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{:.” Occurrence of Difluorine F, in Nature—In Situ Proof and Quantifica-

\"‘* tion by NMR Spectroscopy**

Jorn Schmedt auf der Giinne, Martin Mangstl, and Florian Kraus*

Elemental fluorine, F,, is the most reactive chemical element.
Great experimental skill and special equipment are necessary
to handle it safely. It reacts with any element or compound,
except for the lighter noble gases He and Ne, and highly
oxidized fluorides such as CaF, and UF,. For this reason,
elemental fluorine has been claimed not to occur in nature,
where it is found only in the form of minerals like fluorapatite,
cryolite, and fluorite, as taught in basic chemistry classes and
stated by textbooks.['"*! However, a very controversial debate
on the “natural existence” of F, started already 200 years ago,
in 1816, and has not been resolved since. Here we present the
first direct evidence from in situ NMR spectroscopy that
elemental difluorine indeed occurs in nature in the form of
a gas included in some varieties of the mineral fluorite (CaF),).
With the help of F magic-angle-spinning solid-state NMR
spectroscopy we were able to identify and quantify the
content of F, within “antozonite” and thus rule out a number
of other explanations previously given for the peculiar smell
of these minerals when they are crushed.

Fluorite (lat. fluere: to flow) has been used since the early
medieval ages as a fluxing agent for iron-based metals and
was first mentioned in 1530 by Agricola.!! As early as in 1670,
Schwanhard from Nuremberg used mixtures of fluorite and
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sulfuric acid to produce frosted glass for decoration purposes
and in 1771 Scheele conducted thorough studies on the
hydrofluoric acid responsible for the etching process.™®
Ampere recognized in 1810 that hydrofluoric acid contains
hydrogen atoms and another element he suggested calling
“phthore”, greek for destruction.” In the many attempts to
isolate “phthore”, it was found to react with practically
everything thus preventing its isolation. Davy also made
several attempts to prepare “phthore” and proposed the
name “fluorine (F1)” in 1811."% So, fluorine’s name was
coined long before its actual synthesis. Around 1860, hydro-
fluoric acid of technical grade became commercially available
in various concentrations for etching purposes. Finally in 1886
Henry Moissan succeeded in the preparation of elemental
fluorine and received the Nobel Prize in 1906 for his
discoveries.’"1! For a detailed summary on the discovery of
fluorine please refer to the literature.'! Industrial production
of F, by electrolysis started around 1940 thanks to the
importance of fluorine in uranium enrichment. In 1986, one
hundred years after Moissan’s discovery, Christe succeeded in
the chemical synthesis of fluorine."? Unfortunately many
school and university textbooks still refer to the chemical
synthesis as an impossible task.

Naturally occurring fluorite is rarely found in colorless
form. It can show various colors, spanning from yellow,
orange, and red to green, blue, and even violet. The reasons
for the different colors have been well investigated and are
discussed in the literature.'**! In Walsendorf (Upper Pala-
tinate, Bavaria, Germany), a brittle, dark violet or even black
variety of fluorite is found, which is called “fetid fluorite”,
“stinkspar”, and “antozonite”, owing to the unpleasant odor
detected when the mineral is crushed.'*'Y However, this
discovery is not unique, and this mineral has been found in
other locations worldwide, for example, in France "
Spain,®  Hungary,?  England,®  USAP?!  and
Canada.™ At all these locations radioactive minerals of
uranium or sometimes thorium are in coexistence with the
“antozonite”. The color of the “antozonite” is explained by
clusters of elemental calcium,™” which have also been
observed in irradiation experiments on artificial CaF, and
naturally colorless CaF,. Regarding the species responsible
for the peculiar smell, many speculations, chemical analyses,
and mass spectroscopic studies claimed ozone, “antozone”,
compounds of phosphorus, arsenic, sulfur, and selenium,
fluorinated hydrocarbons, iodine, chlorine, hypochlorous
acid, and finally, of course, fluorine to be responsible (see
Figure 1 and the Supporting Information for details).

Some researchers have argued that fluorine is formed
from the electrical discharge generated when “antozonite” is
crushed and that it is not occluded in the mineral.”**!
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Figure 1. Timeline of literature on the reasons for the peculiar smell of
the freshly crushed CaF, mineral “antozonite”; the color coding refers
to the method used for the investigation (red: chemical evidence,
blue: mass spectrometry, green: olfactory identification, gray: unknown
method). Up to now no in situ method has proven the inclusion of F,
or any other of the listed compounds in “antozonite”.

Attempts to quantify the strong oxidant included in “anto-
zonite” were undertaken by several authors.**3! Their
chemical analyses gave amounts between 0.2 to 0.47 mg of
the strong oxidant per gram of “antozonite”. Since the
authors could not identify the actual oxidizing species, they
considered the content to be “antozone” (O*), oxygen, or
fluorine. However, it was evident??*3! that a stronger oxidant
than oxygen or hydrogen peroxide must be present, with
singlet oxygen, ozone, oxidizing fluorides like OF,, and F,
itself as candidates. All these findings were heavily debated,
confirmed, and disapproved (see the Supporting Informa-
tion). In summary, none of the analytical methods were
capable of proving in situ that F, is present in “antozonite”.
Instead, compilations and reviews of compounds putatively
responsible for the smell of “antozonite” were frequently
published,™™ the first in 1914.”2 The discussion also
extended beyond the purely scientific community and
became of broader, public interest.[*

Chemically pure, synthetic fluorite, a colorless compound,
is used extensively for the manufacture of optical components
of high-power lasers and outer-space telescopes because of its
chemical inertness, wide band gap, and other physical proper-
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ties. However, since CaF, may suffer from radiation damage,
several investigations using vy, 5, and laser irradiation were
undertaken to clarify the formation of defects in the crystal
lattice. From these experiments it became evident that the
blue/violet color of irradiated CaF, is caused by Ca clusters.
Also, the formation of gas bubbles within CaF, during
electron-beam irradiation was observed;?**! the occluded
gas was identified as elemental fluorine, F,.**! Taking into
account the known mechanisms for the formation of elemen-
tal F, upon irradiation of naturally colorless or artificial
CaF,,’” 31 it becomes evident that the occurrence of “anto-
zonite”, its color, its smell and its morphology, can be related
to natural inclusions of uranium, sometimes also thorium, and
their respective decay products. Henrich seems to be the first
to assume that the color as well as the smell of crushed
“antozonite” might be related to the occurrence of the
radioactive minerals.”?! Our samples of “antozonite” contain
uranium and its daughter nuclides in an amount of approx-
imately 2.93x107'Bqg™', which corresponds to 2.36x
10~ grams of uranium per gram of sample; this was deter-
mined by y spectroscopy on the daughter nuclides of U and
28U, As the fluorite from Wolsendorf is roughly 2-3 x 10°
years old,™ and the half-life of U is 4.468 x 10° years,*” the
B-radiation-emitting daughter nuclides **Th, Z*"Pa, **Pb,
24Bj, 21%ph, and 2'°Bi account for extended irradiation of the
fluorite and hence the formation of F,.

Our “antozonite” samples were obtained from the mine
“Grube Maria” at Wolsendorf.'¥ X-ray powder diffractom-
etry showed pure, highly crystalline CaF, to be present. We
compared the smell of crushed “antozonite” directly with
authentic F, gas and unambiguously confirmed that the odor
of the mineral corresponds to F,. The smell of F, is decisively
different from that of O;, Cl,, HOF, HF, OF,, and XeF,, which
were also smelled in direct comparison. F, is detectable by
humans in minute amounts; its odor threshold is reported to
be 0.035-0.2 ppm.[* Because olfactory testing may be biased,
we also employed other analytical methods. We used "°F solid-
state magic-angle-spinning (MAS) NMR spectroscopy to
obtain highly resolved spectra from various “antozonite”
specimens; an example is shown in Figure 2. The assignment
of the observed peaks in the spectrum is straightforward by
compatrison to literature values!*? (Table S1 in the Supporting
Information). The peak (including spinning sidebands) at
—109 ppm is assigned to F~ ions in CaF, and the peak at
425 ppm to difluorine F,. Pure gaseous and liquid F, are
reported to have isotropic chemical shift values of 419 and
422 ppm, respectively.*”] The small deviation is a consequence
of sample susceptibility and pressure. Because of the short F—
F distance in F, the homonuclear magnetic dipole-dipole
coupling constant in F, molecules is of the order of —80 kHz,
which would cause a significant number of spinning sidebands
under the given experimental conditions for a static F,
molecule. The absence of spinning sidebands gives evidence
of fast rotational motion as in a fluid which is able to average
out the homonuclear dipolar interaction. In agreement with
our interpretations we observe fast 7 relaxation for the F,
peak at 425 ppm (7, =27 ms) and slow relaxation for the F~
peak at —109 ppm (7T,=64s). The "FNMR spectrum
(Figure 2, gray spectrum) shows that inclusions of other
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Figure 2. Quantitative '°F MAS NMR spectrum of “antozonite”,
obtained by direct excitation. The peak at 425 ppm is assigned to F,,
the peak (and its spinning sidebands) at —108.8 ppm to F~ in CaF,;

no other peaks were observed in an extended range from —1100 to
+20000 ppm.

oxidative fluorine compounds previously discussed (Table S1)
are not detectable down to the noise level of the NMR
experiment.

Because of the dark color of the natural mineral, it was
necessary to make sure, by quantitative “FMAS NMR
spectroscopy, that the spectrum is representative for the bulk
sample. By measuring the sample against an internal refer-
ence compound (BaF,) we ascertained that paramagnetic
atoms do not mask (by relaxational processes or through large
paramagnetic shifts, see the Supporting Information) any
significant part of the spectrum of the mineral. The observed
amount of (25.1 +0.8) mmol of total fluorine (F) per gram of
“antozonite”, which was determined by a back-extrapolated
spin-echo technique and corrected for offset effects and
relaxation,™! agrees with the expected value for pure CaF,
(25.6 mmol g~ ") within the error limits. Quantitative 'F NMR
experiments on various specimens resulted so far in a max-
imum F, content of (0.012 £0.0015) mmolg ", that is (0.46 &
0.06) mg of F, per gram of the “antozonite” samples.

In conclusion, “F solid-state NMR spectroscopy on the
CaF, mineral “antozonite” from Wolsendorf has provided
unambiguous insitu evidence that elemental F, occurs in
nature. The presence of elemental F, as an occlusion in
“antozonite” is likely to be a result of natural radioactivity
and the dark color a consequence of elemental calcium
clusters similar to those which have been observed upon
irradiation of pure synthetic CaF, with 3-rays.
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