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A metal-organic-cage (MOC) is shown to be an efficient molecular
sponge for PFOS. A large association constant is observed for the
2:1 PFOS:MOC host-guest complex. Up to 12 equivalents of PFOS
per MOC are removed from water. The recycling procedure
developed allows for the recovery and reuse of the MOC.

Per- and poly-fluorinated alkyl substances, called PFAS or
“forever chemicals” have been used extensively in non-stick
cookware, fast food packaging, firefighting foams, paints,
shampoo, stain-resistant products, and many other non-slip
coatings and anti-foaming agents since the 1950s.12 These
compounds are characterized by long fluorinated carbon chains
with a carboxylate or sulfonate head and are extremely soluble
in water. Common long-chain  examples include
perfluorooctane sulfonate (PFOS, Fig. 1) and perfluorooctanoic
acid (PFOA). While the industrial use of PFOS and PFOA has
been phased out voluntarily in the USA since the 2000s,3* these
compounds continue to accumulate in the environment.>® The
stability of the C-F bonds makes PFAS very resistant to
degradation, including in the environment.>? Reports mount on
the deleterious consequences of PFAS bioaccumulation in
humans and other living organisms.81* Many methods have
been proposed to degrade PFAS, such as UV irradiation,®
thermal degradation,’® and electrochemical oxidation or
reduction,'71® with varying degrees of success. A recent
breakthrough has shown that PFAS can be degraded chemically
under certain conditions.” However, methods are required first
to remove PFAS from drinking water. Many approaches have
been developed for this purpose, including separation
techniques such as adsorption!®2° and membrane separation.?!
While some methods are costly and lack selectivity, others lack
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the ability to regenerate or recycle the materials. Indeed, the
higher the affinity for PFAS, —a desired property for PFAS
removal— the higher the barrier to recycle the material.
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Fig. 1. Structure of the MOC and of PFOS.

Here, we report the interaction between PFOS and a porous
metal-organic cage (MOC) in water. Supramolecular chemistry
approaches have been used to sequester PFAS in water using
cyclodextrin derivatives,2223 a water-soluble iron-based,?* or
insoluble Zr-based,?®> molecular cages. In the case of
cyclodextrin, up to 2 cyclodextrins are reported to interact with
each PFAS molecule. In the case of Fe-based metal-organic
cages, 1 equivalent of perfluorohexanoic

perfluoroheptanoic acid interacted with the cage in water (1:1

acid or

ratios of cage and PFAS). In both cases, recovery of the empty
host is challenging.

Here we describe the use of a molecular cage in water to
remove 12 equivalents of PFAS per molecular cage, or sponge,
and the subsequent removal of the loaded sponge from water
and recycling for future use. The specific structure used, Fig. 1,

Please do not adjust margins




ChemEomm

was originally reported and popularized by the pioneering work
of Fujita and co-workers.26

The structure is composed of 6 metal ions, here palladium,
linked by 4 organic ligands on alternating faces of an
octahedron. The resulting geometry imparted by the
alternating organic panels affords large openings for the
encapsulation of guests, and the inside offers a cavity reported
to be around 482 A3.27 The cavity is hydrophobic and has been
shown to promote aggregation of small water-insoluble neutral
fluorinated compounds in water through promoting fluorous
interactions in 2014.2% Given the high and urgent interest in
developing new methods to detect, capture, or degrade PFAS,
this work investigates the interactions in water between this
MOC and PFOS as a test representative of long-chain PFAS.
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Fig. 2. Evolution of the aromatic region of 'H NMR (400 MHz) data in D,0 of 2.0 mM of
the MOC (bottom) in the presence of varying equivalents of PFOS. Full data in Figure S1.

The MOC was dissolved in D,0, and the *H NMR resonances of
the structure were tracked as PFOS was incrementally added.
The evolution of the NMR features (Fig. 2) shows the
disappearance of the initial resonances as a new population of
resonances grows with the addition of PFOS. While changes are
observed in most of the NMR resonances of the MOC, the
changes are more pronounced in the two groups of resonances
labeled a and b, for which a’ and b’ are fully replaced with a”’
and b” after 2 equivalents of PFOS have been added (Fig.2).
These resonances are associated with the organic ligand along
the faces of the MOC. Meanwhile, resonances c-f corresponding
to the bpy ligands around the nodes of the MOC show much
smaller changes. These changes are consistent with interactions
between the pores of the MOC and PFOS chains. Further
additions of PFOS eventually lead to the formation of a white
cloudy suspension, which yields the precipitation of a white
solid upon further PFOS additions. The solid does not dissolve
upon the addition of more water and can easily be recovered by
filtration (vide infra).

The titration data was further analyzed to obtain a job plot
(Figure S2).2° From the job plot, a stoichiometry of 2 guests for
every host is calculated, i.e. 2 PFOS per MOC. Overall, these data

2| J. Name., 2012, 00, 1-3

suggest that the following equilibrium is observed, established
rapidly on the time scale of the experiment and with
components in slow exchange compared to the NMR time scale:
MOC +2 PFOS2complex. In this equation, the complex is 2
PFOS interacting with the MOC. Given the stoichiometry
determined and the slow exchange observed, a binding
constant can be estimated (SI-7).2° The equilibrium is very
displaced in favor of the complex, and as such the concentration
of free PFOS in solution is low in these experiments. This can
limit the accuracy of the association constant determination.
The binding constant was estimated using the NMR data for the
group of resonances a’ and a”’, as well as for b’ and b”’, in ranges
of PFOS equivalents between 0 and 2. This yielded an average
binding constant of K =1.93 (+0.54) x 10’ M~2for the resonances
a’/a”, while an average value of K = 1.95 (£0.62) x 10" M2 was
obtained for b’/b” (Table S1). Of note, the experimental
conditions mean that the values obtained represent crude
estimations of the lower limit for K.

The binding strength between PFOS and the cage was further
evaluated through a competition experiment with the organic
host B-cyclodextrin (B-CD), which has been reported to bind
PFOS in a 2 B-CD to 1 PFOS ratio with a binding affinity of
5.95x10* M~1309 The competition experiment with 1 equiv.
PFOS, 2 equiv. B-CD and 0.5 equiv. MOC confirms the stronger
affinity of the MOC compared to B-CD towards binding PFOS
(Figure S3). These experiments confirm the very high affinity of
the MOC for PFOS in water.

Diffusion-ordered spectroscopy (DOSY) experiments were
performed to measure the diffusion coefficient of the free MOC,
free PFOS, and MOC:PFOS mixture in a 1:2 ratio (Figure S4-7,
Table S2-5). 'H DOSY NMR data were collected to track any
changes in the MOC, while 1°F DOSY NMR data were used to
monitor PFOS in the presence and absence of the MOC. The
diffusion coefficients determined from *H DOSY NMR data were
very similar, at 1.45x10719 m?/s for the free MOC and 1.52x10"
10m?2/s for the MOC in the presence of PFOS. This suggests that
the hydrodynamic radius of the MOC is not majorly affected by
the presence of PFOS. However, the diffusion coefficients
determined from °F DOSY NMR data for PFOS were
significantly different in the presence and absence of the MOC.
The value of 5.39x1071°m?/s obtained for free PFOS dropped to
1.31x107%° m?/s for PFOS in the presence of the MOC, which is
close to the values determined for the MOC from *H DOSY NMR
data. These data further confirm a strong interaction between
PFOS and the MOC in water.

As discussed above, at low equivalents of PFOS relative to the
MOC, we observed host-guest interactions in solution.
However, adding further equivalents leads to the appearance of
a precipitate. This insoluble material is easily removed from the
solution, and the remaining clear filtrate was analyzed through
ion exchange chromatography (Table 1). A comparison of PFOS
concentrations in water before and after treatment with the
MOC confirms that PFOS was removed from water. The extent
of PFOS removal correlates to the amount of MOC used, with
up to 12 PFOS removed per equivalent of MOC.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Effect of MOC addition on PFOS concentration.

MOC Initial PFOS i A° PFOS
Entry Final PFOS (uM)

(M) (uMm)? per MOC
1 4.17 100.7 (+ 0.6) 51.3 (+0.6) 11.8 eq.
2 8.33 99.3 (+ 1.5) n.d. 11.9 eq.
3 16.7 100.7 (+ 0.6) n.d. 6.0 eq.
4 0.104 2.52 (+0.11)° 1.33 (+0.11) 11.4 eq.
5 0.208 2.52 (£ 0.11)? n.d.c 12.1 eq.
6 0.417 2.52 (£0.11)? n.d.c 6.0 eq.

All concentrations are the average of 3 measurements. 2: Measured from the same
solution, split across the different experiments in entries 4-6. b: change in
equivalents of PFOS per equivalent of added MOC. ¢: none detected.

The decrease in PFOS concentration is accompanied by a
corresponding increase in the concentration of NO5;™ (Table S6).
The NO;s™ originates from the MOC, as each equivalent of the
MOC has twelve NOs;~ counter anions. Overall, when PFOS-
contaminated water is treated with the MOC, PFOS is replaced
with nitrate in up to 12 equivalents per MOC. This is observed
both in a high concentration range of ca. 100 uM (Table 1
entries 1-3) and lower concentration range of ca. 2.5 uM (Table
1 entries 4-6). In both ranges, as expected, adding fewer than
1/12 equivalents of MOC per PFOS leads to excess PFOS
remaining in solution (Table 1, entries 1 and 4). Together, these
data show that the MOC is effective in removing 12 equivalents
of PFOS at varying concentrations.

The white precipitate that forms when the MOC is in the
presence of excess PFOS was investigated further. The solid was
collected and dried under vacuum. The solid is insoluble in
water but dissolves in several organic solvents, including
dimethylsulfoxide, acetonitrile, and dimethylformamide. H
NMR of the solid dissolved in CD;CN showed resonances
consistent with the presence of the MOC (Fig. 3). The lack of
solubility in acetonitrile of the initial MOC with NO3~ counter
ions precluded the direct comparison with an authentic sample.
Meanwhile, 1°F NMR of the same sample showed resonances
consistent with the presence of free PFOS, suggesting the
complex released the PFOS anions in the acetonitrile solvent
(Figure S11). Taken together with the observation of the
increase in NO3~ concentration in water upon treatment with
the MOC (Table S6), these data confirm that at high
concentrations of PFOS, 12 equivalents of PFOS replace the 12
NOs~ counter anions, with the formation of an insoluble white
solid containing 12 equivalents of PFOS per MOC.
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Fig. 3. 'H NMR (400 MHz) spectrum of the obtained MOC and PFOS solid dissolved in
CD5CN.

10.5

A recycling procedure was developed to both confirm this
hypothesis and recover the starting MOC. The white solid was
dissolved in CH3CN. Tetrabutylammonium nitrate was then
added to the clear CH3CN solution. This caused the formation of

This journal is © The Royal Society of Chemistry 20xx
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a solid, identified by 'H NMR in D,0 as pure MOC. Meanwhile,
the filtrate contains the PFOS removed from the initial water
treatment, now concentrated in CH3CN and ready for disposal.
The overall process is shown in Fig. 4.

~

Pure MOC
PFOS 1)+MOC P';noc;sc Concentrated
in water 2)Filter ﬁ x ) CHIGH PFOS
Solids 21 /NBuNO:  in CH:CN
Treated 3) Filter
water

Fig. 4. Schematic representation of the removal of PFOS from water and subsequent
recycling of the MOC.

We performed this simple recycling process for three cycles. At
the end of the third cycle, the recovered MOC was dried under
vacuum. Both 'H and °F NMRs of the recycled MOC were
collected in D,O (Figure S12-13). The 'H NMR data matched with
the authentic MOC sample before the start of the recycling
process, while the 1°F NMR data didn’t show any resonances,
supporting the claim that the recovered MOC solid is free from
PFOS. Based on the 'H NMR data of the recovered MOC, with
ethylene carbonate as an internal standard, 94.5% of the
starting MOC was recovered after three cycles. The loss after 3
recycling cycles is expected to be caused by human inaccuracies
in sample handling rather than any chemical limitation,
confirming the efficacy of the recycling procedure developed.
Finally, the influence of the presence of other anions commonly
present in drinking water on the PFOS removal procedure was
tested. Specifically, the ability of the MOC to precipitate in the
presence of excess PFOS was monitored by UV-vis (Fig. 5). The
presence of nitrate, fluoride, chloride, phosphate, or sulfate
was shown to have a negligible impact on the PFOS removal
process.
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Fig. 5. Impact of the presence of common anions in water on the UV-vis absorption
spectrum of 9 uM of the MOC before and after treatment with 18 equivalents of PFOS.
The concentration of anions was selected as the limit or typical content in drinking water
(Table S7).
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Overall, the MOC selected is effective for the removal of PFOS
from water, even in the presence of other common anions. It is
hypothesized that the large hydrophobic cavity of the MOC can
accommodate 2 PFOS based on NMR data. In the presence of
higher equivalents of PFOS, 12 PFOS per MOC are precipitated
from the solution as a solid. Critically, and in spite of the very
large affinity constant for PFOS, the MOC can be recycled and
reused. The process yields concentrated PFOS in organic
solvents ready for further processing or degradation. More
work is required to develop PFOS degradation methods, as well
as to move away from precious metals in the nodes of the
MOC.31
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