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Because the widely used perfluorooctane sulfonate (PFOS) is harmful to both environment and human
health, it is of great significance and urgency to develop sensitive and selective sensors for the de-
tection of trace PFOS in water. In this study, a tetraphenylethylene-derived macrocycle BowtieCyclo-
phane has been developed as a fluorescent sensor based on aggregation-induced emission enhancement
and fluorochromism. Sensitive detection of PFOS has been achieved with a limit of detection (LOD) of
47.3 + 2.0 nmol/L (25.4 + 1.1 pg/L) accompanied by visual fluorescence color changes.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Per- and poly-fluoroalkyl substances (PFAS) have been exten-
sively employed in consumer product manufacture and industrial
processes [1,2]. Due to their exceptional stability in natural envi-
ronment, PFAS have emerged as global persistent organic pollu-
tants [3-5]. As one of the most commonly used PFAS, perfluorooc-
tane sulfonate (PFOS) is found in natural water body worldwide,
even in human blood and breast milk samples. PFOS has caused se-
rious adverse effects for environment and health because of its tox-
icity and bioaccumulation [6-8]. For example, the clearance half-
life of PFOS in human bodies is approximately 4 years, and PFOS
is known to be relevant with fatal health issues including cancers.
As a result, government policies have been strictly imposed world-
wide to monitor and control the concentrations of PFOS in water
under safety levels [9], which requires quick and quantitative de-
tection methods for trace PFOS in aqueous solution.

Compared to detection techniques based on mass spectrome-
try or electrochemistry [10-12], fluorescence detections of PFOS
in water feature low cost, facile operation, and high sensitivity
[13-17]. In addition, the prosperity of aggregation induced emis-
sion (AIE) during the past twenty years has facilitated the de-
velopment of AlEgen-based fluorescent sensors for various ana-
lytes [18-23], but to the best of our knowledge, quantitative de-
tection of PFOS in water using AIE strategy has not been reported.
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Herein we show BowtieCyclophane (BC), a water-soluble, fluores-
cent macrocycle [24,25], as a novel PFOS sensor (Fig. 1). Struc-
turally, BC is a symmetrical tetra-cationic figure-of-eight macro-
cycle which combines a tetraphenylethylene (TPE) core, a classic
AlEgen [26-29], and pyridinium cyclophane scaffolds [30,31] on
both sides. Like many TPE-derived strained macrocycles including
our previously reported Bowtie Arene [32-37], aggregation of BC
is accompanied by emission enhancement along with significant
fluoro chromism. Such features endorse BC as an excellent fluo-
rescence sensor for PFOS in water, achieving the limit of detection
(LOD) of 47.3 & 2.0 nmol/L (25.4 & 1.1 pg/L) with concomitant fluo-
rescence color change which can be easily visualized by naked-eye
and quantified by smart-phone.

Starting from known building blocks tetrapyridyl TPE deriva-
tive 1 and bis(benzyl bromide) 2, Sy2 reaction followed by an-
ion exchange afforded the water-soluble macrocycle BC with high
yields (Fig. 2a). Both steps were chromatography-free, and can be
conducted without the need to exclude moisture and oxygen. The
operationally friendly preparation secured rapid access to suffi-
cient amount of BC. Next, various attempts to grow single crys-
tals of BC or its hexafluorophosphate analogue 3 ended up with
only fragile crystalline solids that were not well resolved by X-
ray analysis. After the chloride anion was replaced by tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate (BArF), suitable samples for crys-
tallographic analysis were eventually obtained, and the Bowtie-
shaped tetracation of BC was unambiguously confirmed (Fig. 2b,
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Fig. 1. The development of BC as a fluorescence sensor for PFOS detection.

CCDC: 2075963). In the crystalline state, the BC displays twin cav-
ity which extends into the bay of TPE moiety, with the rest of the
cavity in the shape of a truncated pentagon. Notably, the 8.9 A-
distance between the two cationic nitrogen atoms in each cavity
of BC is considerably shorter compared to the counterpart in the
uncyclized precursor 1 (11.9 A based on the reported crystal struc-
ture) [38], indicating significant macrocyclic strain within BC.

The TPE-derived strained bis-cyclic structure has endowed BC
with aggregation-induced, switchable fluorescence intensity and
fluorochromism (Fig. 3a). Specifically, examination of the photo-
physical properties of BC in a range of H,O/THF mixed solvents
showed constant orange emission in dilute solutions when the THF
(a poor solvent for BC) contents were no higher than 80%. As the
THF faction increased to 90%, an apparent fluorescence enhance-
ment with distinct blue shift (AAmax = 46 nm) were observed, and
the solution became opaque at the same time (Fig. S8 in Support-
ing information). The formation of aggregates of BC in the 10:90
H,O/THF sample was confirmed by the positive Tyndall effect as
well as dynamic light scattering (DLS) results (Fig. S9 in Supporting
information). While the fluorescence color of BC barely changed
when the THF content further reached 99%, the emission intensity
exhibited another 2-fold increase which was in accordance with
the observation of larger aggregates employing DLS analysis ac-
companied by stronger Tyndall effect (Fig. S11 in Supporting in-
formation).

The addition of PFOS could also lead to the aggregation
of BC along with significant emission enhancement with ev-
ident fluorochromism from orange to bright yellow (Fig. 3b,
AMlmax = 22 nm), which was consistent with the observation of
aggregates based on DLS, Tyndall effect, and SEM (Figs. S13 and
S14 in Supporting information). UV-vis titration experiments in-
dicated a stoichiometric ratio of 1:4 for BC and PFOS (Fig. S15 in
Supporting information). Because the observed stoichiometry for
BC and PFOS matches their intrinsic charges, we proposed that
upon mixing BC and PFOS in water, anion exchange would occur
to replace the chloride ions of BC with the monoanionic PFOS.
As a result, the aggregation process, with concurrent emission en-
hancement, would be triggered by the decreased water solubility
after the anion exchange from the original water-soluble chloride
to the organic sulfonate (Fig. S17 in Supporting information). The
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Fig. 2. (a) Synthesis of BC. (b) X-ray crystal structure of the BC tetracation. The
hydrogen atoms and counter anions were omitted for clarity.

long hydrophobic tail of PFOS may further facilitate the aggrega-
tion with BC through tangling or threading. These experimental
observations are in consistent with previous studies which showed
that the anionic head and perfluoroalkyl tail of PFOS make both
ends of this linear molecule capable to interact non-covalently
with cationic macrocycles through electrostatic and hydrophobic
effects, respectively [16,39-41]. In addition, an apparent associa-
tion constant [42] of (1.95 + 0.14) x 107 L/mol was calculated for
BC and PFOS based on the concentration of pyridinium units (Fig.
$16 in Supporting information).

The aggregation-induced fluorochromism of BC prompted the
direct comparisons of PFOS and analogous analytes under a range
of concentrations by naked-eye visualization (Fig. 4a). Under the ir-
radiation of 365 nm UV light, fluorescence color changes emerged
for perfluorobutyl sulfonate at the concentration as low as 10-6
mol/L, which is two orders of magnitude more sensitive than the
corresponding carboxylate (n-C4FgSO3K vs. n-C4F9CO,K). Moreover,
the minimum concentrations for visualizable changes were simi-
larly at 106 mol/L for perfluoroalkyl sulfonates bearing C4, chains
(H-C4F9503K, n-CgF13S03K and n—C8F17SO3K), while the trifluo-
romethyl, phenyl, n-butyl, and methyl sulfonates exhibited inferior
sensitivity. The above results demonstrate the excellent specificity
for PFOS detection based on the highly responsive fluorescence
changes of BC.

Next, a quantification assay for trace amount of PFOS was in-
vestigated. When the PFOS-induced fluorochromism of BC was
mapped onto the 1931 CIE chromaticity diagram (Fig. S20 in Sup-
porting information), the emissions were found blue-shifted at low
PFOS concentrations. Therefore, real-time quantification of PFOS
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Fig. 3. (a) Pictures (under 365 nm UV light) and fluorescence spectra of BC
(2.0 x 10~ mol/L, Aex = 400 nm) in H,O/THF mixed solvents (inset) Plot of maxi-
mum emission intensities against volume fractions of THF. (b) Fluorescence spectra
of BC (2.0 x 10~ mol/L in water, Aex = 400 nm) before and after the addition of
PFOS.

can be achieved using a smart-phone within minutes [43,44] ac-
cording to the following simple protocols (Fig. 4b): (1) mixing
stock solutions of PFOS and BC (total volume of 1.0 mL, with BC
concentration of 1.0 x 10-% mol/L) in each 2 mL plastic centrifuge
vial, and shaking the mixture for 30 s; (2) taking a photo of each
sample under 365 nm UV irradiation; (3) analyzing the photos
with a phone App to extract the GRB coordinates. Next, the result-
ing blue color codes (B values) of the samples were plotted against
the PFOS concentrations, and the calibration curve established lin-
ear correlations within the 0 to 0.6 pmol/L range of PFOS.
Moreover, analyzing the relative fluorescence intensity under
different PFOS concentrations also indicated a linear calibration
curve with the LOD value of 47.3 + 2.0 nmol/L (25.4 + 1.1 ng/L)
by the 30 /slope method (Fig. 5a) [45]. The specificity of the PFOS
detection using BC was evaluated by addition of excess common
interfering species (100-fold concentration relative to BC), which
led to minor fluorescence quenching of BC in the absence of PFOS
(Fig. 5b, gray bars). Additionally, the emission enhancement of BC
remained highly sensitive to PFOS in the presence of these com-
peting cations or anions (Fig. 5b, blue bars). We further evaluated
the performance of the fluorescence intensity assay using tap wa-
ter, which was directly used without pre-treatment prior to addi-
tion of PFOS. An LOD value of 77.8 + 8.8 nmol/L (41.9 + 4.9 ng/L)
was determined (Fig. S22 in Supporting information). These data
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Fig. 4. (a) Visualizable fluorochromism of BC in response to PFOS and analogous
analytes under different concentrations (irradiated by 365 nm UV light). (b) Real-
time quantification of PFOS using the fluorochromism assay of BC with a smart-
phone (irradiated by 365 nm UV light).

demonstrated the excellent selectivity and robustness of the BC-
based fluorescent detection method.

In summary, a figure-of-eight water-soluble macrocycle BC
have been developed as the first AIE-based macrocyclic fluores-
cence sensor for PFOS detection in aqueous solution. The addi-
tion of PFOS can induce aggregation of BC thereby trigger sig-
nificant changes in both fluorescence intensity and color. The
fluorochromism-based PFOS detection is visualisable and quantifi-
able using a smart-phone. The fluorescence intensity assay fea-
tures low LOD and high specificity. Further investigation of BC and
other strained fluorescent macrocycles are underway and will be
reported in due course.
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