CoLUMNS

687

CHIMIA 2024, 78, No. 10

doi:10.2533/chimia.2024.687

Chemical Education

The PFAS Problem in the Context of Organofluorine
Chemistry Research and Teaching

Antonio Togni*

*Correspondence: Prof. em. Dr. A. Togni, E-mail: atogni@ethz.ch.
Department of Chemistry and Applied Biosciences, ETH Zurich,
Vladimir-Prelog-Weg 1, CH-8093 Zurich.

Abstract: Teaching the rich and unique chemistry of poly- and
perfluorinated organic compounds should go hand-in-hand with

the awareness of their future impact on environment and health.

Keywords: C-F-bond activation - Organofluorine chemistry -
Persistent pollutants - PFAS - Selective fluorination

“They are actually thinking about shrink-wrapping the skis.”
This was the ironical title of an article that appeared in the news-
paper Tages-Anzeiger, reporting on the disqualification of a Nor-
wegian athlete from one of the first races in the 2023-24 season
because the content of ‘fluorine’ found in the skiwax of her skis
was too high.[!l Shrink-wrapping the skis after preparation for
the race was thought of as a measure against possible sabotage.
Now what does ‘fluorine’ mean in this context and what is the
problem? ‘Fluorine’ stands here for per- and polyfluoroalkyl sub-
stances, PFAS,[21 some of which were, and still partly are, con-
tained in waxes used by skiers and snowboarders, such as e.g.
perfluorododecanoic acid, PFDoA, and perfluorooctanoic acid,
PFOA (Fig. 1).31 The use of such substances is now prohibited
in international skiing competitions because of their possible ad-
verse effects on the environment.[*! A more recent article in the
same newspaper (as well as in others) reported finding PFAS in
meat produced in the region between St. Gallen and Bodensee.!!®!
Such articles are just examples of how the daily press, in recent
years, has taken up issues related to PFAS, thereby contributing
to the public awarness about the corresponding general environ-
mental and health risks.! T consider it therefore appropriate to
convey a commensurate type of informed awarness in the context
of teaching, in particular when discussing the fascinating chem-
istry of fluorine, even in introductory courses.

PFAS constitute a very broad class of compounds counting
several thousand individual derivatives, some of which have been
known for many decades. In a recent overview, Gliige and collab-
orators have classified ca. 1400 PFAS according to ca. 200 spe-
cific use categories.[®! Thus, PFAS constitute or are contained in
breathable membranes, lubricants, emulsifiers, flame retardants,
and even food packaging, just to randomly name a few examples
of their highly disparate uses. They account for a large part of
industrial organofluorine chemistry with an estimated worldwide
yearly production of ca. 1 million tons.[721 On one hand they dis-
play a series of advantageous and quite unique physicochemical
properties, such as e.g. pronounced hydrophobicity and oleopho-
bicity and high stability over a wide temperature range, making
them very well suited or even ideal for certain specific applica-
tions. On the other hand, the very thermodynamic stability, not
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only due to the very strong C—F bond, along with their very low
reactivity, which includes a virtually inexistent biodegradability,
make them ‘forever chemicals’.[’" This means that they are per-
sistent chemicals accumulating in the environment, be it waters,
soil, air, or organisms, ultimately leading to possible adverse
health effects in humans. Thus, this is the quintessence of the
problem!

Data collected at various sites worldwide for two of the most
widely used, though no longer produced PFAS, PFOA and PFOS
(perfluorooctane sulfonic acid, Fig. 1) show that they occur in
surface water, groundwater, river water and drinking water in
concentrations in the range from below 1 ng/L up to 1000 ng/L,
or in certain cases even higher.[’?l Consequently, there is an ex-
panding body of literature concerned with detecting and measur-
ing the content of further PFAS in various systems.!81 The some-
what superficial yet worrisome impression that PFAS can be
found essentially everywhere is not too far from being correct.

PFDoA

PFOA PFOS

[+

Desflurane Sevoflurane

Fig. 1. Molecular structures of selected per- and polyfluoroalkyl

derivatives used commercially (calculated by DFT, ®B97X-D, 6-31G*,
Spartan’24, Wavefunction, Inc.).

When it comes to volatile PFAS, hence compounds degrading
only very slowly in the atmosphere, there is the very interesting
example of highly fluorinated inhalation anesthetics, still com-
monly used during surgery.l”) Two of them, desflurane and sevo-
flurane, are shown in Fig. 1. They can all be detected in the air
at different locations worldwide, including at the High Altitude
Research Station at Jungfraujoch (3570 m asl).l!0 Their very low
concentrations in the air up there of just up to 0.3 ppt (10'2, mea-
surement of 2014) and obviously their very low toxicity should
not divert the attention from the fact that they are very potent
greenhouse gases.

According to the restrictive PFAS definition given by the
OECD, 2"l any organic molecule containing at least one difluo-
romethylene or trifluoromethyl group is a PFAS. Thus, this con-
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cerns a correspondingly large number of small-molecule drugs
or crop protection agents being already on the market or under
development.['!l The small fluorinated entities contained in such
molecules are often essential molecular features in tuning and
optimizing their properties as biologically active compounds.
Therefore, fluorination is thought of in these cases as an exclu-
sively beneficial aspect. However, do we know the fate in the en-
vironment of a trifluoromethyl group attached to another carbon
atom, originally contained in e.g. a herbicide? No, we don’t!l!2] A
plausible ultimate scenario is the formation of TFA (CF,COOH),
another persistent pollutant.['31 Though the absolute quantities of
these industrial compounds are relatively small and only a frac-
tion of those of more common PFAS (the order of magnitude for
the production of herbicides is somewhere between 10° and 10*
tons/year and for drugs much lower), we should be concerned by
the potential long-term problem of PFAS release and persistency
deriving also from such products.

There are increasing activities in various countries concern-
ing the removal and degradation of PFAS. ‘Getting PFAS out
of drinking water’ in order to meet tolerated concentrations in
the low ng/L limit as dictated by the Environmental Protection
Agency (EPA) and is particular significant in the U.S.[4] Several
technologies are currently being considered and implemented,
regenerable ion-exchange resins, membrane filtration, and foam
fractionation being the most important ones. Such technologies,
however, solve only part of the problem, as PFAS removed from
water still need to be destroyed. Given their high thermodynam-
ic stability and very low reactivity, innovative drastic methods
must be used. Technologies such as the hydrothermal alkaline
treatment or supercritical water oxidation, originally developed
for the destruction of chemical weapons, are also suited for the
disposal of PFAS. More traditional electrochemical oxidation is
obviously also applicable, and a new methodology based on a
plasma vortex is promising.!3!

PFOA and PFOS - the two ‘bad guys’ among PFAS — have
also been found in e.g. human blood and breast milk in con-
centrations in the ng/L range, which is considered to be very
low.l7s] Experiments with animals (mice, fish and amphibians)
have been carried out in order to assess the toxicity of PFAS. In
zebra-fish, for example, it was found that gene expression, growth
and behaviour were affected by the exposure to controlled quanti-
ties of both chemicals, whereas in mice pancreatic toxicity and
altered gene expression were observed. Studies with human cell
lines have pointed out e.g. immunotoxicity,I’s) which can imply
cancerogenicity. According to a very recent publication!!6! there
is “sufficient evidence” that kidney cancer, decreased immune
response, decreased birthweight and increased serum cholesterol
levels can be linked to PFAS exposures. The same paper also
discusses progresses in policy and regulations. While there are
regulatory differences between countries, it seems that a short-
term total ban is not realistic and that the distinction between
essential and non-essential use is very important. PFAS in ski-
wax (see above) is clearly non-essential, while a trifluoromethyl
group in a new drug for the successful treatment of a certain
disease should be declared as essential. It is clear that we are
facing a unique global environmental and health problem that
will require well pondered global solutions.

Finally, given my direct experience in fluorine chemistry as a
researcher, I wish to add some brief personal considerations. My
contributions to synthetic organofluorine chemistry since 2006
have involved, among other aspects, the development of reagents
for perfluoroalkylation, mainly trifluoromethylation.

Fig. 2 shows the structure of three such reagents!'7! now known
to efficiently enable the transfer of the perfluoroalkyl group to a
great variety of substrates. The result is thus the making of new
PFAS, though this was not necessarily the primary target of my
original research endeavor which has also never been guided by

Fig. 2. X-ray crystal structure of three hypervalent iodine reagents
for electrophilic trifluoromethylation, perfluorobutylation and
perfluorooctylation, respectively (CCDC 239458, 1825243, 1825244).17]

any industrial collaboration. It was rather more directed towards
understanding the fundamental aspects of structure and reactivity
of such newly designed reagents. Nevertheless, my interest and
work in this area of chemistry has taught me the following: As
synthetic chemists we have learned how to efficiently put fluo-
rine into organic molecules, but we do not quite know yet how to
take it out again! This may sound somewhat simplistic. In fact,
however, the body of literature concerned with the activation of
the C—F bond, i.e. its cleavage, is indeed way smaller than that re-
lated to fluorination, i.e. the formation of new C—F bonds. Hence,
I am convinced that increased research efforts in the area of C—F-
bond activation!!8] have not only the potential to be very reward-
ing from a scientific point of view, but are actually necessary as
one possible way to counteract the PFAS problem by expanding
our knowledge on how to selectively degrade these compounds.
Correspondingly, this would be my choice of a new research av-
enue, had I to take one, however, not as a matter of jumping onto
an alarmistic bandwagon, but as a more general matter of taking
responsible action as a scientist.
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