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ABSTRACT

Background: Perfluorooctane sulfonate (PFOS), one of the most harmful members of the large group of per- and
poly-fluoroalkyl substances (PFAS), is notorious for its environmental persistence, bioaccumulation, and toxic
effects, raising serious environmental and health concerns. Developing rapid and sensitive methods to detect
PFOS in water is critical for effective monitoring and protection against this hazardous chemical.

Results: In this study, we developed rapid and highly sensitive fluorometric sensors (PDI-2+ , PDI-6+ ) for
detecting PFOS. We also investigated the influence of the sensor’s molecular structure on its performance. Our
findings reveal that the formation of a supramolecular complex between PFOS and the cationic fluorophores,
facilitated by the synergistic interplay of electrostatic, hydrophobic and r-r stacking interactions, enables a quick
and efficient fluorometric sensing response for the detection of PFOS in aqueous systems. Remarkably, the
detection limit for PFOS was found to be as low as 3.5 nM (1.9 ppb) for PDI-2+ and 2.7 nM (1.4 ppb) for PDI-6+
, showcasing the high sensitivity of the sensor. The PDI sensors also demonstrate a high level of selectivity for
PFOS against PFOA (another top two PFAS designated as hazardous substances by the U.S. EPA), other PFAS like
GenX, structurally similar detergents, and inorganic salts typically found in water. Furthermore, the sensor’s
successful detection of PFOS in real water samples underscores its potential for environmental monitoring.
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Significance: The development of novel, water-soluble fluorometric sensors offers a promising solution for the
rapid and sensitive detection of PFOS in water. Their high selectivity and low detection limits make them
valuable tools for environmental monitoring and pollution control. The findings of this study contribute to the
advancement of analytical techniques for PFAS detection and support ongoing efforts to mitigate the environ-
mental and health risks posed by PFOS contamination.

1. Introduction

Per- and poly-fluoroalkyl substances (PFAS) have emerged as a class
of water pollutants of global concern due to their severe and long-
standing impact on the environment and public health [1-8]. These
substances are often referred to as *forever chemicals’ because of their
extreme persistence to degradation under normal environmental con-
ditions. For many decades, PFAS have been broadly used in industry and
consumer products, such as aqueous film-forming foam (AFFF), nonstick
cookware, fast food wrappers, stain-resistant fabrics, cleaning products,
and personal care products [1-3]. Extensive, long-term use has distrib-
uted PFAS in various bodies of water, including drink, ground and rain
water. Among the large number of PFAS identified (currently over
9000), perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid
(PFOA) represent the most common species found in the environment
and the most extensively studied in terms of severe health and envi-
ronment impact [1,4,9-11]. While now banned in the U.S. and many
other countries, PFOS and PFOA were commonly used in AFFFs, and
many other products. The wide and longtime use makes the pollution
caused by these two PFAS a serious global concern. As estimated by a
recent study, 0.4-1 million people in the United States may receive tap
water contaminated by PFOA and PFOS at concentration above the EPA
advisory level of 4 ppt [12]. As evidenced in recent research, exposure to
these two PFAS compounds may cause chronic kidney disease, thyroid
disfunction, and some forms of cancer [4,11,13]. Due to growing
exposure and health risks, PFOS and PFOA have recently been desig-
nated by the U.S. EPA as hazardous substances under the Comprehen-
sive Environmental Response, Compensation, and Liability Act
(CERCLA), also known as Superfund [14].

In response to the growing concern over PFAS pollution, significant
efforts have been made to develop detection methods capable of
analyzing PFAS rapidly and accurately, aiming to identify contaminated
waters and, ideally, trace the source of the contamination [11]. To
comply with the U.S. EPA regulations, and as generally required for
chemical detection, the new detection methods must satisfy three
criteria: sensitivity, selectivity, and portability for onsite deployment.

The current detection technology for PFAS is dominated by liquid
chromatography coupled with tandem mass spectrometry (LC-MS/MS)
[9,11,15-17], which remains a standard as verified by the EPA as
Method #1633 [18]. By coupling with a solid phase extraction (SPE)
preconcentration, this method can reach a limit of detection (LOD) of
0.3 ppt for measuring PFOS and PFOA in water samples. This level of
sensitivity is sufficient for detecting the PFAS pollution in drinking
water, for which the official health advisory level set by the U.S. EPA for
PFOA and PFOS is 4 ppt [19]. In addition to the high sensitivity (low
LOD), the LC-MS/MS method also provides high specificity for identi-
fying and quantifying different PFAS. However, LC-MS/MS requires
sophisticated, expensive instruments, highly-trained personnel, tedious
sample preparation, and laborious data collection processes. It remains
imperative to develop new detection technologies that are not only ac-
curate and reliable, but also portable, easy to use, and thus suitable for
onsite detection [11]. Rapid, onsite monitoring of PFAS could signifi-
cantly reduce the amount of time and costs needed for characterization,
and would enable the detection of PFAS in real-time, and onsite at
various physical locations to assess remediation or sequestration efforts.

To overcome drawbacks of the non-portable LC-MS/MS detection
method, a variety of chemical sensors based on different molecules and
materials have been developed and tested for quick, simple detection of

PFAS [11,16,20-26]. Generally, these sensors can be classified into two
major categories according to their sensing mechanisms: optical sensors
(e.g., based on colorimetric and fluorescent modulations), and electro-
chemical sensors. Most of the sensors were investigated with PFOS and
PFOA as the target analytes. The LODs obtained for optical sensors are
generally around the high ppb or even ppm level [11,15,20,27,28],
which fall short of the EPA requirement for detecting PFAS in drinking
water. Comparable sensing responses were also observed for other PFAS,
and the fluorescence quenching was significantly affected by the pres-
ence of other surfactants like SDS, CTAB, etc. Additionally, the nano-
particle sensor can only function in organic media, like
dimethylformamide, due to its poor dispersion and weak fluorescence in
water [29]. This mandates extra sample pretreatment for analysis of
PFAS in water samples. Electrochemical sensors, usually based on vol-
tammetry, potentiometry or impedance spectrometry, have been well
studied for trace level detection of PFAS directly in water [30-36]. By
modifying the electrode with metal organic framework (MOF) or mo-
lecular imprinted polymer (MIP), the LOD reaches low ppt levels, e.g.,
20 ppt for PFOS [33]. The use of a MIP template helps improve detection
selectivity towards specific PFAS, though the intrinsic fragility of MIP
templates and the associated complications in electrode surface modi-
fication may impact the measurement repeatability and robustness
when compared to spectrometry methods. In summary, few of the
chemical sensors developed to date meet the key technical criteria of
sensitivity, selectivity, and repeatability. These factors are essential for
enabling their practical application in monitoring PFAS in water
environments.

We report herein on three novel fluorescent sensor molecules as
shown in Scheme 1. The sensors, namely PDI-2+ , PDI-6+ and PDI-Cl-
2+, are based on a perylene diimide (PDI) structure modified with two
or six quaternary trimethylammonium cationic side groups. The sensing
mechanism is based on fluorescence quenching of the PDI fluorophore.
The cationic PDI fluorophores, exemplified by PDI-2+ , demonstrate a
strong green emission in water devoid of PFOS, which is a signature for
the molecularly dispersed (non-aggregated) form of the fluorophore.
The situation changes in the presence of PFOS, which complexes with
PDI-2+ , causing aggregation of the fluorophores as illustrated in
Scheme 1. The aggregation is a result of several synergistic intermo-
lecular interactions between PFOS and the fluorophore, including
electrostatic attraction between the head groups, n-n stacking between
PDI backbones, and hydrophobic association between the perfluoroalkyl
chains of PFOS. In the aggregate state, the -1 stacking quenches the
emission of PDI, a common phenomenon of aggregation induced
quenching for n-conjugated fluorophores [37,38]. The relative decrease
in emission intensity measured can be correlated to the concentration of
PFOS in solution, thereby providing a calibration curve for quantitative
analysis. A LOD of 1.9 ppb was obtained for PDI-2+ and 1.4 ppb for
PDI-6+ in the detection of PFOS. By combining with the concentration
power of SPE (~1000 x ) [39], the LOD of this sensor could be pushed
down to the level below 4 ppt, which is the EPA advisory level for PFOS
in drinking water. In addition to high sensitivity, the two PDI sensors
also demonstrate a high level of selectivity for PFOS against other PFAS
(particularly PFOA, GenX) and common detergents (e.g., SDS) typically
found in water.
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2. Experimental section
2.1. Materials and instrumentations

All the chemicals (including PFAS) and solvents were of reagent
grade or above, and used as received from the commercial suppliers.
Ultrapure Milli-Q deionized (DI) water was used for all experiments.
Synthesis and structural characterization of the fluorophores (PDI-2+,
PDI-Cl-2+, PDI-6+) are provided in detail in the supporting
information.

NMR data were recorded on a Varian Mercury 400 MHz spectrom-
eter. A Bruker maXis II ETD instrument was used to obtain high reso-
lution ESI MS data. The fluorescence measurements were carried out
with an Agilent Cary Eclipse fluorescence spectrophotometer. UV-Vis
spectra were obtained by using an Agilent Cary 100 spectrophotometer.
Scanning electron microscopy (SEM) images were obtained with a FEI
Nova Nano-SEM™ scanning electron microscope.

2.2. Sensor testing and verification

Stock solutions of PDI sensors and all other analytes, viz., per-
fluorooctanesulfonate (PFOS) potassium salt, perfluorooctanoic acid
(PFOA), GenX, sodium dodecyl sulfate (SDS), ethylenediaminetetra-
acetic acid (EDTA), lauryl sulfate, lauric acid, octanoic acid, trifluoro-
acetic acid (TFA), sodium chloride (NaCl), potassium chloride (KCI),
lithium chloride (LiCl), ferric chloride (FeCls), calcium sulfate (CaSO.),
magnesium sulfate (MgSOa), sodium bicarbonate (NaHCOg), sodium
thiosulfate (NazS;03), sodium phosphate (NasPOs) and sodium nitrate
(NaNOs) were prepared at concentrations of 1 mM in DI water. The
absorption and fluorescence studies were performed after making
different solutions of the sensor molecule (2 pM, or 100 nM) in DI water,
each containing various concentrations of each analyte (0-8 pM, or
0-100 nM) in a quartz or polystyrene cuvette (1 cm x 1 cm). Given the
strong adherence of PFOS to the cuvette surface, special care must be
taken during the preparation of solution samples. For example, a large
volume of the fluorophore solution should be poured into a cuvette pre-
deposited with a small volume (<10 pL) of concentrated PFOS, followed
by thorough mixing. This approach minimizes surface trapping of PFOS,
a phenomenon that has been observed and is particularly critical for
quantitative sensor analysis involving PFOS, especially in the low
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concentration range (e.g., 100 nM). The spectra of each resultant
mixture were recorded after mixing the solutions thoroughly at room
temperature. The initial emission intensity in the absence of analyte was
termed as Ip. The fluorescence quenching efficiency (Q) was estimated
by using the formula: Q = (1 - I/Ip) x 100 %, where I is the emission
intensity of the sensor in the presence of analyte.

2.3. Detection of PFOS in real water samples

Tap water and drinking water samples were collected from the
University of Utah campus and directly used as solvents to prepare
spiked PFOS solutions at concentrations of 40 pM and 80 pM. To these
solutions, 100 nM of PDI-2+ was added by diluting a stock solution
prepared in DI water. Each solution was prepared to a total fixed volume
of 3 mlL, suitable for fluorescence measurements using a standard
cuvette. All samples were incubated for 1 min prior to fluorescence
measurement.

2.4. Quantum yield calculation

The fluorescence quantum yield of the cationic PDI sensors was
evaluated by the Parker-Rees method using Rhodamine 6G as a standard
fluorophore. The Parker-Rees equation can be written as follows [40].

®y=(AsFun3/AFsn2) @ €]

Where ®; represents the quantum yield of the reference compound
(Rhodamine 6G, with a value of 0.95) and ®, denotes the quantum yield
of the PDI sensors. Ag and A, represent the absorbances of Rhodamine
6G and the sensor molecule samples at the excitation wavelength,
respectively. To reduce the reabsorption of emitted fluorescence light as
it passes through the samples, the absorbance maxima were kept below
0.1. Fs and F, refer to the integrated fluorescence intensity areas of
Rhodamine 6G and the PDI sensor samples, respectively, when excited
at the same wavelength. The refractive indices of the solvents used for
the PDI sensor samples and Rhodamine 6G are denoted as n, and ng,
respectively.
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Scheme 1. (Top panel) Chemical structures of fluorophores PDI-2+ and PDI-6+ . A non-planner PDI analogue, PDI-Cl-2+ , was synthesized and used for
comparative study. (Lower panel) Schematic illustration of the supramolecular complexation between PFOS and PDI-2+ (2:1 M ratio) leading to 1D self-assembly,

and quenching of the fluorescence of PDI.
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3. Results and discussion
3.1. Spectral and structural characterization of fluorophores

Three PDI sensors containing quaternized amines groups were
designed and synthesized in this study (Scheme 1). Perylenete-
tracarboxylic dianhydride (PTCDA) was used as starting material for
synthesizing PDI-2+ and PDI-6+ [41,42], which contains two and six
quaternized amines, respectively. Details of the synthesis and structural
characterization of these two compounds can be found in the supporting
information (Figs. S1-6). The synthesis of PDI-Cl-2+ was carried out
using the same method as for PDI-2+ , but with 1,6,7,12-tetrachloro--
substituted PTCDA as the precursor instead (Figs. S7-9). PDI-Cl-2+
was designed and employed for assessing the effect of non-planner
structure of PDI on the sensing performance. While the
non-substituted PDI is perfectly planar, the tetrachloro-substitution al-
ters it to a tilted conformation with a dihedral angle of ca. 36° [43]. The
tilted conformation introduces additional steric hindrance to n-m stack-
ing between PDI planes, which is expected to result in a weakened
fluorescence quenching response toward PFOS, as illustrated in Scheme
1. All the three sensor molecules and the synthetic intermediates were
characterized by their structure with 'H NMR and MS spectra
(Figs. S1-9).

Due to their cationic nature, all the three fluorophores exhibit good
water solubility and produce bright emission. High water solubility is
crucial for sensors intended for use in entirely aquatic environments.
The introduction of multiple quaternary ammonium groups effectively
increases the overall hydrophilicity of the PDI molecule, ensuring better
dispersion in water. Furthermore, this charged nature minimizes ag-
gregation by introducing electrostatic repulsion between the side
groups, countering the n-n stacking interactions that typically lead to
aggregation. Additionally, introducing steric hindrance through bulky
substituents at the bay positions, as seen with the chloro groups in PDI-
Cl-2+, can help to disrupt n-n stacking interactions. These modifications
not only enhance solubility but also stabilize the molecular dispersion
state in aqueous environments, which is crucial for achieving optimal
sensor performance. Initially, we examined the absorption and fluores-
cence spectra of the three fluorophores in pure water (Fig. S10). The
bay-substituted PDI-Cl-2+ shows three absorption peaks at 524, 490
and 431 nm, which correspond to the 0 -0, 0—1 and 0 — 2 vibronic
level of - electronic transition, respectively [44-47]. The absorption
spectral pattern is characteristic of the molecular dispersion state with
the 0 — 0 absorption (524 nm) being the maximum. On the other hand,
the non-substituted PDI-2+ and PDI-6+ demonstrate absorption max-
ima at the 0 — 1 transition around 500 nm, implying a tendency towards
aggregation induced by n—n stacking [48]. This aggregation leads to
significant fluorescence quenching, a phenomenon known as
aggregation-induced quenching (AIQ). As a result, the fluorescence
quantum yields of PDI-2+ and PDI-6+ were found to be notably low, at
only 11 % and 15 %, respectively. This is conducive to enhancing the
fluorescence quenching efficiency, which is essential for achieving high
sensing sensitivity. In contrast, the bay-substituted PDI-Cl-2+ demon-
strated a fluorescence quantum yield as high as 60 %, attributed to the
introduction of chloro-substituents at the bay positions. These sub-
stitutions introduce a twisted perylene core, effectively reducing n—=
stacking and minimizing aggregation. Both PDI-2+ and PDI-6+ display
a structure-resolved fluorescence spectra with emission maxima around
547 nm, while PDI-CI-2+ exhibits a spectrum with significant loss of the
vibronic structures. The introduction of four chloro-substitutions at the
bay position results in a significantly twisted perylene core in
PDI-Cl-2+ , leading to a less pronounced geometric relaxation upon
photoexcitation [49].

3.2. Sensing responses towards PFOS

It is hypothesized that PFOS with anionic head can interact strongly
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with cationic fluorophore. Such electrostatic interaction will lead to
formation of nanoaggregates, resulting in fluorescence quenching. Here,
the three PDI based fluorophores were employed to check the effect of
both cationic head group and planarity of the PDI core on the sensing
performance. The sensor probe with six quaternized amines (PDI-6+) is
anticipated to interact more strongly with PFOS than the probe with two
quaternized amines (PDI-2+). However, it is also suggested that the
large, crowded structure and high charge density of PDI-6+ could pre-
vent effective aggregation upon binding with PFOS.

To evaluate their utility for PFOS sensing, the fluorescence spectra of
all three cationic fluorophores (2 pM) were recorded in aqueous solu-
tions containing varying concentrations of PFOS. A low concentration of
PDI-based fluorophores was selected to minimize the risk of reabsorp-
tion of excitation light by the fluorophore itself, a phenomenon known
as the inner filter effect (IFE). Moreover, all the analytes (including both
PFAS and interferents) have no absorption at the excitation wavelength,
excluding the IFE effect. Before conducting the sensing experiments, the
stability of the cationic fluorophores was tested to identify any time-
dependent aggregation-induced quenching behavior. As shown in
Figs. S11-13, all three probes maintained stable fluorescence for at least
20 min, providing a sufficient time frame to conduct the sensor test. This
result confirms the consistent emission behavior and stability of the
cationic sensor probes, ensuring their reliability for sensing applications.
With an increasing concentration of PFOS from 0 to 6 pM, the emission
intensity of PDI-2+ was drastically quenched up to 98 % (Fig. 1). The
PDI-6+ fluorophore demonstrated a lower quenching efficiency of 70 %
under the same conditions (Fig. S14). Clearly, an increased density of
cationic charges does not improve but rather slightly decreases the
sensing sensitivity of PDI-6+, likely due to the compensating electro-
static repulsion between the crowded cationic groups, as discussed
above. Under the same testing conditions, the bay-substituted PDI-CI-
2+ probe shows only 38 % fluorescence quenching (Fig. S15), implying
that the planarity of the PDI core is critical for achieving effective n—x
stacking and, consequently, fluorescence quenching. Based on these
results, it can be concluded that the competitive balance between the
electrostatic interactions and n—n stacking plays a crucial role in
determining the ultimate sensing performance.

With the PDI-2+ sensor proven to be the most sensitive, the supra-
molecular complexation (aggregation) between this fluorophore and
PFOS was further characterized by the UV-vis absorption spectrometry,

250
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Fig. 1. Fluorescence spectra of PDI-2+ (2.0 pM) measured in the presence of
increasing concentrations (0-6 pM) of PFOS in DI water showing significant
emission quenching. Inset: photograph of the solution before and after addition
of 6 pM of PFOS taken under 365 nm UV light.
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as shown in Fig. 2. With increasing concentrations of PFOS, the ab-
sorption peaks of PDI-2+ at 500 nm and 536 nm, corresponding to the
0—1 and 0 — O transitions respectively, rapidly decreased and eventu-
ally disappeared as the PFOS concentration increased further. Mean-
while, absorption in the shorter wavelength region showed a relative
increase. These observations are characteristic of the aggregation
behavior of planar PDI fluorophores, similar to what has been observed
with other PDI molecules [47,48,50,51]. More interestingly, two iso-
sbestic points were observed at 463 and 585 nm, further indicating the
quantitative conversion of the free molecular form of PDI-2+ to an
aggregated state in complexation with PFOS. In comparison, when
tested with PFOS under the same conditions, PDI-6+ exhibited only a
slight relative decrease in the 0 — 0 absorption, along with a slight in-
crease at shorter wavelengths, despite a significant overall decrease in
absorption due to PFOS-induced aggregation (Fig. S16). This suggests
weak or distorted n—= stacking due to steric hindrance from the bulky
side chains. For the PDI-CI-2+ probe, although the overall absorption
decreased, no significant change in the spectral shape was observed
(Fig. S17), consistent with the tilted PDI backbone that hinders effective
n-n stacking. These spectral changes observed align with the fluores-
cence quenching obtained for the three fluorophores, with quenching
efficiencies in the order of PDI-2+ > PDI-6+ > PDI-Cl-2+.

The limit of detection (LOD) for PFOS in water media is crucial for
evaluating new sensor development. To determine the LOD for the new
fluorophores, fluorescence titration experiments were conducted using
PDI-2-+ at lower concentration (100 nM) with PFOS added in the con-
centration range of 0-100 nM. The emission intensity, measured at the
maximum wavelength (547 nm), was plotted against the concentration
of PFOS (Fig. 3). A linear fluorescence response was observed at lower
PFOS concentrations. From the resulting linear calibration curve, a LOD
of 3.5 nM (1.9 ppb) was estimated for the PDI-2+ probe using the IUPAC
30 criterion. This LOD is superior to that of most fluorescent sensors
recently reported for PFOS detection (Table S1). In addition to its high
sensitivity, PDI-2+ also demonstrates exceptional selectivity towards
PFOS, particularly over PFOA, as described later. This makes PDI-2+ an
ideal candidate for practical, portable sensor applications. Very few, if
any, fluorescent sensors reported to date can match the combined high
sensitivity and selectivity exhibited by PDI-2+ (Table S1). A similar
fluorescence quenching titration was performed for PDI-6+ , yielding an

0.08 - ’ : ==
PFOS
0.06 - = —
[0]
[$)
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©
£
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Q
<
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T T T
500 550 600 650
Wavelength (nm)

T
450

Fig. 2. UV-vis absorption spectra of PDI-2+ (2.0 pM) in the presence of
increasing concentrations of PFOS (0-6 pM, red to blue) in DI water. Inset:
photograph of PDI-2+ solution (0.1 mM) before and after addition of 0.3 mM of
PFOS taken under day light, for which high concentration was used in order to
reveal clearly the color change. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Change in the emission intensity of PDI-2+ (100 nM) as a function of
PFOS concentration in DI water.

LOD of 2.7 nM (1.4 ppb) within the same concentration range of 0-100
nM (Fig. S18). The slightly improved LOD observed for PDI-6+, despite
its marginally lower quenching efficiency, is primarily attributed to its
enhanced solubility and dispersibility in water compared to PDI-2+.
This improved solubility stabilizes the fluorescence intensity measure-
ments, resulting in reduced standard deviations.

To assess the selectivity of PDI-2+ for PFOS, other PFAS compounds
(e.g., PFOA, GenX), along with a broad range of common chem-
icals-including surfactants (e.g., SDS), acids (e.g., trifluoroacetic acid,
Lauric acid, Octanoic acid), cosmetic components (e.g., EDTA, Lauryl
sulfate), and metal salts (e.g., NaCl, KCl, LiCl, FeCls, CaSOa4, MgSOsa,
NaHCOs3, NayS;03, NasPOs and NaNO3) were tested under the same
fluorescence titration conditions used for PFOS. As clearly shown in
Fig. 4a and Fig. S19, high selectivity was achieved against all tested
interferents, including PFAS analogues. To further verify detection
specificity, the fluorescence quenching response towards PFOS was
examined in the presence of each interferent, to assess potential cross-
reactivity among coexisting analytes. Remarkably, the quenching effi-
ciency of PFOS remained almost unchanged despite the presence of
interferents (Fig. 4b, Fig. S20), demonstrating the robustness of the
sensor’s selectivity. The high selectivity can be attributed to the specific
complexation between PDI-2+ and PFOS, facilitated and reinforced by
the synergistic intermolecular interactions illustrated in Scheme 1. A
similar trend was observed for PDI-6+ and PFOS and other competing
analytes (Fig. S21).

3.3. Characterization of PFOS induced molecular aggregation

It is essential to explore the details of the molecular aggregation of
fluorophore PDI-2+ induced by PFOS, as this directly correlates with the
sensing mechanism. A comprehensive understanding of this mechanism
would provide valuable insights that can inform the design of future
sensors with enhanced performance in terms of either sensitivity or
selectivity. The absorption spectral measurements presented above
indicate strong n—n stacking interactions between the planar core of
PDI-2+ in the presence of PFOS. Such columnar stacking arrangement,
induced by PFOS, is expected to result in one-dimensional (1D) self-
assembly of the molecule (Scheme 1), ultimately leading to the forma-
tion of nanofibril structures. As demonstrated by SEM imaging in Fig. 5,
well-defined nanofibril structures were indeed formed from PDI-2+ in
the presence of PFOS, wherein the nanofibers appear intertwined,
forming a network. Similar nanofibril structures have been reported for
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Fig. 4. (a) Fluorescence quenching efficiency of PDI-2+ (2 pM) towards various analytes; (1) PFOS, (2) PFOA, (3) GenX, (4) SDS, (5) EDTA, (6) Lauryl Sulfate, (7)
Lauric Acid, (8) TFA, (9) n-octanoic acid, (10), Na*, (11) K™, (12) Li*, (13) Ca*", (14) Mg*", (15) Fe*', (16) S,03™, (17) HCO3, (18) PO3~ and (19) NO3 (all at 6 pM).
Inset: photograph PDI—2+ solutions in the presence of the 19 analytes under UV light. (b) Fluorescence quenching efficiency of PDI—2+ by PFOS co-present with
different interfering analytes: (1) no interfering analyte, (2) PFOA, (3) GenX, (4) SDS, (5) EDTA, (6) Lauryl Sulfate, (7) Lauric Acid, (8) TFA, (9) n-octanoic acid, (10),

Na*, (11) K, (12) Li*, (13) Ca%*, (14) MgZ" (15) Fe3*, (16) S,0%7, (17) HCO3, (18) PO3~ and (19) NO3 (each at 6 pM).

Fig. 5. (a) and (b) SEM images of the PDI-2+ /PFOS nanofibril network with different magnifications.

many other PDI molecules that undergo 1D self-assembly in solution,
also primarily driven by n—nr stacking interactions [37,52-55].

As illustrated in Scheme 1, the stacking assembly of PDI-2+ is
enabled and facilitated by its association of PFOS. The cationic nature of
PDI-2+ would typically hinder tight cofacial stacking (and thus prevent
1D growth of the assembly) due to electrostatic repulsion between the
molecules. Indeed, when tested under the same conditions but without
PFOS, PDI-2+ only formed irregular particulate aggregates, with no
fibril structures observed (Fig. S22). The association with anionic PFOS
not only neutralizes the cationic charge of PDI-2+ , but also reinforces
the intermolecular arrangement through hydrophobic interactions be-
tween the long fluorinated alkyl chains. As characterized with Job’s plot
(Fig. S23), the association between PDI-2+ and PFOS follows a 1:2 M

ratio, aligning with the charge ratio of the two molecules, satisfying
charge neutrality. Similar to the findings of this study, the binding-
induced assembly of PDI fluorophores has previously been utilized to
develop sensors for detecting various types of chemicals and ions [38,
56-59].

The supramolecular complexation between PDI-2+ and PFOS was
further characterized using 'H NMR spectrometry, providing detailed
structural insights into the intermolecular interactions and aggregation
of PDI-2+ induced by PFOS. As shown in Fig. 6, with increasing con-
centrations of PFOS, the 'H NMR peaks for all protons of PDI-2+
(including both the core and side chain) decrease significantly in in-
tensity, indicative of an aggregated state. Along with the reduction in
intensity, a distinct upfield shift is observed in the perylene proton peaks

a o b -
(a) Hd (b} 5 }»DMF-d,
O § He He Hf H,0 ] —
5 o
6 equiv. PFOS Ha Hb 6 equiv. PFOS Hc J Hd
3 equiv. PFOS t ] 3 equiv. PFOS iy e
/ b -DMF-d, e
a L; He HE Hd
0 equiv. PFOS Jl J 0 equiv. PFOS J U LJ\.__,.
100 95 9.0 8.5 8.0 50 45 40 35 30 25 20
ppm ppm

Fig. 6. Change in 'H NMR spectrum of PDI-2+ in the presence of increasing concentrations of PFOS as highlighted for the aromatic (a) and aliphatic (b) region.
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(Fig. 6a), attributed to the shielding effects of the perylene core due to
n-n stacking [60,61]. In contrast, no shift is observed for the protons
within the aliphatic side-chain of PDI-2+ (Fig. 6b), suggesting that there
is no significant change in shielding after the original counterion I" is
replaced by the sulfonate ion (-SO3) during complexation with PFOS.

3.4. Detection of PFOS in real water samples

An ideal sensor must work in real life complex environment. The
linear calibration curve obtained (Fig. 3) can be used to quantify the
unknown concentration of PFOS. The real water samples such as tap and
drinking water were used to evaluate the capabilities of the current
sensor in complex matrices. To verify this hypothesis, PFOS was spiked
into one drinking water sample and two tap water samples at concen-
trations of 40 and 80 nM, followed by the addition of 100 nM PDI-2+.
Fluorescence measurements of the solutions, compared to those without
PFOS, yielded quenching efficiencies, which were then used to calculate
the concentration by referencing the calibration curve. The estimated
concentration was compared to the actual spiked concentration to assess
the sensor’s detection accuracy. As summarized in Table S2, good re-
covery rates between 103 % and 107 % were obtained for all the real
water samples. These results suggest the high feasibility of using PDI-
2+ for precise aqueous detection of PFOS in practical applications.
Furthermore, given that the pH of real water samples may vary
depending on their constituents, an effective sensor must perform reli-
ably across a wide pH range. When tested with a fixed concentration of
PFOS in water (6 pM), both PDI-2+ and PDI-6+ sensors demonstrated
consistent fluorescence quenching over a pH range of 3-11 (Fig. 524).
These findings further underscore the potential of PDI sensors for
effective PFOS detection in real-world water samples.

4. Conclusions

In summary, we have developed an effective fluorescent sensor for
detecting PFOS in water solutions with high sensitivity and selectivity.
The sensor is based on a PDI molecule modified with cationic side groups
at both imide positions. Under optimal conditions, the limit of detection
(LOD) can reach as low as 3.5 nM (or 1.9 ppb) and 2.7 nM (1.4 ppb), as
determined for PDI-2+ and PDI-6+ , respectively. The sensor has been
validated across various water samples, including tap and drinking
water, providing precise detection of PFOS. The sensor operates in a
fluorescence quenching mode, caused by the molecular aggregation
induced by complexation with PFOS. This complexation and subsequent
aggregation, as characterized through comprehensive spectroscopy and
microscopy techniques, result from a synergistic interplay of multiple
interactions between the fluorophore and PFOS, including electrostatic
attraction, m-m stacking, and hydrophobic association. This sensor
technology holds great potential for rapid and onsite PFOS detection or
monitoring, offering advantages such as a fast response, high sensitivity,
excellent selectivity, water solubility, user-friendliness, and cost-
effectiveness. The structural design and optimization strategies out-
lined in this study are versatile and can be further adapted to develop
novel fluorophores for detecting other PFAS compounds, thereby
contributing to enhanced environmental and public health risk assess-
ment and monitoring efforts.
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