig. S44-5S46).

DFT computational study

The computational study was conducted using density func-
tional theory (DFT) calculations performed using ORCA
6.0.0 software.”” The calculations were performed using the
aug-cc-pVDZ/097x-D3 level of theory in DMSO (SMD model).*°
Consistent with the NMR titration results, the preferred
interaction site for both NACs and PAHs was identified
at the imidazolium motif. Given the strong experimental
indication of imidazolium-analyte interactions, the use
of a diffuse-function basis set together with a range-separated
functional including dispersion corrections was deemed
appropriate to capture noncovalent binding reliably. To reduce
computational cost, EtIm-An was selected as a simplified model
for POSS-Im-An-Br (Fig. 9). Notably, two local minima were
located on the potential energy surface, corresponding to
charge-dipole (CD) and n-donor-n-acceptor interactions.
Geometry optimizations show that the CD-binding mode
affords more stable complexes than the corresponding n-
donor-n-acceptor arrangements for all analytes examined
(Fig. 10), highlighting the key role of the imidazolium group
in stabilization. This trend agrees with the NMR titration data,
particularly for analytes bearing strong electron-withdrawing
groups (EWGs) such as -CHO or -NO, (e.g., PA, ACA, and NAA).
In these complexes, the negatively polarized oxygen atoms
engage in favorable electrostatic attraction with the imidazo-
lium fragment. In contrast, the bulky -Br substituent in BAA

/\N OQ

=/ Br@

Simplified form: Etim-An
Fig. 9 Simplified form of POSS—Im—An-Br (Etlm—An).
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Fig. 10 Geometry optimization of EtIm—An upon interaction with PA, ACA (-CHO), NAA (-NO,), and BAA (-Br) using the aug-cc-pVDZ/®97x-D3 level
of theory in DMSO (SMD model), in 2 local minimum geometries as charge-dipole (CD) interactions and n—= interactions. 4G is the relative Gibbs free
energy of the CD in comparison to n—n interactions of all compounds, which shows that EtlIm-An prefers to undergo CD rather than n—mn interactions.

suppresses close contact with EtIm-An and thereby disfavors
additional n-type interactions (Fig. 10).

Experimentally, electron-deficient NACs and PAH derivatives
quench the fluorescence of POSS-Im-An-Br, indicating that
photoinduced electron transfer (PET) contributes to the
quenching response (Fig. 11).*'"® PET can be broadly classified
into (i) donor-PET (d-PET), where an excited fluorophore
donates an electron to the quencher, and (ii) acceptor-PET
(a-PET), where the excited fluorophore accepts an electron.®*
Because the analytes studied here are electron-deficient,
a d-PET pathway is most reasonable.

In a donor-type PET mechanism, the excited sensor (D*)
transfers an electron to the analyte (A), so the analyte’s electron-
accepting ability, linked to its reduction potential/electron
affinity, and thus its LUMO energy is a key determinant
of quenching efficiency (Fig. 11). Accordingly, analytes with
lower-lying LUMOs (higher electron affinities) are expected to

accept an electron more readily and give stronger PET-based
responses.

To provide a simple orbital-energy descriptor for this trend,
we define AEq.ppr = LUMOgnaigte — LUMOg¢m-an. More negative
AEq4per values indicate a more favorable acceptor level relative
to the donor model and correlate with easier formation of a
low-lying charge-transfer (CT) state. In the absence of quench-
ers, EtIm-An undergoes excitation from the ground state (S,) to
a locally excited (LE) state, followed by emissive relaxation to S.
Upon complexation with a strong electron-accepting analyte
(e.g., PA or DNP), a lower-lying CT state becomes accessible;
population transfer from LE to CT followed by non-radiative
decay leads to fluorescence quenching.

Importantly, the analyte selectivity is dictated by not
onlyAE4ppr but also sufficient donor-acceptor proximity and
electronic coupling, which are controlled by host-guest binding
strength and geometry. Thus, orbital/electron-density descriptions

Absorption Emission Absorption Electron transfer Non-emissive relaxation
— *— ~C\
o
Quencher
PAH derivatives
. NACs

b iy o afs o -0
Etim-An Etim-An Etim-An -O-O- Etim-An -O-O- Etim-An -O-O-

Quencher Quencher Quencher

PET off, Fluorescence on

PET on, Fluorescence off

Fig. 11 Proposed quenching mechanism of Etim-An upon adding analytes, where having a quencher (analyte) causes donor photo-induced electron

transfer (d-PET), resulting in non-emissive relaxation.
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(e.g., polarization near heteroatoms) are used here to ratio-
nalize binding orientation and coupling, rather than PET
thermodynamics.

For PAH derivatives, results align with the d-PET scheme.
The AEgpgr values for ACA, NAA, PCA, NPY, and NNP are
-0.52, —0.35, —0.25, —0.44, and —0.27 eV, respectively.
In contrast, NPA has a AEgprr of 0.01 eV, consistent with
experimental findings, showing that NPA does not quench
fluorescence. This difference reflects the weaker acceptor char-
acter (higher-lying LUMO) of NPA compared with more strongly
electron-deficient analytes such as PA and DNP, where multiple
-NO, groups substantially lower the LUMO and stabilize the CT
state (Fig. S47a and b).*

For NACs, EtIm-An shows pronounced selectivity toward
compounds bearing multiple -NO, groups. PA and DNP
exhibit strongly negative AEq pgr values (—1.63 and —1.08 eV,
respectively) and the most efficient quenching. By comparison,
MNP, PNB, and ONP show less negative values, while the
remaining analytes display positive AE4pgr (Fig. S47c and d),
indicating a reduced thermodynamic tendency for electron
transfer. In addition, geometry optimizations reveal that in
the PA complex the -NO, groups orient toward the imidazolium
ring, enhancing charge polarization and electrostatic stabili-
zation. Although PNB has a AEgper comparable to DNP, its
single -NO, group provides weaker oxygen polarization and less
effective interfacial electrostatic stabilization, diminishing CT-
state stabilization and thereby reducing the overall quenching
response.

Conclusions

In this work, we have successfully designed, synthesized,
and characterized a series of imidazolium-functionalized poly-
hedral oligomeric silsesquioxanes incorporating anthracene
(POSS-Im-An-X, X = Br, BF,, PF¢) as an electron-rich fluoro-
phore for the preferential fluorescence detection of NACs and
PAH derivatives. The synergistic combination of the POSS core,
imidazolium spacer, and anthracene moiety endows the sensor
with enhanced aqueous compatibility, thermal stability, and
strong fluorescence emission in mixed aqueous-organic solu-
tions. Photophysical studies revealed that POSS-Im-An-Br
exhibited a pronounced and analyte-dependent fluorescence
response toward PA, DNP, and electron-deficient PAH deriva-
tives, with the LOD in the micromolar range. Mechanistic
investigations through "H-NMR titrations, computational mod-
elling, and Stern-Volmer analysis indicate that charge-dipole
interactions and m-m interactions control the binding mode
that results in the quenching of fluorescence signals via the d-
PET pathway. The nature of counter anions significantly influ-
ences solid-state emission properties through ion-pairing and
packing effects. Additionally, the sensor demonstrates robust
performance under varying ionic strengths, underscoring its
potential for real-world environmental monitoring. Overall,
POSS-Im-An-Br exhibits an analyte-dependent and preferen-
tial fluorescence response toward selected NACs and PAH

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

derivatives, while maintaining sensing performance under
competitive and interfering conditions, highlighting its
potential for fluorescence detection in complex aqueous envir-
onments. These findings open avenues for the development of
advanced POSS-based sensing materials for environmental
safety, pollutant remediation, and on-site chemical analysis.
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