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Abstract: Mounting concerns regarding per-/poly-fluoroalkyl substances (PFAS) on human health are focusing attention on
trace-level PFAS detection in aqueous environments. Here, we report a readily prepared small molecule, 2,6-bis(3,5-diethyl-
1H-pyrrol-2-yl)pyridine (receptor 1), that displays high binding affinities (logKa = 4.9–6.2) and produces a strong “turn-on”
emission response when exposed to representative PFAS in hexanes. The hydrophobic nature of 1, and its strong affinity
for various PFAS, allowed hexanes solutions of 1 to be used as “turn-on” emission sensors for dilute aqueous solutions of
long-chain (≥C8) PFAS under acidic conditions (pH 2) by liquid-phase extraction (LPE). In the case of perfluorooctanoic
acid (PFOA), the response was rapid (under 10 min) and sensitive. Limits of detection (LOD) as low as 250 ppt were readily
achievable by direct naked-eye observation. LOD as low as 40 and 100 ppt, respectively, could be reached for deionized and
tap water solutions of PFOA using a smartphone color-scanning application. Little change in the sensitivity was seen in the
presence of a range of inorganic and organic species that could act as potential interferants. Support for the present findings
came from UV–vis absorbance, fluorescence, 1H/19F NMR spectroscopic analyses, density functional theory calculations,
and single-crystal X-ray diffraction analyses.

Introduction

Per-/poly-fluoroalkyl substances (PFAS) have been widely
employed in many consumer products and industrial pro-
cesses since their discovery in 1950.[1] Their remarkable
chemical stability, which has bestowed upon them the
moniker “Forever Chemicals,” has led to their accumulation
in the environment and within living organisms. A growing
body of research is heightening concerns that PFAS expo-

[*] Y.-D. Yang, Q. Zhang, X. Jin, C. V. Chau, J. Yang, G. Henkelman,
J. L. Sessler
Department of Chemistry, The University of Texas at Austin, 1105
East 24th Street, Stop A5300, Austin, TX 78712-1224, USA
E-mail: henkelman@utexas.edu

sessler@cm.utexas.edu

X. Chi
State Key Laboratory of Materials Processing and Die & Mold
Technology, School of Materials Science and Engineering, Huazhong
University of Science and Technology, Wuhan 430074, China
E-mail: xchi@hust.edu.cn

H.-Y. Gong
College of Chemistry, Beijing Normal University, Beijing 100875,
China
E-mail: hanyuangong@bnu.edu.cn

R. J. Hooley
Department of Chemistry, University of California Riverside,
Riverside, CA 92521, USA
E-mail: richard.hooley@ucr.edu

Additional supporting information can be found online in the
Supporting Information section

sure may result in deleterious health outcomes, including
liver damage, developmental retardation, fertility reduction,
immune system inhibition, and an elevated risk of certain
cancers.[2] The US Environmental Protection Agency (EPA)
established guidelines for a number of PFAS contaminants,
including 4 ppt for both perfluorooctanoic acid (PFOA) and
perfluorooctane sulfonic acid (PFOS), in drinking water.[3,4]

As a consequence, considerable efforts are being devoted
to PFAS detection.[5,6] Nevertheless, there remains a need
for new sensing approaches that could complement exist-
ing methods. As detailed below, we have now developed
a small molecule receptor, 2,6-bis(3,5-diethyl-1H-pyrrol-2-
yl)pyridine (1), that permits the real-time, high sensitivity
(down to 40 ppt level) visualized detection of perfluorooc-
tanoic acid (PFOA) through a liquid-phase extraction (LPE)
approach (Scheme 1).

Over the past decades, a variety of techniques have
been developed for PFAS detection, including liquid chro-
matography, mass spectrometry, surface-enhanced Raman
scattering, surface plasmon resonance, fluorescence, and
absorption spectroscopy.[7–10] Currently, liquid chromatogra-
phy/tandem mass spectrometry (LC/MS/MS) is a preferred
technique and is noted for its high specificity and sensitivity
in detecting PFAS in aqueous environments.[11] However,
its use requires specialized labs and trained personnel.
Recently, the use of UV–vis absorbance or fluorescence
emission spectral methods has attracted attention for PFAS
detection as a result of their rapid, user-friendly, and cost-
effective nature. A variety of sensor systems, including
nanoparticles,[12] guanidinocalix[5]arenes,[13] β-cyclodextrin
(β-CD) metal complexes,[14] metal–organic frameworks
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Scheme 1. Schematic representation of the present approach to the real-time visualized detection of PFOA using receptor 1. The process involves
extracting PFOA from water to a hexanes solution of 1, resulting in the formation of a 1:1 complex, H1+•PFOA−. Complexation initiates a change in
the emission of the hexanes solution from weak blue to intense yellow–green when irradiated with a commercially available UV lamp (365 nm). The
colors can be directly observed by the naked eye or assessed by determining the red–green–blue (RGB) values using a smartphone color-scanning
application. Both approaches allow quantification of the PFOA levels.

(MOFs),[15,16] amplifying fluorescent polymers (AFPs),[17,18]

and several other materials,[19–28] have been employed in the
latter context. The changes in colors resulting from the inter-
action between PFAS and appropriately designed sensors
have kindled interest in developing naked-eye or smartphone-
based visualized detection systems for PFAS.[14–16,18–21,29–37]

Unfortunately, it has proved challenging to achieve the
visualized detection of PFAS at ppt concentrations in aque-
ous environments. Moreover, the more promising systems
reported to date are characterized by slow response times
(>1 h), the need for complex operations, or necessitate
extensive sensor preparation.[18,29] The development of PFAS
sensors capable of high specificity and sensitivity while allow-
ing for the real-time visualized detection of perfluorinated
analytes in water remains a formidable challenge. This work
was undertaken in an effort to address this challenge.

Results and Discussion

Preparation and Selection of Receptors

Dipyrrolylpyridines have been previously found to display
readily discernible spectral responses when exposed to

organic acids.[38] This led us to explore whether this class
of open-chain expanded porphyrin precursors would act as
sensors for PFAS. We postulated that the combination of
hydrogen bond donor and acceptor sites within a cleft-like
arrangement would allow the acid forms of PFAS to be
bound with high affinity in organic media. This binding, in
turn, was expected to alter the electronic features, producing
ideally a “turn-on” emission-based response. Strong binding
was also expected to drive the extraction-based transfer of
PFAS into an organic phase containing a suitably optimized
dipyrrolylpyridine receptor. This would allow their use
as LPE-based sensors where the read-out element (the
dipyrrolylpyridine) is contained in an organic phase, while
the PFAS being monitored is initially present in the form
of a dilute aqueous solution. To test this thinking, an
effort was thus made to prepare several dipyrrolylpyridine
derivatives. Our goal was to explore the PFAS recognition
features, if any, of this class of putative receptors,
assess structure–function relationships, and optimize the
tradeoff between synthetic accessibility and anticipated
PFAS sensing performance. Five dipyrrolylpyridines
were designed to optimize cost, ease of preparation, and
hydrophobicity for application in LPE detection methods.
The compounds include 2,6-bis(3,5-diethyl-1H-pyrrol-2-yl)
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Table 1: Synthesis of receptors 1–5.

Targets Reagents Catalysts Steps Total Yield

1 Low-cost TsOH 2 30%
2 Low-cost TsOH 2 7.0%
3 Low-cost TsOH 3 5.0%
4 High-cost Noble metal 5 50%
5 Low-cost Noble metal 1 60%

pyridine (1), 2,6-bis(3,5-dimethyl-1H-pyrrol-2-yl)pyridine (2),
2,6-bis(3,5-diethyl-4-methyl-1H-pyrrol-2-yl)pyridine (3), 2,6-
bis(3,4-diethyl-1H-pyrrol-2-yl)pyridine (4), and 2,6-di-1H-
pyrrol-2-ylpyridine (5).[38,39] These compounds were selected
based on their favorable structural properties and practical
synthesis from readily available starting materials. The
preparation of these dipyrrolylpyridines involved three
distinct synthetic routes, which are summarized in Table 1
and described in detail in the Supporting Information.

A comparison of the various syntheses revealed that
receptor 5 benefited from the shortest synthesis and was
obtained in the highest yield. We also found that receptor
1 could be prepared in high yield via a brief, cost-effective
synthesis. Initial UV–vis absorbance studies revealed that
all five receptors exhibited similar absorbance changes when
exposed to PFOA in hexanes. In addition, noticeable emission
color changes were seen under a commercially available
laboratory UV lamp (365 nm). These involved a change
from weak blue to blue-green in the case of receptor 5 and
from weak blue to strong green in the case of receptors 1–
3 and 4 (Figure S1). Unfortunately, receptor 2 showed water
solubility, which made it unsuitable for use as an LPE-type
PFAS sensor. Receptor 1 was thus chosen for detailed study
given its low-cost preparation and attractive optical features.

Interactions Between 1 and PFAS

Initial studies of the interaction between 1 and PFOA were
conducted by means of UV–vis absorbance and fluorescence
spectroscopic titrations. Adding PFOA into a hexanes solu-
tion of 1 resulted in a decrease in the characteristic absorption
of 1 (λmax = 312 and 360 nm), as well as the simultaneous

appearance of a peak at 346 nm and a strong broad peak at
474 nm. Companion fluorescence spectral titrations revealed
a decrease in the emission peak of 1 (λem = 400 nm)
and a simultaneous increase in the strong broad peak
centered around 505 nm. A significant change in emission
properties was observed when compound 1 interacted with
PFOA, shifting the emission color from weak blue to intense
yellow–green and resulting in a fivefold increase in relative
quantum yield (Figure 1a–c). These spectral changes are
attributed to the protonation of compound 1 by PFOA
and the subsequent formation of the corresponding cation–
anion complex, H1+

•PFOA−. The protonation of 1 changes
its highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels, which
explains the observed shifts in the UV–Vis and fluorescence
spectra. This interpretation is further supported by density
functional theory (DFT) calculations, as described below.
Using a 1:1 binding model,[40,41] binding affinities were
determined from independent fits of UV–vis and fluorescence
spectral data, yielding values of LogKa = 6.2 ± 0.1 and
6.1 ± 0.1, respectively. Subsequent NMR spectral studies in
CD3CN revealed shifts in both the 1H NMR and 19F NMR
spectra consistent with the formation of an ion pair complex
(H1+

•PFOA−) stabilized by N-H-to-COO− hydrogen bonds.
Specifically, the pyrrole NH (Ha) and CH (Hd) protons
exhibited downfield shifts of 0.75 and 0.16 ppm, while the
pyridine protons Hb and Hc shifted by 0.30 and 0.15 ppm,
respectively. In the 19F NMR spectrum, the F2 and F3 signals
shifted downfield by 1.7 and 0.33 ppm (Figure 1e). These
spectral changes are taken as evidence of strong hydrogen
bonding and electrostatic interactions within the ion pair.
Support for this suggestion came from single crystal X-ray
diffraction analyses and DFT calculations (vide infra).

UV–vis and fluorescence spectral titrations were also
performed between 1 and other fluorinated species, including
trifluoroacetic acid (TFA), perfluorobutanoic acid (PFBA),
perfluorohexanoic acid (PFHxA), perfluorodecanoic
acid (PFDA), 2,3,3,3-tetrafluoro-2-(heptafluoropropoxy)
propanoic acid (GenX), and perfluorobutanesulfonic acid
(PFBS). It was found that for PFAS bearing long fluorine-
functionalized alkyl chains (≥C4), the binding affinities were
in the range of logKa = 5.9–6.2. In contrast, much weaker
affinities (logKa = 4.9) were found for TFA (Figure 1d
and Figures S3–S10). Figure 1d shows that the binding
affinity (logKa) generally increases with PFAS chain length
(TFA < PFBA < PFHxA < PFOA, PFDA). The terminal
group also plays a key role—PFBS (sulfonate) exhibits
stronger binding than PFOA (carboxylate), likely due to
stronger electrostatic interactions. Among the carboxylates,
GenX exhibits the highest binding affinity, likely due to
secondary interactions involving the ether group. These
trends highlight the influence of both chain length and
functional groups on PFAS recognition. This finding leads
us to suggest that long fluorine-rich chains contribute to the
binding by increasing the acidity of the acid group (Table
S5) and potential CF–π interactions. The latter interaction
is further supported by single-crystal X-ray diffraction
studies.
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Figure 1. Solution studies between 1 and PFAS. a) Schematic representation of the interaction between 1 and PFAS. b) UV–vis spectra and
photographs of 1 (10 µm) with incremental addition of PFOA (0–20 µm) in hexanes (1 cm optical path). c) Fluorescence spectra (hexanes, λex =
340 nm, entrance and exit slit width = 5 nm) and photographs (taken under a commercial UV lamp, λex = 365 nm) corresponding to the titration of 1
(1.0 µm, 1 cm optical path) with PFOA (0–5.0 µm). d) Binding affinities (logKa) for the interaction between compound 1 and PFAS in hexanes,
determined using the 1:1 binding model from UV–vis and fluorescence spectral titrations (Figures S3–S10), error bars represent the standard
deviation from three independent titration experiments. The binding affinity between 1 and PFBS was obtained exclusively through UV–vis titrations,
as the complex proved unstable under fluorescence measurement conditions (Figure S11). e) 1H and 19F NMR spectra of compound 1 (5.0 mm) in
CD3CN (bottom) and its mixture with 1 molar equiv of PFOA (top).

Single Crystal Structural Studies

Mixtures containing 1 (5 mm) in the absence or presence
of 5 molar equiv of PFAS in CH2Cl2/MeOH (1/1, v/v)
were prepared and allowed to evaporate at 298 K over
the course of 1–2 days. Diffraction-grade single crystals
of [1•MeOH], [H1+

•TFA−], [H1+
•PFBA−

•PFBA], and
[H1+

•PFBS−
•0.5H2O] were obtained. These crystals were

subjected to X-ray diffraction analyses. The resulting
structures are shown in Figure 2, Figures S13–S22, and
Tables S1–S2.

Conversion of 1 to its formally positively charged pro-
tonated form, H1+, in the above complexes was inferred
in part based on a shortening of the average pyridine–
pyrrole C─C bond (d) within the molecule (d = 1.46(1) Å
for 1 vs 1.43(1)–1.44(1) Å for H1+). In the single crystal
structure of H1+

•TFA−, hydrogen bonds between the N─H
and ─COO− are inferred based on the metric parameters.
In the structures of H1+

•PFBA− and H1+
•PFBS−, evidence

of CF–π interactions is found in addition to the hydrogen
bonds. For instance, a close separation (3.4–3.5(1) Å) between
the fluorine (F) atoms and the electron-rich pyrrole subunit
in 1 is found. These presumed CF–π interactions provide
support for the conclusion drawn above based on the solution
phase spectral studies, namely that PFAS with longer fluorine-

bearing alkyl chains (≥C4) bind to 1 more effectively than
their smaller congeners (TFA).

Attempts to obtain diffraction-grade crystals of other
PFAS species proved unsuccessful in the case of receptor
1. On the other hand, diffraction-grade single crystals of
[H4+

•PFOA−] were obtained from a solution of 4 (5 mm)
in CH2Cl2/MeOH (1/1, v/v) that was allowed to evaporate in
the presence of 5 molar equiv of PFOA. The resulting crystal
structure revealed a binding mode similar to H1+

•PFBA−.

DFT Calculations

Using the above single crystal data as a starting point,
optimized structures of the HOMO and LUMO of 1,
H1+

•PFOA−, and H1+ were calculated, using DFT methods
and the Gaussian 09 program.[43] The resulting structures
and the energy gap (�E) between the HOMO and LUMO
are shown in Figure 3 and detailed in Table S3. It was
found that the �E for both H1+

•PFOA− (3.20 eV) and H1+

(3.16 eV) are comparable and considerably lower than the
corresponding value for 1 (3.98 eV). This finding is consistent
with the significant redshift in the UV–vis absorbance and
fluorescence emission spectra seen when 1 was titrated with
various PFAS. Both the calculated UV–vis absorbance and
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Figure 2. Top and side views of various single crystal structures. a) Free 1 in the form of a methanol solvate and complexes, b) H1+•TFA−, c)
H1+•PFBA−, d) H1+•PFBS−, and e) H4+

•PFOA− as seen in single crystals of [1•MeOH], [H1+•TFA−], [H1+•PFBA−
•PFBA], [H1+•PFBS−

•0.5H2O],
and [H4+

•PFOA−], respectively.[42].

Figure 3. DFT calculations of 1, H1+•PFOA−, and H1+. Optimized structures of the HOMO and LUMO, along with the corresponding energies, for 1,
H1+•PFOA−, and H1+ computed in heptane using DFT methods and the Gaussian 09 program.[42]

fluorescence spectra of 1 and H1+
•PFOA− were found to

match the experimental spectra (Figure S12).

Fluorescence Emission-Based Detection of PFAS Using 1

The inherent hydrophobic nature and limited solubility of
PFAS in water, especially under acidic conditions, along with

their strong affinities for 1, led us to explore an LPE-based
sensing strategy wherein a hexanes solution of 1 was used
to extract a PFAS analyte from an aqueous source phase.
Initial studies were carried out using a solution of 1 (1.0 µm
in hexanes) and deionized water solutions (pH adjusted
to 2 using HCl) containing various putative contaminants.
These separate test solutions included six PFAS (4.0 µm), 500
molar equiv (vs the PFAS) of TFA, p-toluene sulfonic acid,

Angew. Chem. Int. Ed. 2025, 64, e202501245 (5 of 9) © 2025 Wiley-VCH GmbH
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Figure 4. Specific detection of PFAS with 1. a) Photographs and b) emission spectra of the hexanes layer of 1 (1 mL, 1.0 µm) and various deionized
water solutions (1 mL, pH 2) containing various species after shaking and standing for 1 min. c) The bar graph shows the extraction percentage of
PFAS (1 mL, 1.0 µm) from an aqueous source phase (pH 2) into hexanes (1 mL) in the presence and absence of 1 (1.0 µm) as determined by LC-MS
analyses. d) Photographs of 20 mL of a mixed hexanes solution 1 (1.0 µm) and PFOA (0.4 µm) in water at various volume ratios from 1:1 to 1:1000.
The photos were taken after shaking and letting stand for 1 min. All photos were captured using a smartphone under a commercial ultraviolet lamp
(λex = 365 nm).

n-octanoic acid, or sodium 1-octanesulfonate. Additionally,
potential interferants, including 5000 molar equiv of NaCl,
NaNO3, and Na2SO4, or strong acids, such as HNO3, H2SO4,
and H3PO4, were tested, along with saturated humic acid
assumed to be present in certain aqueous environments. The
process involved mixing the hexanes solution of 1 with aque-
ous samples (1/1, v/v), followed by shaking and allowing it to
stand for 1 min. Only the samples contaminated with PFDA,
PFOA, or PFOS exhibited a fluorescent response, which
manifested as a change from a blue to yellow–green emission
under UV light irradiation (Figure 4a). Further analysis of the
fluorescence spectra of the hexanes layer for these mixtures
revealed a change in the emission feature around 500 nm in
the order PFDA > PFOA > PFOS > GenX > PFHxA > oth-
ers (Figures 4b and S23). It is noted that sulfonic acids (e.g.,
PFOS) are more acidic than carboxylic acids (e.g., PFOA)
when they have the same chain length and are expected to
exhibit stronger binding in hexanes. However, the sensitivity
of PFOS is relatively weaker than that of PFOA when using
the LPE-based sensing strategy. This is likely due to their
higher solubility in the aqueous phase and the stronger
hydration of the sulfonic acid moiety relative to a carboxylic
acid group.

Liquid chromatography/mass spectrometry (LC-MS) anal-
yses were employed to monitor the PFAS concentrations in
the aqueous layer before and after extraction, in the presence
and absence of 1. In all tested samples, the presence of 1
enhanced the extraction of PFAS from the aqueous phase to
the hexanes layer. More than 80% of the PFDA, PFOA, and
PFOS were extracted into the hexanes solution of 1, while

the extraction levels for the PFAS bearing shorter fluorinated
alkyl chains ranged from 13% to 21% (Figure 4c). The greater
uptake for the larger systems is ascribed to differences in
solubility. In all tested samples, less than 1% of receptor 1 was
detected in the aqueous phase (Figure S26).

UV–vis spectral studies involving a range of acids indicate
that receptor 1 exhibits a strong response in organic solvents
to strong oxyacids such as HNO3, PFAS, methanesulfonic
acid, trifluoromethanesulfonic acid, and p-toluenesulfonic
acid. (Figure S24). However, the high selectivity of the
current LPE method is observed only for longer-chain PFAS,
particularly PFOA and PFDA. This suggests that the high
selectivity for longer-chain PFAS arises from at least three
key factors: The strong binding affinity of receptor 1 for these
compounds in hexanes, their low solubility in the aqueous
phase, and their relatively weak hydration energies, which
collectively facilitate efficient extraction into the hexanes
solution and subsequent binding to receptor 1.

Next, we sought to optimize the sensing conditions and
minimize the amount of material used. To this end, 20 mL
aliquots of a 1.0 µm hexanes solution of 1 were contacted
with 0.4 µm aqueous solutions of PFOA at volume ratios
from 1:1 to 1:1000. Using the same conditions as above,
through a volume ratio as small as 1/100 a discernible
increase in the fluorescent response of the hexanes layer was
seen (Figure 4d). These findings are taken as evidence that
increasing the total volume of the hexanes/water mixture
to hundreds of milliliters, while decreasing the volume ratio
to below 1:100 significantly enhances the sensitivity of the
system.

Angew. Chem. Int. Ed. 2025, 64, e202501245 (6 of 9) © 2025 Wiley-VCH GmbH
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Figure 5. Real-time visual detection of PFAS using receptor 1 under LPE conditions. a) Photographs showing the procedural steps used for the
real-time visualized detection of PFOA (5.0 ppb in deionized water) using receptor 1. b) Photographs highlighting the emission color of the hexanes
band containing 1 (1.0 µm) after exposure to PFAS contained in a deionized water source phase. c) Photographs of hexanes solutions of 1 (1.0 µm)
were contacted with varying concentrations of PFOA (up to 10 ppb) contained initially in either deionized c1) or tap c2) water. d,e), Plots of the
changes in the green value of the RGB readout (�Green) as a function of the initial aqueous PFOA concentration in deionized c1) or tap c2) water,
respectively, as obtained by scanning directly using a color-scanning app and fitting to the Langmuir isotherm. Photos were captured using an iPhone
13 and analyzed with the commercially available Color Name AR app to obtain RGB values.

Real-Time/In Situ Visualization of Ultratrace PFAS Samples

In an effort to detect PFAS at lower concentrations, a special
volumetric flask was employed that allowed a 1 mL hexanes
solution of 1 (1.0 µm) to be contacted readily with a 550 mL
solution of PFAS-containing water. The procedure is shown
in Figure 5a. Briefly, a 1.0 mL hexanes solution of 1 (1.0 µm)
to 550 mL of deionized water containing the PFAS of interest
with the pH adjusted to 2 using HCl. This was followed by
shaking for 3 min with 10 s pauses taken at the 30- and 90-
s marks to avoid emulsification. After allowing to stand for
5 min to allow for phase separation, the emission color of

the hexanes band was captured using a smartphone under
ultraviolet illumination using a commercially available lamp
with the flask being otherwise protected from light. Efforts to
detect six representative PFAS with concentrations of 0.0, 2.0,
and 10 ppb are shown in Figure 5b. It was found that only
PFOA and PFDA gave rise to significant emission response
under these conditions. The relatively weaker response of
PFOS at ppb concentrations, compared to its behavior
in Figure 4b (PFOS at 4 µm, 2.2 ppm), may be due to
changes in its extraction efficiency at different concentrations.
Although not ruled out definitively, this specificity leads us to
eliminate out simple protonation (as opposed to protonation

Angew. Chem. Int. Ed. 2025, 64, e202501245 (7 of 9) © 2025 Wiley-VCH GmbH
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followed by PFAS counter-anion binding) as the primary
sensing mechanism. Another alternative mechanism involv-
ing aggregation-induced emission (AIE) strikes us as unlikely
given that simple polarity changes involving exposure of 1
to aqueous media do not produce an appreciable fluorescent
response. Furthermore, no evidence of aggregation was seen
at concentrations of 1 below 2 µm (Figure S25) and all
fluorescence-based studies of the interaction between PFOA
and 1 were carried out using 1 µm solutions of 1.

Given the significance of PFOA as a primary PFAS pollu-
tant in the environment, it was chosen for more quantitative
analyses. Figure 5c1 shows the emission color changes in
the hexanes band upon contact with various aqueous PFOA
solutions. Based on these studies, a limit of detection (LOD)
as low as 250 ppt (0.6 nm) was determined based on naked-
eye observations of the color changes. Utilizing a smartphone
color-scanning application (“app”) enabled to read out the
RGB value of the emissive hexane bond, the changes in the
Green Value (�Green) as a function of PFOA concentration
could be fitted to a Langmuir isotherm. Applying the 3σ /k
standard employed for LOD calculations involving a linear
model,[44] the 3σ value (σ being the standard deviation of the
blank) was determined and used as y to calculate the x value
(corresponding to the LOD for PFOA) using the Langmuir
isotherm equation (Figure S27). The LOD determined in this
way was 40 ± 8 ppt or 0.10 ± 0.02 nm.

As the next step in this study, we sought to detect PFAS
in samples that more closely resembled those that might be
found in the field. With this goal in mind, tests were carried
out using the tap water in the Norman Hackerman Building
at The University of Texas at Austin. A liquid chromatog-
raphy/triple quadrupole mass spectrometer (LC/QqQ MS)
was used first to quantify the PFAS levels in this tap water.
Both the PFOA and PFOS concentrations were found to
be below 2.0 ppt. Therefore, a series of PFOA-containing
solutions (0.0–10 ppb) were made using 550 mL of laboratory
tap water. The pH of all samples was adjusted to 2 using
HCl. In addition, 27.5 mg of L-ascorbic acid was added to
reduce the Cl2 that is present in this water. This was done
because Cl2 is able to react with receptor 1 and produce a
nonemissive product. All the samples were subject to the
LPE-based detection procedures shown in Figure 5a. We
found that it was important to follow the shaking procedure
as described, namely, pausing and opening the cap to the
flask for 10 s at the 30-, 90-, and 180-s marks to release any
produced gas. However, a time deviation of up to 10% is
acceptable, making this method reproducible and of potential
practical use. The total shaking time ensures the complete
extraction of PFAS into the small amount of hexanes solution.
Pausing and opening the cap helps prevent emulsification,
which could interfere with subsequent observations, and
ensures safety by allowing any built-up pressure to be
released.

Figure 5c2 shows the emission color changes in the hexanes
layer produced from the various PFOA-containing tap water
samples. Based on these studies, a LOD as low as 250 ppt
(0.6 nM) or 100 ± 20 ppt (0.24 ± 0.05 nm) (Figure 5e and
Figure S28) could be achieved via naked-eye observation or
by using the smartphone color-scanning app, respectively.

Conclusion

In summary, we report here a readily prepared, metal- and
fluorine-free PFAS receptor 1, capable of achieving rapid
(within 10 min) and highly sensitive (ppt) real-time visual-
based detection of PFOA in aqueous media using a LPE
method. Receptor 1 is readily protonated by PFAS to produce
an ion pair complex (H1+

•PFAS−) and in hexanes displays
high binding affinities (logKa up to 6.2) for PFAS bearing
long fluorinated alkyl chains. PFAS binding results in a strong
“turn-on” emission response. A hexanes solution of 1 can
efficiently extract long-chain (≥C8) PFAS from acidic aque-
ous source phases into the organic layer, allowing for their
facile visual-based sensing. The LOD for PFOA contained in
either deionized or tap water source phases proved to be as
low as 250 ppt under conditions of naked-eye observation.
These LOD values could be pushed to 40 ppt for PFOA in
deionized water and 100 ppt for tap water, respectively, when
the LPE hexanes layer emissive readout was determined using
a smartphone color-scanning app. Little interference was
produced by shorter PFAS, inorganic, or by the test organic
interferants typically present in real-world aqueous samples.
We thus suggest that the present approach may have a role
to play in field-based detection of PFAS where analytical
instrumentation may not be readily available.
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