Fluorine Compounds of
Xenon and Radon

Abstract. Xenon and fluorine combine

readily. Xenon tetrafluoride is a colorless

crystalline material, stable at room tem-
perature. The existence of at least one
other fluoride and two oxyfluorides has
been demonstrated. The heaviest “inert
gas,” radon, also reacts with fluorine,
yielding a compound less volatile than
xenon tetrafluoride.

The existence in the atmosphere of
gaseous species less reactive than nitro-
gen was recognized by Cavendish in
1785. Systematic studies leading to the
isolation and characterization of the
inert gases, however, began with the
isolation of argon by Rayleigh and Ram-
say in 1894 (1). For the group of gases,
helium, neon, argon, krypton, xenon,
and finally radon, the most character-
istic chemical property was taken to be
the absence of chemical reaction.

As concepts of valence based on the
distribution of electrons in atomic .or-
bitals were developed, the inert gases
with filled shells played an important
role (I). But our observations (2) may
require revision of previous concepts.

A number of compounds whose exist-
ence could not be confirmed have been
reported at various times for one or
another of these gases (3). Some weak
molecular associations of the inert gases
(hydrates and clathrates) have been un-
equivocally demonstrated, but these as-
sociations involve a stable molecule as
the other combining species; and the
combinations have been attributed to
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secondary valence forces and favorable
geometry (I). Band spectra recently
observed in electrical discharges and
ascribed to XeO and KrO suggest some
binding, but stable compounds were not
reported (4).

A chemical reaction of xenon with
platinum hexafluoride vapor was re-
ported in June 1962 by Bartlett (5),
who suggested that Xe*PtFs is the most
likely formula for the yellow powder
resulting from this reaction.

In the light of this interesting obser-
vation (6), Claassen, Selig, and Malm
(7) decided to explore the possibility of
a direct reaction between xenon and
fluorine. After heating a mixture of
these gases (with fluorine in moderate
excess) for 1 hour at 400°C and then
cooling to —78°C, they found, sur-
prisingly, no unreacted xenon. The re-
action product was recovered in high
yield as a colorless crystalline material,
stable at room temperature. The for-
mula XeF. derived from the ratio of
fluorine to xenon consumed in the re-
action, was confirmed by reaction with
hydrogen:

XeF. + H.— Xe + 4HF

and analysis of the products.

Claassen et al. noted that xenon tetra-
fluoride can be sublimed readily at
room temperature in an evacuated glass
system and that crystals up to a few
millimeters across grow in a few hours.
The vapor pressure was negligible at
—78°C and perhaps 3 mm-Hg at room
temperature.

Hydrolysis studies were initiated. The
results are not well understood and the
observations are discussed more fully
below. An infrared absorption band at
wave number 590 cm™ was found in a
vapor sample. Limited observations
were also reported on the compound’s
insolubility in n-perfluoro heptane and
on the probable existence of a lower
fluoride.

Direct determinations of molecular
weight, further confirming the formula

XeF: and also providing conclusive
evidence for ‘the existence of other
xenon compounds, have now been made
by analyzing samples of xenon fluoride
in a time-of-flight mass spectrometer
(8). Samples from two preparations of
the tetrafluoride were studied. In one
the xenon tetrafluoride had been made
from highly purified fluorine. When
the sample was held at room tempera-
ture, vapor admitted to the spectrom-
eter yielded the scan shown in Fig. 1.
When the sample was cooled to —78°C,
all the xenon fluoride species were
frozen out, but as the sample warmed
slightly, XeF and XeF: masses ap-
peared, as shown in Fig. 2. It is evident
that XeF: exists as a stable species and
is more volatile than XeF. XeFs is
probably a fragment derived from XeFs,
and XeF may be a fragment derived
largely from XeF-.

The other sample was taken from the
residue left in a container from which
most of the xenon tetrafluoride had
been removed. This batch had been
made with ordinary fluorine containing
a few tenths of a percent of oxygen. A
more complicated pattern resulted. Ion
masses were observed corresponding to
the following species: XeF, XeF:, XeFs,
XeF:;, XeO, XeOF, XeOF; XeOFs,
XeOF: (9). The species containing the
XeO group appear to originate in XeOF:
and XeOF. These two have an in-
dependent existence, with no very great
difference in volatility. The volatility
of these oxyfluorides of xenon is com-
parable to that of XeF: rather than to
that of XeF-.

Xenon and fluorine combine when
irradiated at room temperature with the
full light of a high-pressure quartz
mercury arc. These experiments were
carried out in silica vessels at approxi-
mately atmospheric pressure with a 2:1
mole ratio of fluorine to xenon. Attack
of the silica by fluorine during irradia-
tion introduced a complication, and
experiments with sapphire windows are
planned. The fact that xenon and fluo-
rine react photochemically provides a
valuable approach for studying the
mechanism of the xenon-fluorine re-
action.

An investigation of the crystal struc-
ture of XeF. is in progress. Samples
suitable for powder or single-crystal
studies have been prepared by conden-
sation from- the vapor phase. Crystals
develop with either monoclinic or or-
thorhombic symmetry, the monoclinic
probably being the higher temperature
modification.
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A preliminary study of the infrared
absorption spectrum of the XeF. vapor
gave an intense band at 586 cm™, a
weaker one at 290 cm™, and very weak
ones at 1100 and 1130 cm™. The
Raman spectrum of the solid has very
intense bands at 502 and 543 cm™ and
probably a weak one at 235 cm™. It
must be emphasized that this is a pre-

liminary report and that some of these

bands may be due to impurities, but
the observations to date are consistent
with a square planar model, and not
with a tetrahedral one. A preliminary,
inconclusive analysis of the x-ray data
is consistent with this picture.

When xenon tetrafluoride was treated
with either dilute sodium hydroxide
solution or water, a yellow color de-
veloped and the solid phase slowly dis-
solved to give a clear, pale yellow solu-
tion. All the fluorine in the original
compound could be accounted for as
fluoride. While there was some evolu-
tion of xenon and oxygen, the gas
recovered was much less than would
result from total hydrolysis according
to the following equation:

XeF, + 2H.0 — Xe + 0. + 4HF

The yellow alkaline solution prepared
as above can be evaporated to dryness
under a heat lamp without loss of
xenon (10). If, however, the solution is
first acidified, the xenon is lost upon
evaporation. These observations indi-
cate that the hydrolysis of XeF. is
complex and demonstrate that a xenon
compound, perhaps an ionic species,
can exist in aqueous solution.

Xenon tetrafluoride is insoluble in
n-C-Fis« and is soluble, with reaction,
in benzene. Xenon tetrafluoride is read-
ily soluble in anhydrous hydrogen fluo-
ride, with no evidence of reaction. At
—78°C the solubility is less than 1
mg/ml. At 60°C the solubility exceeds
100 mg/ml. The electrical conductivity
of the resulting solution is low. Hydro-
gen fluoride is a good ionizing solvent,
and the low conductivity tends to re-
duce the probability that jonic reactions
can be observed and to rule out ionic
mechanisms for fluorinating reactions
such as those described below.

Observations of the absorption spec-
trum (50,000 cm™ to 400 cm™) of a
dilute (0.2M) solution of Xenon tetra-
fluoride in hydrogen fluoride revealed
no significant difference from the spec-
trum of pure hydrogen fluoride except
for an absorption in the ultraviolet that
increased steadily with decreasing wave-
length. The molar absorption (Am)
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Xe F3+ Hg+ f

XeFg*
Fig. 1. Mass spectra of xenon fluorides.
Vapor was admitted to spectrometer from
sample at room temperature. The peaks
are off scale in the Xe* spectrum, there-
by distorting the xenon isotope abundance
pattern.

Xet XeF* XeFpt

found at 33,300 cm™ (300 my) was 30,
rising to 100 at about 35,400 cm™ (285
m,u.).

Xenon tetrafluoride, when dissolved
in hydrogen fluoride, is a moderately
strong fluorinating agent. Bright plat-
inum is fluorinated to PtF. with quan-
titative release of the combined xenon.
The course of fluorination reactions
with benzene and uranium tetrafluoride
suggests a fluorination potential com-
parable to that of uranium hexafluoride
rather than to that of chlorine tri-
fluoride.

Samples of xenon tetrafluoride have
shown no evidence of reaction or de-
composition after 6 weeks’ storage in
Pyrex vessels at room temperature.
Solutions of xenon tetrafluoride in an-
hydrous hydrogen fluoride have been
similarily stored in polychlorotrifluoro-
ethylene (Kel-F) for 2 weeks.

No attack has been noted on silver
chloride by either dry Xenon tetra-
fluoride or a hydrogen fluoride solution.

A number of minor explosions
occurred while we were manipulating
these xenon compounds. They have
occurred mostly in liquid nitrogen
traps protecting vacuum pumps when
these traps have been allowed to warm

Xet  XeFt  XeFot

Fig. 2. Mass spectra of XeF and XeF..
These were the first species to appear
after removal of the dry ice bath.

up to room temperature at the end
of an active operating interval. These
explosions may result from the reaction
of fluorinating substances with traces of
organic matter, or they may be due
to unstable oxides as found in similar
manipulations with chlorine trifluoride.

The results with xenon led us to ex-
amine the reactivity of radon (Z1). The
most stable isotope of radon has only
a 3.8-day half-life, and the manipula-
tion of even microgram quantities re-
quires elaborate shielding.

In tracer experiments with 5 to 100
microcurie amounts of Rn*?, it has
been shown that a radon fluoride of low
volatility exists. The position of Rn™
in a vacuum line is conveniently deter-
mined by observing the 1.8-Mev gamma
emission of the daughter Bi*™* (19.7-
minute half-life), which grows into
equilibrium with the radon in each
new site it occupies and decays in each
previous site, within several hours. In
a prefluorinated metal vacuum line, it
was demonstrated that unreacted radon
could be transferred from one site to
another with negligible loss, simply
by cooling the receiving vessel with
liquid nitrogen and maintaining the
supply vessel at room temperature or
even lower (—78°C, for example). How-
ever, when fluorine was added to a
vessel containing radon and the mixture
was heated to 400°C, the volatility of
the radon was greatly reduced. The
active deposit no longer moved at room
temperature and only began to move
at approximately 250°C in a 10°
mm-Hg vacuum.

In another experiment a trace amount
of radon mixed with several milligrams
of xenon was fluorinated. The xenon
fluoride product sublimed from the
reaction vessel at 50°C, but the radon
fluoride again remained fixed until a
temperature of 250°C was reached.

Radon fluoride is reduced with hy-
drogen at 500°C to yield elemental ra-
don. In trace amounts, the compound
shows no evidence of decomposition
induced by alpha particles, but this
does not necessarily indicate radiation
stability since most of the energy from
very small samples is absorbed by the
container. The preparation of quantities
of radon fluoride large enough for con-
ventional analysis may be difficult in
view of the associated radioactivity, but
samples large enough for analysis in the
time-of-flight mass spectrometer should
be feasible.

Research in this interesting field will
proceed rapidly. As group VIII-A of
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the Periodic Table, the “inert gases,”
because of their presumed nonreactivity,
have occupied an isolated position,
apart from the other groups of chemical
elements. Discovery that at least two
of these elements readily form stable
compounds opens the door to investi-
gations which should more closely in-
tegrate this group with the rest of the
Periodic Table.
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Azeotropic Freeze-Drying

Abstract. Spheres of comminuted frozen
meat were freeze-dried by boiling in tol-
uene under reduced pressure. The dehy-
dration was performed at 30°C and ap-
parently took place without melting the
ice. The dried product rehydrated readily
and showed all the characteristics of freeze-
dried defatted meat.

Freeze-drying is possible without vac-
uum, so long as the water vapor pres-
sure of the medium surrounding a
frozen specimen is below the vapor
pressure of ice at that temperature. This
process was demonstrated in the dry air
freeze-drying experiments of Meryman
(I) and Lewin and Mateles (2).

Azeotropic mixtures are composed of
two or more compounds that dis-
till together without decomposition or
reaction. The boiling point of an
azeotropic mixture is constant, and is
lower than the boiling point of its con-
stituents. The composition of the azeo-
tropic vapor depends upon the molec-
ular weight and vapor pressures of the
mixture components at a given temper-
ature. The purpose of our work was
to test the feasibility of azeotropic
freeze-drying.

At 0°C water and toluene form an
azeotrope with a vapor pressure of 12.1
mm-Hg. Of this pressure 4.6 mm rep-
resents the vapor pressure of ice and
7.5 mm the vapor pressure of toluene.
The composition of the azeotrope is
10.7 percent water and 89.3 percent
toluene. If the temperature is increased,
but the water is still frozen, the compo-
sition of the azeotrope changes. The
vapor pressure of the solvent increases,
while the vapor pressure of water de-
pends on the temperature of ice. The
azeotropic mixture becomes unsatu-
rated. The degree of saturation depends
on the rate of heat supply to sublimate
the ice, and on the rate of vapor remov-
al from the boiling flask. The vapor
pressure at the solvent-ice contact is
greater than the vapor pressure of sol-
vent in other parts of the flask. Thus,
violent boiling occurs around a frozen
specimen. Due to the temperature dif-
ference between the condensor and the
boiling flask, the azeotrope is rapidly
removed. Heat of 620 cal is necessary
to sublimate 1 g of ice at 0°C, and
since the vapors are rapidly removed,
it is not likely that the ice will melt.
These postulates were tested experi-
mentally.

Approximately 300 ml of toluene
were placed in a 700-ml round bottom
flask and heated to 30°C. The flask was

fitted with an insulated Bidwell-Sterling
receiver arm, a condensor, a manom-
eter and a vacuum line. A 7-g sphere
of frozen (—15°C) comminuted meat,
about 1.5 cm in diameter, was placed
in the flask and a vacuum was drawn
immediately. When the pressure reached
33 mm-Hg (in approximately 60 sec-
onds) the contents of the flask surround-
ing the meat sample came to a vigorous
boil. Vapors rosé to the condensor,
where they separated into water and
toluene. Water settled in the Bidwell-
Sterling receiver while toluene returned
to the flask. At the end of 90 minutes,
4.8 ml of water had accumulated in the
receiver, and the boiling subsided. At
that time air was allowed to enter the
system. The sample was withdrawn and
placed for 45 minutes in an air oven
at 101°C to dry off the solvent.

After drying in the oven, the sample
had the typical porous structure of
freeze-dried meat. The weight of the
dry material was 1.5 g and its dimen-
sions appeared unchanged. Upon im-
mersion in water, the material promptly
rehydrated to the consistency and ap-
pearance of very lean, raw, ground
meat. Its taste was that of uncooked
beef.

: Huco E. WISTREICH

JEREMY A, BLAKE
Research and Development Laboratory,
Preservaline Manufacturing Company,
Flemington, New Jersey
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Simple Apparatus for Ultrafiltration

Abstract. A rapid and highly efficient
ultrafiltration apparatus has been devised
from readily available laboratory materials
costing less than $5. Employing a fritted
glass tube to support an evacuated dialysis
bag, it accommodates as little as 1 milli-
liter and is ideally suited to dialysis of
small volumes and concentration of macro-
molecules for chromatography and elec-
trophoresis.

In our laboratory it is routinely nec-
essary to concentrate protein solutions
for electrophoretic analysis and to re-
move protein from an amino acid solu-
tion for chromatographic analysis.
These two operations are carried out
simultaneously with the apparatus
shown in Fig. 1. The grommet (Walsco
Electronics, No. 7034-F; inside diam-
eter, ¥ in.; mounting hole, 38 in.) is

SCIENCE, VOL. 138



	Cit r104_c119: 


