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Rim-differentiated pillar[5]arene-modified surfaces
for rapid PFOA/PFOS detection†

Tu-Nan Gao, a Zhen Yang, ab Jesse M. S. Goed, ac Han Zuilhof *ad and
Fedor M. Miloserdov *a

A new rim-differentiated pillar[5]arene (RD-P5) has been synthesized and

immobilized onto an Al2O3 surface for the rapid detection of perfluor-

oalkyl acids. This P5-Al2O3 surface provides a novel approach for

measuring perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic

acid (PFOA) using contact angle measurements, with limits of detection

down to 10 ng L�1.

Per- and polyfluoroalkyl substances (PFAS), known as ‘‘forever
chemicals’’, have emerged as a significant environmental concern
worldwide due to their presence in air, water, and soil.1,2 Toxicity
studies have demonstrated that the accumulation of PFAS can lead
to a variety of health issues.3–5 The US Environmental Protection
Agency (EPA) initially set the advisory safe limit for perfluorooctane
sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) at 70 ng L�1

in 2016, and in 2023, lowered this to 4 ng L�1 for each of these
chemicals. The updated safe limit (4 ng L�1) presents a great
challenge for PFAS detection. Due to the poor molar optical absorp-
tion coefficient of PFOA and PFOS, the gold standard detection
method is liquid chromatography–mass spectrometry (LC-MS).
Although LC-MS is sensitive and accurate, it has drawbacks such
as lengthy measurements, requiring expensive equipment, and the
need for well-trained analytical chemists for operation. Efforts have
been made to develop a more facile and sensitive PFAS detection
workflow.6–8 Electrochemical techniques utilizing electrodes modi-
fied with molecularly imprinted polymers (MIP) or metal–organic
frameworks (MOF) have shown promising results, achieving a limit
of detection (LOD) as low as 1.7 ng L�1 for MIP-modified

electrodes9 and 1 ng L�1 for MOF-modified electrodes.10

Fluorescence-based techniques can also reach LOD of 80 ng L�1

for PFOA and 350 ng L�1 for PFOS by using amplifying fluorescent
polymers (AFP) as sensing element.11 However, while being highly
sensitive, both electrochemical and fluorescent techniques again
require specific lab-based equipment for their implementation, such
as an impedance analyzer or fluorescence spectrometer. This limita-
tion restricts their applicability for on-site PFAS detection. On the
other hand, colorimetry, which is convenient to use for on-site
applications because of its integration with common smartphones,
often exhibits a significantly lower sensitivity,12 with typical LODs
from 10 mg L�1 to 1 mg L�1.13–17

While much research is focused on detecting PFAS through
changes in either optical or electrochemical properties of probe
materials, to the best of our knowledge no investigations have
been conducted to detect PFAS by a change of surface contact
angle. Contact angle changes can be easily measured on-site
using smartphones, and such technology is already used in the
detection of ctDNA or metal ions.18,19 In a previous study, we
developed a deca-ammonium-functionalized pillar[5]arenes
(DAF-P5s) capable of binding to polyfluoroalkyl acids at a
1 : 10 host–guest ratio, and exhibiting high binding constants
in aqueous environments of up to 106 M�1.20 Similarly, per-
fluorinated diacids (HOOC–(CF2)nCOOH) form pillar-like
supramolecular structures that can reach macroscopic sizes,
again displaying strong and unique interactions with PFAS.21

This high affinity arises from the unique structure of DAF-P5s,
which feature five tightly packed amine moieties capable of
attaching five PFAS molecules per rim. This attachment leads to
the formation of a stable local fluorous phase, resulting in the
observed high binding constant. Herein, we report the synth-
esis of a dual-functionalized rim-differentiated pillar[5]arene
RD-P5 and its immobilization on a surface for on-site detection
of PFOA and PFOS at ng L�1 levels through a simple, near-
instantaneous water contact measurement (Scheme 1).

The DAF-P5s that we previously successfully employed for
PFAS binding are not suitable for direct immobilization onto a
surface.20 To introduce the unique property of DAF-P5s on a
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surface, we designed rim-differentiated pillar[5]arene (RD-P5)
2, bearing 5 alkyne moieties for surface immobilization on one
rim and 5 positively charged trimethyl ammonium groups for
PFAS binding on the other. Since statistical synthesis of RD-P5
is only very low yielding (typically o5%),22 our group previously
developed the ‘‘pre-orientation’’ strategy,23,24 that leads to
450% RD-P5 formation and concomitantly decent isolated
yields. With this significant improvement, the synthesis of
RD-P5s is no longer the bottleneck for their application.
However, the number of papers employing RD-P5,25–32 and
particularly of RD-P5s with dual-functionalized rims, remains
limited.33–36

We synthesized RD-P5 1 following the ‘‘pre-oriented’’
strategy.23 From the 1H NMR spectra of crude product
(Fig. S1, ESI†), the presence of P5 constitutional isomers can
be observed from the splitting of peaks in the aromatic region.
After recrystallization from MeOH/EtOAc, 1 was isolated as a
white powder (13% yield). The presence of clean and sharp
peaks in the 1H NMR spectrum of 1 (Fig. 1b) indicate its C5-
symmetric structure. High-resolution mass spectrometry
(HRMS) confirmed the formation of a pentameric product
(Fig. 1c). RD-P5 1 was further converted to RD-P5 2 via a
reaction with trimethylamine (Fig. 1a), maintaining its C5-
symmetric structure as confirmed by 1H NMR (Fig. 1b), HRMS
(Fig. 1d), and X-ray crystallography (Fig. 1e). The crystal struc-
ture of 2 showed both the expected pillar-like shape and the
rim-differentiation of appended substituents. The cavity of the
pillararene is occupied by disordered solvent molecules (etha-
nol) and one of the alkyne substituents of the rim.

The host–guest interactions between 2 and PFOS or PFOA
were investigated using isothermal titration calorimetry (ITC).
The binding constant K of 2 and PFOS was determined to be
2.6 � 106 M�1 with a P5/PFOS ratio of 1 : 5.6, analogous in
strength and stoichiometry to the interactions of symmetric
DAF-P5s in our previous study,20 indicating the same binding

mode. RD-P5 2 and PFOA display K = 5.2 � 104 M�1, with a
P5/PFOA ratio of 1 : 5.9. This lower K-value is attributed to the
better solubility of PFOA in water. For comparison, we also

Scheme 1 RD-P5 2-modified surface for PFOA/PFOS detection.

Fig. 1 (a) Synthesis of 2-modified Al2O3 surface (b) 1H NMR of RD-P5s 1 in
CDCl3 and 2 in MeOD-d4; (c) and (d) simulated and experimental high-
resolution mass spectra of RD-P5 1 and 2; (e) X-ray crystal structure of 2 in
two orientations. Only the major component is shown. All solvent molecules,
bromide counterions and hydrogen atoms have been omitted for clarity.
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tested the binding constants between 2 and octanoic acid (OA)
and octanesulfonic acid (OSA), as non-fluorinated counterparts of
PFOA and PFOS; no binding to either could be detected by ITC,
confirming the unique involvement of the fluorous phase.21

In order to get a stable surface for PFAS detection, we prepared a
self-assembled monolayer of 12-azidododecylphosphonic acid on an
Al2O3 surface.37 This was characterized using X-ray photoelectron
spectroscopy (XPS), revealing two azide peaks in the N 1s narrow
spectrum with the expected 2 : 1 ratio at 404.0 and 400.2 eV,
respectively (Fig. 2a). RD-P5 2 was then immobilized onto this
Al2O3-N3 surface using a copper(I)-catalyzed azide–alkyne cycloaddi-
tion (CuAAC) reaction. After the CuAAC reaction, the azide N 1s peak
at 404.0 eV nearly completely disappeared, and it was replaced by
features assigned to the triazole ring at 399.8, 400.7, 401.9 eV and a
trimethylammonium group at 403.1 eV (Fig. 2b), in accordance
with previous literature, indicating the successful immobilization
of 2.37–39 Also the infrared reflection absorption spectroscopy (IRRAS)
show strong decrease in the intensity of the azide peak, confirming
the successful immobilization of RD-P5.

Due to the hydrophilic nature of ammonium groups, the
modified Al2O3 surface exhibits superhydrophilicity, with a
static water contact angle (CA) o51 (Fig. 3a). After submerging
in 100 mg L�1 PFOS aqueous solution, the CA of the 2-modified
Al2O3 surface increased from 51 to 1201, indicating a transition
from superhydrophilic to hydrophobic behavior. In contrast,
the contact angle of a blank Al2O3 surface did not exhibit any
significant changes upon exposure to this PFOS solution
(Fig. 3a). The XPS spectrum after immersion of Al2O3-2 in a
100 mg L�1 PFOS aqueous solution shows that the F 1s peak
corresponding to PFOS has significantly increased in intensity
(Fig. 3c and d), leading to a F/N ratio of 15/4. Taking into
account that N 1s narrow scan shows trimethylammonium and
triazole groups to be in approximately 1 : 1 ratio (Fig. 3b and
Fig. S11, ESI†), and that PFOS contains 17 F atoms, the 15/4 F/N
ratio means that trimethylammonium groups and PFOS are

approximately in 1 : 1 ratio, or RD-P5 and PFOS ratio is around
1 : 5, suggesting a (near)-complete coverage of 2-modified sur-
face with PFOS. To investigate the relationship between CA and
the concentration of PFOA/PFOS, a series of experiments were
conducted using various concentrations of PFOA/PFOS ranging
from 0 ng L�1 to 100 mg L�1, leading to easily observable
changes in CA (Fig. 3b). For PFOS, the contact angle changed
from 51 � 21 to 101 � 11 after immersing into a 10 ng L�1 PFOS
solution, showing the sensitivity to even trace amounts of
PFOS. Further increases in concentration yielded a gradual
increase in CA. Once the PFOS concentration exceeded
100 mg L�1, the surface transitioned from hydrophilic to hydro-
phobic, indicating that the surface was now fully covered with a
layer of PFOS. Similar trends were observed for PFOA, for which
the surface became hydrophobic when the concentration of
PFOA reached 10 mg L�1. The higher sensitivity of 2-modified
surfaces towards PFOS compared to PFOA is fully in line with
the respective binding constants measured by ITC.

One of the biggest challenges for PFOA/PFOS detection
methods is their susceptibility to interference from other con-
taminants commonly found in nature. Factors such as pH, salt
concentration, and the presence of other organic compounds
can easily influence the results. To therefore further test the
applicability of this method (Fig. 3c), an environmental sample
was taken from the Dutch river Nederrijn (NR), which was
independently confirmed to have [PFOS] o 3 ng L�1.40 To this
sample PFOS was added to reach concentrations of 100 ng L�1

(sample NR-1) and 100 mg L�1 (sample NR-2). The CA for NR-1
differed significantly from the original sample, showing that we
can easily detect PFOS at 100 ng L�1 in environmental samples.

Fig. 2 XPS spectra of (a) N 1s narrow scan of Al2O3-N3, (b) N 1s
narrow scan of Al2O3-2, (c) survey scan of Al2O3-2, and (d) survey scan
of Al2O3-2/PFOS.

Fig. 3 (a) CA before and after immersing 2-modified and clean Al2O3 surface in
100 mg L�1 PFOS solution; (b) CA against PFOS/PFOS concentration plot; (c) CA
response of different environmental samples, PFOS/PFOA in Nederrijn (NR) is
not detectable by LC-MS; total PFOS + PFOA concentration in Yitong river (YR) =
95 ng L�1 (LC-MS value); (d) CA response of different compounds at 100 mg L�1;
for the composition of mixed sample composition see main text.
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Similarly, samples from the Chinese Yitong River, with a total
PFOA + PFOS concentration of 95 ng L�1, showed a significantly
higher CA (241 � 11) than pure water samples (51 � 21). In order
to further demonstrate the selectivity of the Al2O3-2 surface, we
conducted tests with several salts commonly present in water at
100 mg L�1 concentration. Additionally, we tested octane
sulfonic acid (OS), and octanoic acid (OA) which are non-
fluorinated counterparts of PFOS and PFOA, respectively
(Fig. 2d). The results clearly demonstrate the specificity towards
PFOS and PFOA, as no significant increase in CA is observed in
the presence of other compounds. We also prepared a ‘‘mix’’
solution containing 100 mg L�1 PFOS, 1 g L�1 NaCl, 1 g L�1 OA
and 1 g L�1 OSA in one sample and showed that the CA
response by PFOS is not influenced by the presence of such a
mixture. In addition, simple sonication in acetone removed
most of PFOS from Al2O3-2 surface, allowing PFOS detection
being repeated for 10 cycles (10 mg L�1, see ESI† for details).

In conclusion, we have synthesized a novel rim-differentiated
pillar-[5]arene (RD-P5) with dual functionality. This RD-P5 features
alkyne groups on one rim for easy surface immobilization via various
chemistries, while ammonium groups enable host–guest interac-
tions for capturing contaminants such as PFOA and PFOS. By
immobilizing RD-P5 on an aluminum oxide surface, we have
demonstrated its potential application in the detection of PFOA/
PFOS through contact angle measurements requiring only a mod-
ified surface and a routine smartphone. These preliminary experi-
ments already show a robust LOD of 100 ng L�1, down to 10 ng L�1

in some cases, thus showing significant promise for detecting PFAS-
pollution in water without the need of any laboratory-based equip-
ment. We expect such ‘bringing the lab to the sample’-approaches to
make important contributions to environmental monitoring efforts.
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