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Abstract
Perfluoroalkyls (PFAS) continue to emerge as a global health threat making their effective
detection and capture extremely important. Though metal organic frameworks (MOF) have
stood out as a promising class of porous materials for sensing PFAS, detection limits remain
insufficient and fundamental understanding of detection mechanisms warrant further
investigation. Here we show the use of a 2D conductive MOF film based on copper
hexahydroxy triphenylene (Cu-HHTP) to fabricate a chemiresistive sensing device for
detecting PFAS in drinking water. We further show ultrasensitive detection using
electrochemical impedance spectroscopy. Owing to excellent electrostatic attractions and
electrochemical interactions between the copper-based MOF and PFAS, the MOF-based sensor
reported herein exhibits unprecedented affinity and sensitivity towards perfluorinated acids at
concentrations as low as of 0.002 ng/L.
1. Introduction

Perfluoroalkyls (PFAS, also known as forever or bio-cumulative compounds) have
recently emerged as a class of chemicals that urgently requires effective detection and removal.?

These compounds, mainly perfluorooctanoic acid (PFOA) and perfluorooctanoic sulfonic acid
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(PFOS), are common in industry as synthetic surfactants for the synthesis of polymer materials
used in carpeting, upholstery, apparel, floor wax, textiles, firefighting foams, and sealants.?
Despite their ubiquity, PFAS have shown to be extremely persistent in the environment. Their
slow degradability has led to an overwhelming abundance in the soil, dust, air, and groundwater.
Unfortunately, these compounds have also been identified as carcinogens, among many other
health effects, making them a global health threat.? The detection and efficient removal of PFAS
has thus become an important topic in recent years as these “forever chemicals” continue to be
found in daily-use products and drinking water sources.® These environmental factors coupled
with the unique physical and chemical properties of PFAS require novel materials and sensing
platforms for rapid and sensitive detection of these pernicious compounds.

The typical strategy for sensitively detecting chemicals is to use high surface-area
materials. In this context, metal organic frameworks (MOFs) are an attractive materials family
as they provide a rich library of systems with high surface area, intrinsic porosity, and high
molecular adsorptivity. They have been extensively studied for a variety of applications ranging
from catalysis, energy storage, chemical capture, as well as sensing.*19 Particularly for MOF-
based sensing, chemical tuning of metal nodes and ligands has been utilized to improve both
sensitivity and selectivity towards a wide range of molecules. Identification of key functional
groups out of unknown compounds have been shown and selective capturing has been
achieved.'1* Importantly, molecular design allows MOFs to exhibit simultaneously chemical
and electrical functionality. For instance, MOFs are utilized in chemiresistive devices, i.e. upon
molecular uptake by the porous materials, a change in resistance is observed and utilized to
identify and quantify the absorbed molecules. A few recent works have also demonstrated
electrochemical sensing using MOFs as working electrodes onto which analytes can be
adsorbed and detected.l”- 81 Specific to PFAS, MOFs have recently demonstrated promising
affinity for the detection and removal of these chemicals. For instance, Li et al. showed that a

zirconium-based MOF (NU-1000) can be used to effectively remove perfluoroalkyls from
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water through adsorption of these acids onto metal sites within the framework.'® Electrostatic
attractions between PFAS and the MOF’s active sites were used to rationalize the rapid and
efficient adsorption compared to other porous materials.”~2° This adsorptivity was also utilized
by Cheng et al. to demonstrate ultrasensitive detection of PFOS using a mesoporous chromium-
based MOF (Cr-MIL-101).2* In that case, a MOF powder was sandwiched between two
interdigitated electrodes to form a microchannel through which contaminated water was flowed.
Changes in the channel resistance could be monitored to sense the presence of PFAS using
impedance spectroscopy. Such devices could detect as low as 0.5 ng/L of PFOS in PBS. Despite
the complicated device assembly and limited understanding on the sensing mechanism, these
recent efforts show that MOFs can be used for efficient detection and capture of PFAS.
MOF-based sensors however still face major challenges mostly related to poor
processability. Since these frameworks are synthesized as crystalline powders, it remains
challenging to incorporate them into functional devices, which often require robust coating of
active materials. In most reported device fabrication protocols, binders and additives are used
to deposit MOF and immobilize particles,'*?> which complicates the fundamental
understanding of the relationship between intrinsic porosity and performance as intrinsic
materials performance may be masked by extrinsic defects such as intergranular boundaries.
2D conductive MOFs (2D c-MOFs) have recently emerged as a type of MOF that can
potentially uncover the understanding of guest-host interactions by exposing more active sites
and minimizing large grain boundaries.>!123-26 Such MOFs are also advantageous as they have
shown to be processible into thin films.2227.28 Though thin film formation is still challenging
and has only been demonstrated for a few MOFs, it has enabled the realization of MOF-based
electronic devices. For instance, a layer-by-layer approach has been used to process copper
hexahydroxyphenylene (Cu-HHTP) thin films by spray coating.?® The 2D films showed
excellent affinity towards ammonia when the MOF was coated onto interdigitated electrodes.

An interfacial synthesis and film pick-up method was also recently demonstrated by Chen et al.
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to form Cu-benzenehexathiol (Cu-BHT) thin films and fabricate electrochemical sensing
devices.'® This method showed to yield two types of morphologies with different densities of
exposed active sites. Particularly, the bottom face with spiky metal sites showed increased
sensitivity towards H202 in an electrochemical setup using the MOF film as a working
electrode. Though several challenges (full understanding of molecular selectivity, sensing
mechanisms, and film growth generalization) remain, these recent studies show that 2D MOF
thin films are promising candidates for molecular sensing as the field evolves away from
pressed pellets and powder-based devices.

Here we report a facile route to grow a 2D ¢c-MOF thin film using a layer-by-layer
dipping method and its use for ultrasensitive detection of most common PFAS. We show that
by tuning the reaction conditions both during the film growth and during the film annealing,
highly uniform, crystalline, and electrically conductive Cu-HHTP films could be produced to
fabricate a sensing device in reduced processing times. We then use the 2D MOF films to sense
PFOA and PFOS in water by fabricating two-terminal chemiresistive sensors. We show that by
simply dipping the MOF-coated device channel into contaminated water samples, the
perfluorinated acids are rapidly adsorbed onto the MOF’s active sites and act as excellent
oxidative agents towards the electron-rich channel. The resulting increase in the channel
conductance was then used to detect traces amounts of PFAS in water. Using impedance
spectroscopy measurements, we demonstrate excellent sensitivity towards the so called
“forever chemicals” in water down to femtomolar concentrations.

2. Results and discussion

To fabricate MOF-based sensors, 2D copper hexahydroxy triphenylene (Cu-HHTP)
MOF films were obtained through an on-surface layer-by-layer growth method (Fig. 1).28° To
promote the film adhesion, we utilize a surface treatment approach to activate hydrophilic
groups on the substrates. By treating our substrates with UV-Ozone exposure, effective

anchoring of the metal nodes could be achieved. This labile treatment allowed us to demonstrate
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a greener and simpler route (as opposed to the commonly used piranha solution treatment which
is only limited to electrodes based on precious inert metals, e.g. Au,)?% for growing Cu-HHTP
films (~10 nm per cycle) onto pre-patterned areas to fabricate desired chemiresistive sensor
devices (Fig. 1 a). For the current study, we use commercially-available patterned ITO
substrates to fabricate our sensing devices. A ligand exchange reaction could then be performed
to synthesize the MOF on the substrate’s surface. A continuous and uniform film was formed
when the cleaned and activated substrates were alternatively immersed in solutions of copper
acetate (metal source) and the hexadroxytriphenylene (ligand) as shown in Figure 1 b. In
contrast to previous reports where the film growth takes more than 1 hour per cycle, we opted
to increase the concentration of both the metal source and the ligand, and we were able to halve
the growth times?3° After only 4 cycles (i.e. 2 hours), a continuous light-blue film could be
observed by naked eye as shown in Figure S1. The film was subsequently annealed to remove

any residual solvent prior to characterization and sensor fabrication.
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Figure 1. 2D conductive MOF film formation and sensor fabrication. a) Step-by-step procedure
for fabricating MOF-based chemical sensing devices. b) Illustration of the layer-by-layer
approach for the growth of Cu-HHTP films. Dilute solutions of the metal source and ligand
were used for alternating anchoring and film formation.

To characterize the quality of the surface-grown MOF films, we used UV-Vis

absorption spectroscopy, grazing incidence x-ray diffraction (GIXD), scanning electron

microscopy (SEM), x-ray photoelectron spectroscopy (XPS), as well as energy dispersive x-
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ray spectroscopy (EDX). Figure 2 a) shows the UV-Vis absorption spectra of Cu-HHTP
annealed films revealing the characteristic light blue color of the MOF with a sharp peak around
360 nm (m—t* transition) and a broader peak around 650 nm (ligand-to-metal charge-transfer
band).>® As expected, the absorption intensity increases with the number of growth cycles,
which is positively correlated with film thickness.?330 GIXD diffraction patterns were further
used to confirm the crystallinity of the surface-grown and annealed films which has been
reported before for Cu-HHTP.3? The diffraction pattern revealed three predominant peaks both
in the in-plane and out-of-plane directions as shown in Figure 2 b. The peaks could be indexed
as the (100), (200), and (210) reflections which have previously been used to confirm the
formation of the honeycomb structure of Cu-HHTP. Additionally, a broad diffraction peak
around Q; = 2.0 A (indexed as the 002 reflection) could be detected in both the in-plane and
the out-of-plane directions (Fig. 2 b) suggesting that after surface anchoring, the MOF
crystallites started to grow both perpendicular and parallel to the substrate. Though our grown
films were not as crystalline and phase-pure as those reported when Cu-HHTP was grown on
Lao.s7Sr 0.33Mn0Os (LSMO) substrates and using longer growth times,*° the GIXD results reveal
that our method also yields crystalline and well-ordered films. SEM micrographs revealed
uniformly distributed and interpenetrating MOF crystallites suggesting that the layer-by-layer
method is an effective way to form continuous 2D films of Cu-HHTP (Fig. 2 c). This inter-
penetration observed in surface-grown MOF crystallites is desired especially for MOF-based
electronics where the electronic properties of pellet and powder morphologies are dominated
by the grain boundaries.?

XPS elemental analysis was further used to confirm the MOF structure from the
predicted coordination. Characteristic binding energies were measured and confirmed as shown
in Figure 2 d and Fig. S2. All expected elements and corresponding binding energies could be
detected in the 2D films. Most importantly, a strong Cu?* peak was observed around 935 eV

with a shoulder peak around 933 eV assigned to Cul* accompanied by a strong satellite peak
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around 943 eV. These peak positions and ratios support the MO4 coordination and the bivalent
nature of the metal for charge balance.?*2532 The bivalent nature of the metal atoms has been
previously used to support the semiquinonate and catecholate states for HHTP ligands
especially in Cu-based MOFs; the metal exists in its +1 and +2 states to form a neutral
structure.3232 Furthermore, compositional uniformity could be confirmed in our surface-grown
MOF films by the mappings generated from SEM-EDX mapping (Fig. 2 c-e, and Fig. S3). Both
the copper signal and elemental composition from the ligand remain uniform across the grown
film showing effective reactivity on the substrate’s surface to form a homogeneous Cu-HHTP
thin film. This uniform distribution of metal active sites was desired for efficient exposure and
adsorption of target analytes especially for sensing applications. Film uniformity in
combination with reduced growth times is key towards the realization of 2D MOF-based
electronics where continuous and highly conductive films are desirable yet challenging to

process.
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Figure 2. Cu-HHTP MOF film characterization. a) Thickness dependent UV-Vis absorption.
b) Out-of-plane x-ray diffraction pattern from a Cu-HHTP film. ¢) SEM image of the 2D film
on ITO showing interconnected crystallites of MOF formed on the surface. The scale bar
represents 200 nm. d) High resolution XPS spectra of the signature copper peaks. A strong Cu?*
peak is observed along with corresponding satellite peak. A Cu'* could also be detected a lower
binding energies. €), ) Elemental mapping generated by EDX spectra showing a highly uniform
distribution of all elements.

After confirming the formation of the Cu-HHTP MOF into thin films, we probed the
functionality of the material towards molecular sensing especially targeting water

contaminants. It has been shown that in quaternary-coordinated MOFs, the MO sites tend to
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exhibit a residual negative charge as shown in Figure 3 a.243233 Furthermore, the predominant
charged species is expected to readily undergo oxidative reactions without disturbing the
corresponding coordination owing to the bivalent nature of the metal atoms.3* With abundant
electron-rich sites exposed in our 2D films, we envision that Cu-HHTP would be ideal for
sensing electron-deficient species. In addition, the oxygen-rich coordination sites render the
Cu-HHTP MOF film predominantly hydrophilic, making it an ideal candidate towards analytes
with hydrophilic ends.

We thus targeted the sensing of perfluoroalkyls (PFAS) which are comprised of a
hydrophilic head with an acidic hydrogen (either carboxylic or sulfonic) and a fluorine-rich
hydrophobic tail.*®> We expect such amphiphilic nature to enable strong electrostatic interactions
between our Cu-HHTP films and PFAS owing to both i) the residual negative charge along the
coordination sites and, ii) the hydrophilic nature of the MOF from the oxygen-rich ligand. In
addition, the unique chemical structure of PFAS distinguishes them from other common water
contaminants (e.g. inorganic salts) allowing the selectivity towards these larger and highly polar
analytes easier to engineer. We thus tested the sensitivity of our Cu-HHTP films towards PFAS
with the rationale that the electronic cloud present at each coordination nodes within the MOF
would lead to strong electrostatic attractions between the MOF films and PFAS. Upon
adsorption of a PFA, we expect electrostatic interactions between our electron-rich MOF and
the fluorinated tail to alter the overall oxidation of Cu-HHTP. The change in film conductivity
would be used for detection. This sensing mechanism was also inspired by the recent success
of MOFs ( e.g. NU-1000, Cr-MIL-101) towards adsorbing PFAS in water.16:1821.36 \We aimed
to enhance such adsorptive sensitivity by exposing more active metal sites on the surface of our
MOF films, as opposed to the previously reported adsorb-to-capture approach in powder-based
platforms.161821.36 Since we expect that other oxidative pollutants might have a similar effect
on the MOF, thus making selectivity a challenging task especially in ground water samples, we

targeted to test the presence of PFAS in drinking water for proof of concept. Here, common
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pollutants (e.g. salts) have been well studied and can be filtered out using ubiquitous methods,
but PFAS, in addition to requiring more sophisticated and costly treatment techniques (e.g.
powdered activated carbon and nanofiltration), remain difficult to remove owing to their
physicochemical properties, thus posing a major threat when undetected.®” We chose to sense
the two most common PFAS: perfluorooctanoic acid (PFOA) and its sulfonic acid analogue
(PFOS) and tested their adsorption onto Cu-HHTP in water samples.

The oxidation of Cu-HHTP was indeed observed when the MOF thin film on ITO
electrodes was dipped into a sample of water contaminated by different amounts of PFOA. The
current-voltage (I-V) curves in Figure 3 b show an increase in film conductivity with increasing
amount of PFOA added into the water. This increase in the current response from a two-terminal
device was a first, simple, and yet clear indicator that Cu-HHTP becomes oxidized in the
presence of aqueous PFAS. Cyclic voltammograms obtained with Cu-HHTP films as a working
electrode (versus an Ag/AgCl reference and a Pt mesh as the counter electrode) in PBS also
showed an obvious increase in the MOF’s oxidation and reduction activity when pristine PBS
was compared to a 10 nM PFOA solution in PBS (Fig. 3 ¢). A strong and reversible oxidation
peak around 0.312 V (with a reduction peak detected at -0.315 V) emerged when PFOA was
added into the electrolyte. A control experiment in which the same potential was applied to the
electrochemical cell, but in the absence of Cu-HHTP onto the ITO-working electrode, i.e. a
bare ITO working as the working electrode, showed no redox activity from PFOA alone (Fig.
S4). This electrochemical behavior suggests that the observed redox activity within the scanned
potential window results from the interactions between the Cu-HHTP MOF film and the PFA.
Though oxygen reduction side reactions are anticipated in our testing conditions contributing
overall charge neutrality in solution,32° Cu-HHTP is able to maintain a stable oxidized
structure as shown in Figure 3 a upon adsorption of the PFAS.

To probe this oxidative interaction of Cu-HHTP and fluorinated compounds at a

molecular level, we carried out systematic elemental analysis using XPS and compared the
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pristine Cu-HHTP films to those exposed to PFAS. XPS spectra of Cu-HTTP films before and
after exposure to PFOA solutions revealed substantial changes in oxidation states on the MOF’s
coordination center as shown in Figure 3 d, e and Fig. S5. Noticeably, after exposure, the
relative ratio of Cu'* to Cu*2in the MOF decreased, indicating that the presence of PFAS results
in substantial changes in the oxidation state of the copper atoms, which as stated above, are key
species towards maintaining charge neutrality within the MOF.24:3233:4041 The observed changes
in oxidation state of copper should be accompanied by changes in binding energy of the oxygen
atoms along the periphery of the copper center, which is what we observe after exposing Cu-
HHTP to PFOA. Indeed, the location of maximum intensity in the O 1s XPS spectra shifts to
higher binding energy, accompanied by a change in peak shape as Cu-HTTP switches between
its benzenoid and quinoid forms (Fig. 3 d, €).>323% A similar behavior is also observed when
PFOS is used as the analyte (Fig. S5) suggesting that in presence of PFAS, the MOF adopts its
quinoid form to balance the electronic charge along its coordination sites.

We also confirmed the adsorption of the PFA into the bulk of the MOF film using XPS
as shown in Fig. S6. We carried out XPS measurements on Cu-HHTP films after casting a 10
nM PFOA solution and measuring the binding energies of F atoms. We found that at the surface,
unbound or “free” F atoms exhibit a negligible difference (< 1 eV) in binding energy from the
atoms probed after sputtering deep into the MOF film analogous to previous reports.?! Note that
higher peak intensities were found at the surface as the majority of PFOA most likely remains
on the surface upon drying. This sensitivity of the Cu-HHTP films towards the fluorinated
analytes could also be visualized with the naked eye when a drop of the stock PFOS solution
was dropped on a MOF-coated glass. The coloration of the MOF film showed to bleach
immediately after PFOS was cast onto it (Fig S7). Such change in MOF film coloration has also
been shown when doping MOFs with electron-acceptors such as 2,3,5,6-Tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4-TCNQ).3!  We expect that the color change, and the

concomitant increase in film conductivity, is due to the oxidation of Cu-HHTP by the electron-
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deficient analytes that can abduct electrons from the MOF’s active sites as evidenced by our
electrochemistry results.

The observed oxidation of the MOF film also showed to be non-destructive for the MOF
structure. Despite the coloration change most likely due to the overall change in charge along
the active site, the structure of the MOF remained intact after dipping in PFAS and washing.
The elemental composition of the MOF film was found to remain unchanged as evidenced from
the post-sensing XPS spectra (Fig. S8). This structural stability towards the oxidative
adsorption of PFAS in Cu-HHTP as well as the efficient release of sensed PFA molecules was
rationalized by the fact that the key interactions between the MOF and the analyte are due to
surface electrostatics that are electronically detectable yet reversible especially at low PFA
concentrations. This behavior is enabled by the thin film platform we utilize as opposed to
previously studied powders (oftentimes using morphological binders) that rely on the binding
and trapping of the analyte.[?22°] In our film-based devices, we expect a high density of the
metal active sites on the surface, which would translate to a highly sensitive bind-and-release

mechanism even at low analyte concentrations.
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Figure 3. MOF affinity towards PFAS. a) Schematic illustration of the charge distribution
across the MOF’s active sites. An overall negative charge at each coordination node is expected.
b) 1-V curves from a MOF film dipped in water with different levels of PFOA contamination.
The film conductance shows to nearly double upon contact with the fluorinated acid. c) Increase
in red-ox activity of Cu-HHTP film when pristine PBS is compared to contaminated (10 nM
PFOA) PBS. d), e) High resolution XPS spectra of the O and Cu peaks, respectively, comparing
intensity changes before (bottom) and after (top) exposure of Cu-HHTP to PFOA. The two
binding energy peaks for oxygen are labelled as O-and O* for clarity.

We then tested the sensitivity of our MOF films towards PFAS using electrochemical
impedance spectroscopy (EIS) as a means to monitor the change in channel conductance, where
spurious effects, such as resistance to current injection, don’t affect sensitivity. The simple
device architecture of our studied MOF-based sensor is shown in Figure 4 a. We employ a 2-
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terminal device layout which has been previously shown to be effective for recording EIS
changes in resistance-dominated systems.?142-44 More specifically, we record the changes in
the device impedance at high frequencies (1kHz — 1MHz). The device could be used either by
dropping an aqueous sample onto the channel or by fully immersing the MOF-covered channel
into contaminated water. We carried out the sensing in a PBS 0.1x standard by immersing the
MOF channel with various contamination levels (i.e., PFA concentration). Figure 4 c, d, and
Fig. S 9-10 show EIS spectra from representative devices when immersed in PBS with
increasing amounts of PFOA. The device resistance showed to decrease significantly upon
immersion, even when as little as 10 fM of the fluorinated acid was present. With careful
dilution of the analyte solution, we found a detection limit of our MOF-based sensor to be as
low as 5 fM (or 0.002 ng/L of PFOA) as shown in Figure 4 d & e. Such sensitivity could be
attributed to the high surface area of our MOF films, as well as the chemical affinity of the
metal active sites towards the fluorinated acid. Furthermore, we tested 10 different devices and
showed a linear correlation (R? > 0.968) between the conductance and the logarithm of PFAS
concentration (Fig. 4 e) indicative of the reliability of the MOF film approach. A similar
behavior was also observed when the MOF-based sensor was used to detect PFOS, another
common PFA (Fig. 4 f). As previously mentioned, the PFA sensing is based on the adsorption
of the PFAS molecules onto the MOFs sites which further allowed our sensors to be used at
least 10 times without declining performance (Fig. S11). Here we tested the reusability of the
sensing device at low (10 nM) PFAS concentration and showed that the device exhibits
reversible resistance change even after 10 cycles, likely due to abundant binding sites at the
film interface. This excellent sensitivity towards PFAS in MOF-based devices contrasted with
a control device where a bare channel used and immersed in contaminated water similarly to
the MOF-based sensor. The bare channel shows an increase in resistance when PFOA was
introduced in PBS (Fig. S12) as expected after introducing non-conductive analytes. Given the

sensitivity of impedance spectroscopy towards electrolyte compositional changes, the observed
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decrease in our MOF film resistance while the electrolyte resistance increases proves that the
material is indeed sensing the analyte. Such working mechanism using Cu-HHTP allows us to
efficiently detect oxidative agents (in this case PFAS) especially in water using a robust and
affordable setup.

The MOF-based sensors we demonstrate are easy to fabricate, scalable, and offer
readouts in minutes as opposed to other techniques such as mass spectrometry (liquid
chromatography tandem mass spectrometry, time-of-flight mass spectrometry) which involve
long sample preparation and data acquisition times.*4¢ In fact, our sensors show to be
extremely sensitive (with a detection limit as low as 0.002 ng/L) towards the two most common
PFAS (PFOA and PFOS) proving to detect these compounds well below their health advisory
levels (HALs) recommended by the US environmental protection agency (EPA) and the food
and drug administration (FDA). In drinking water, the HALSs for these two acids have been set
to as low as 10 ng/L.?* The MOF-based sensor could detect both PFOA and PFOS at
concentrations nearly 4 orders of magnitude below these suggested levels (Fig. 4 e), and more
than 2 orders of magnitude better than the best reported sensitivity levels by sensors using MOF
adsorption as the sensing mechanism.? With the sensitivity levels achieved herein, our thin
film approach shows to be a viable and reliable platform towards sensing PFAS even in samples
where large amounts are yet to accumulate. Though the proposed sensing platform based on the
oxidation of the MOF layer upon PFAS adsorption warrants further systematic investigation on
whether different PFAS can be selectively identified, the ultrasensitive detection we
demonstrated is a great complement to current efforts on tracing and capturing these highly

resilient compounds that continue to pose a global health threat.
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Figure 4. Ultrasensitive detection of PFAS using a 2D MOF-based sensor. a) lllustration of
MOF-based sensor. The MOF-coated channel is used to adsorb PFAS in water samples and the
changes in channel resistance are recorded using impedance spectroscopy. b) Chemical
structure of PFOA and PFOS showing the hydrophilic heads and hydrophobic (fluorine-rich)
tails. c), d) e) Correlation between the device channel conductance change and the
concentration of PFOA in PBS. The Bode plots were obtained from a representative device at
very low PFOA concentrations, and calibration curve was obtained from 10 different
representative sensors. Cu-HHTP films showed to detect PFOA at concentrations as low as 5
fM in PBS. An R? value of 0.968 could be achieved from 10 different devices. f) Bode plots
recorded from the MOF channel when different amounts of PFOS are added into PBS solution.

3. Conclusions
We demonstrated a simple device design for detecting perfluoroalkyls using 2D MOF
thin films. Uniform films of Cu-HHTP could be readily processed through a layer-by-layer

growth method. This facile film formation procedure allowed to fabricate two-terminal resistive
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sensor with unprecedented sensitivity towards PFOA and PFOS, the most common PFAS. We
carried out full characterization of the formed films to showcase that the 2D nature of our films
are key to exposing more active sites and thus attaining high sensitivity towards the analytes of
interest. We show that the electron-rich MOF sites are advantageous for detecting the

amphiphilic bio-cumulative chemicals in water.

Experimental Section

Materials: Copper acetate, phosphate-buffered saline (PBS 10x), pure ethyl alcohol,
perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) (40% in water) were
purchased from Sigma Aldrich and used as received. Hexahydroxy triphenylene (HHTP) was
purchased from ACROS Organics. Copper acetate and HHTP were first dissolved in ethanol (1
mM and 0.1 mM, respectively) and allowed to stir for at least 30 mins at ambient. Phosphate-
buffered saline (10x) was used to obtain 0.1x after dilution using distilled water. PFOA was
first dissolved in distilled water and allowed to stir overnight before use. PFOS stock solution
was used as received. Different concentrations of PFAS were obtained by diluting dissolved

PFOA and stock PFOS in PBS.

Substrate treatment: Glass substrates with ITO-stripes were first sonicated in water, acetone,
and isopropanol successively for 5 mins then dried with pure N2. The cleaned substrates were
then treated under UV-ozone lamp for 30 mins. This contrasted with harsher (piranha
treatment)®® alternative which tends to etch away the 1TO. Using the more benign surface
treatment allowed to pre-determine the film growth area by covering the undesired areas with
acrylic tape. The ozone treated substrates were then immediately immersed into the salt solution

for film growth.
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MOF film growth: A 1 mM solution of copper acetate was first pulled over treated substrates
and allowed adhere onto the surface for 10 mins. The substrates were then carefully rinsed by
dipping in fresh ethanol before being transferred into another container with a 0.1 mM solution
of HHTP ligand in ethanol. The ligand exchange on the substrate surface was then allowed to
proceed for 20 minutes without disturbance at ambient. After rinsing off unreacted ligands with
fresh ethanol, the dipping steps were repeated to desired film thickness. The films were then

annealed at 80 °C inside a N2-filled glovebox prior to characterization.

Morphology analysis: The UV-Vis absorption spectra were collected using an Agilent Cary
6000i UV/Vis/NIR on MOF films grown on cleaned glass substrates. SEM images were taken
using a FEI Magellan 400 XHR Scanning Electron Microscope (SEM) with FEG source on

films grown either on ITO coated glass or Si substrates.

Elemental analysis: XPS measurements were performed using PHI Versa Probe 3 XPS with a
monochromatized Al source (1486.6 eV; 50 W; 200 um spot size). An electron flood gun and
low energy Ar* ions were used to neutralize the sample and prevent charging. Binding energies
were calibrated to the adventitious carbon peak at 284.8 eV and smoothed using a 5-point
quadradic Savitzki-Golay method in CasaXPS software. Scans were taken with a pass energy
of 55 eV or 112 eV. Depth profiles were performed by sputtered with a gas cluster ion source

(10 kV Ar*2s00) to minimize sample damage and preserve relevant chemistry.

GIXD: X-ray diffraction measurements were performed at the Stanford Synchrotron Radiation
Lightsource (SSRL) on beam line 11-3 using an area detector and incident energy 12.73 keV.
The sample to detector distance was 317.06 mm and was calibrated using a polycrystalline
LaB6 standard. The incidence angle used in all measurements was 0.1° slightly larger than the

critical angle and measurements were performed in a helium chamber to minimize scattering
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from air. All data was corrected for the geometric distortion of the flat detector used analyzed

using Nika 1D SAXS*” and WAXstools* software in Igor Pro.

Electrical characterization: I-V curves were collected using a Keithley 2612 Source Meter
LabVIEW as a software. Electrochemical impedance spectroscopy was performed on a Bio-
Logic SP-300 using a sinusoidal AC amplitude of 10 mV over a frequency range of 1 Hz -1
MHz. Cyclic voltammetry measurements were carried out using a Bio-Logic SP-300 with a
leakless Ag/AgCI reference electrode, a Pt mesh as the counter electrode, and 20 mV/s as the

scan rate.
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