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I. INTRODUCTION

In spite of the very high reactivity of fluorine, reactions
involving this element often need to be activated by an elec-
trical discharge or by u.v. radiation. Interest in the reac-
tions of fluorine in discharges was stimulated by recent
developments in the synthesis of fine inorganic chemicals,
and by the search for new oxidisers and high-energy com-
pounds. The plasmo-chemical synthesis of fluorides is often
either the only available method or the most attractive one.

Atomic fluorine, formed by passing molecular fluorine
through an electrodeless h.f. discharge (40 MHz, 50 W), has
been detected! by ESR. A dark red glow discharge, whose
spectrum contains strong optical lines from neutral fluorine
atoms, develops in a fast flow of the gas at a few hundred
Pascal pressure.

Small quantities of atomic fluorine in electrical discharges
are usually prepared by using a mixture of fluorine (or vola-
tile fluoride) with an inert gas. For example, the following
mixtures have been used: fluorine and argon (0.1-20% Fp),*~®
fluorine and helium (1-20%), 7*%¢ sulphur hexafluoride and
helium!?*3 atomic fluorine has also been prepared from car-
bon tetrafluoride***71%, Power is supplied to the gas reac-
tor from a low-power h.f. or microwave generator, for exam-
ple a standard microwave generator of frequency 2450 MHz
and <200 W output power. The discharge tubes are made
of quartz or alumina: the latter is more stable towards
atomic fluorine®~®, but it produces dielectric losses higher
than those of quartz tubes. The gas flow emerging from
the reactor is used to study the reactions of atomic fluorine
(see Ref.16 for a comprehensive review).

The dissociation of fluorine in a microwave discharge can
be as high as 60-90% %1% but the concentration of atomic
fluorine in the outlet gas decreases rapidly as a result of
recombination and reaction with the wall of the apparatus.
The recombination rate constant (F +F +Ar—~ F, + Ar) is
estimated’’ to be (1.8-6.0) x 10** cm® mole™ 2 s™*. A study
of the recombination of fluorine atoms in the presence of
argon at 295 K and 10—81 mmHg pressure gave an experimen-
tal value of (2.9+0.2) x 10*® em® mole™? 57! for the constant®.
This value is two orders of magnitude lower than the corre-
sponding rate constants for the recombination of Cl, Br, I, O,
and H atoms in argon. Molecular nitrogen (as the third
body) is approximately 10 times more effective than argon
in bringing about the homogeneous recombination of atomic
fluorine®.

A significant proportion of the fluorine atoms is lost on
the apparatus walls. On a quartz surface the loss of F
atoms occurs mainly by the reaction with SiO,, accompanied

by the formation of silicon tetrafluoride**®'® and of fluoro-
siloxane polymers®’. The probability of disappearance of
F atoms as a result of wall collisions has been determined!®??
for the following surfaces: glass, quartz, mullite-silica,
Teflon, copper, stainless steel, nickel, aluminium alloys,
and gold.

The formation of fluorine atoms from F, molecules in an
electrical discharge can take place by different mechanisms:
the most probable are described by Egns.(1) and (2):

Fy+e—> (F;) > F+F+e, (1)

Fate > (Fj)* - F+F, (2)

The minimum energy of the colliding electron needed for
reaction (1) is 1.5 eV; the dissociative attachment reaction
(2) is exothermic, and does not require an activation

energy??. Reactions (3), (4), and (5)
Fy+e - F; +2 €)
Fy4+¢ >~ Pt F4 2 (4)
Fpte— Fr+F-+e (5)

can take place if the energy of the colliding electrons is not
less than 16.6, 19.0, and 15.4 eV respectively??. The cross-
section of reaction (5) increases monotonically with the elec-
tron energy from ~16 to 32 eV: this reaction is predominant
for field strengths of ~10* V ecm™2,2%2* The presence of

F; ions in gaseous fluorine passed through a glow discharge
(50 mA, 15 kV) has been demonstrated?® spectroscopically.
The reaction F;+F~ + F +F +F is thought to be another prob-
able path for the formation of F atoms?2.

The number of F atoms generated by collisions with elec-
trons is proportional to the energy of the electron beam?2.
The rate of dissociation of F, molecules in a glow discharge
at 0.5 mmHg pressure increases linearly from 3 x 10'® to
1.2x10*” em~*® 57! as the current increases from 4 to 45
mA.%®  The dissociative attachment of electrons to the F,
molecule has been shown?’2® to be one of the basic rate-
limiting processes in the dissociation of fluorine in the posi-
tive column of a glow discharge for currents in the range
0.5-50 mA. The thermal dissociation of fluorine molecules
in gas discharge plasmas can be ignored because of the rela-
tively low "molecular” temperature of the plasma®”’*2%,

From sulphur hexafluoride in a discharge the F atoms are
formed mainly by the reaction SF¢- SF, +F; % the dissociation
of CF, gives not only fluorine atoms and molecules, but also
C,F,, CF,, and other fluorinated compounds”. Thus, in
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spite of their ready availability in a very pure form, SF; and
CF, are not the most convenient sources of fluorine for
chemical synthesis in electrical discharges.

Low-frequency glow discharges are used most frequently
for the synthesis of fluorides: reactions in electrodeless
h.f. and microwave discharges, or in silent (barrier) dis-
charges, have not been studied in detail. @ Whenever pos-
sible, the prepared mixture of fluorine (or volatile fluoride)
and the other reactant is introduced into the discharge
reactor, or the reactants are condensed on the reactor wall
and exposed to fluorine (or a fluoride) which has been acti-
vated in the discharge. Reactions involving fluorine or a
fluoride are usually carried out in reactors cooled to very
low temperatures. Often a valuable product can be syn-
thesised only if the reactor walls are cooled in liquid nitro-
gen, but this is easily done because the discharge current
is usually 20—50 mA, corresponding to a power dissipation
of only 100—150 W.

In the following Sections we shall review experimental
data on the reactions of fluorine and fluorides in an electrical
discharge reported since 1969—1970, and therefore not
included in earlier reviews3®"’®2, Some older work not men-
tioned in those reviews will also be discussed here.

I1. SYNTHESIS OF THE NITROGEN FLUORIDES, TRI-
FLUORAMINE OXIDE, AND TETRAFLUORO~-AMMONIUM
SALTS

1. Synthesis of Nitrogen Trifluoride

Nitrogen fluorides have a variety of applications in the
synthesis of fine inorganic chemicals and in preparative
organic chemistry®®. In the absence of external agencies
such as electrical discharges or ionising radiation fluorine
does not react with nitrogen. The nitrogen fiuorides NF,,
N,F,, N,F,, and N,F are therefore usually prepared from
compounds containing bound nitrogen. However, the syn-
thesis of nitrogen trifluoride from the elements is thought*
to be thermodynamically possible at temperatures below
~900 K. A calculation® of the equilibrium composition of
the nitrogen—fluorine system shows that at 200-1000 K,
for total pressures of 20 or 760 mmHg, and for atomic ratios
F:N=1:3,1:1, or 3:1 the main fluorine—nitrogen compo-
nent of the system at equilibrium is nitrogen trifluoride®,
whose concentration is a maximum and close to 1 (in mole
fraction) at 200—600 K. As the temperature increases to
700—1000 K the concentration of NF; decreases as a result of
dissociation, and at 1500 K it becomes negligibly small®’.

The preparation of NF; in 30% yield from the elements in
a glow discharge was reported®® in 1964, but the synthesis
of NF; in a glow discharge appears®® to have first achieved
in 1960. The synthesis of nitrogen trifluoride is possible
whether or not the discharge tube is cooled in liquid nitrogen:
if all other conditions are the same, a better yield is obtained
by using cooled U-tubes for the reaction. The electrodes
can be made of copper, nickel, copper—nickel alloy, or steel,
since none of these materials has a significant influence on
the yield of NF;. Electrodes made of silver or silver—copper
alloy disintegrate rapidly in an atmosphere of fluorine, but
they give a higher yield of NF; than (say) copper elec-
trodes"’. Varying the fluorine to nitrogen ratio in the
initial mixture of gases does not lead to the synthesis of addi-
tional products (other than nitrogen trifluoride). The yield
of NF, is almost independent of the composition of the initial
mixture, and increases with the energy dissipated per unit
volume of reacting gases to a maximum of 60—70%. 3> Because
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of its high energy consumption the plasmo-chemical method
of synthesis of NF, has only limited preparative value. Flu-
orination of *°N, in a glow discharge has been used*! to
prepare °NF,;. Nitrogen trifluoride has been synthesised
from the elements also in a barrier discharge (though in low
yield)*?, and in a pulsed u.h.f. discharge"’.

2. Dissociation of Nitrogen Trifluoride

Nitrogen trifluoride is unstable in electrical discharges,
and easily dissociates into fluorine and nitrogen®'. The dis-
sociation is reversible, and if the flow rate of the NF;through
the reactor is slow a limiting concentration of the dissociation
products is observed, which depends (among other things)
on the strength of the discharge current. For example, for
a pressure of 15 mmHg in the glow discharge the degree of
dissociation is 70, 90, and 96% for discharge currents of 12,
25, and 40 mA respectively**. The limiting degree of disso-
ciation of NF; in a barrier discharge under circulating flow
conditions*? is 98%; almost complete decomposition of the NF,
is obtained also in a u.h.f. discharge"3.

The effect of added fluorine, nitrogen, and oxygen on the
decomposition of NF; has been studied® in a glow discharge
without cooling the walls of the reactor in liquid nitrogen.
Fluorine inhibits the decomposition slightly, probably by dis-
placing the reaction NF; & F +NF, < 2F +NF = 3/2F, +1/2N,
towards the regeneration of nitrogen trifluoride. Addition
of nitrogen accelerates the decomposition of nitrogen trifluo-
ride, possibly by transfer to the NF; molecules of the energy
of the electronically excited N, molecules: it is well known"®
that NF; can be decomposed by active nitrogen, though less
readily than ammonia. Addition of oxygen also accelerates
the decomposition of NF;. Under these conditions the sys-
tem contairs fluorine, nitrogen, NO,, and (in some experi-
ments) N,O;. The reason for the absence of nitryl fluoride
is not clear, since mixtures of NO, and fluorine are known"’
to give FNO, very readily by the reactions

NO; 4- F, - FNOy -+ F, NO;+F+4+ M -+ FNO, 4- M,

The tendency of nitrogen trifluoride to dissociate in a
discharge allows this material to be used as a fluorinating
agent. Thus, a mixture of NF; and O, in a tube cooled in
liquid nitrogen gave oxygen fluorides at a current of 20 mA
and 0.6 mmHg pressure*®, though the formation of triflu-
oramine oxide (F;NO) was not detected. Yet, this compound
was later synthesised by exactly the same reaction (NF, and
0, in a discharge tube at 77 K: see, for example, Ref.49).
The action of a glow discharge on a mixture of bromine and
NF; produces bromine fluorides®’. Bromodifluoramine BrNF,,
a possible product of the reaction between Br atoms and NF,
radicals, is not formed in a glow discharge. The NF, radicals
formed by the decomposition of NF; may be in an unstable
excited state which rapidly breaks down. The reaction
between NF; and chlorine in a microwave discharge gave CIF
and nitrogen, but not CINF, or CI,NF. %

3. Synthesis of Difluorodiazine and Tetrafluorohydrazine

Difluorodiazine N,F,, which can exist as cis- and trans-
isomers, is formed in trace quantities during the synthesis
of NF; from the elements in a barrier discharge. Tetra-
fluorohydrazine (N,F,) also could not be obtained in reason-
able yield, either from fluorine and nitrogen or from the
decomposition of nitrogen trifluoride. One of the factors
opposing the synthesis of N,F, and N,F, in discharges is the
instability of these compounds in the presence of fluorine,
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with which they react to give nitrogen trifluoride. Difluoro-
diazine N,F, frozen on the wall of the discharge tube at 77 K
rapidly reacts with fluorine in a glow discharge to give NF,.
The reaction between N,F, and OF, in a discharge at 77 K
gives NF,, NOF, and NO,F.* N,F, and N,F, can be prepared
from nitrogen trifluoride in a discharge tube if a fluorine
acceptor (for example, mercury) is added®’52,

4, Synthesis of Trifluoramine Oxide

The synthesis of trifluoramine oxide F,NO was reported®®~S*
in 1966, though there is evidence in the Patent literature that
the compound has been known in some laboratories since 1961
to 1962. F;NO can be synthesised by plasmo-chemical and
photochemical methods as well as by methods not involving
radiation or low-temperature plasmas.

Different combinations of the basic components (nitrogen,
oxygen, and fluorine) can be used for the synthesis of F;NO
in electrical discharges: N,+0,+F,,%® N,+OF,+F,,% NF,+
OFZ’ 57 —-60 NF3 +02"+9,55,61,62 NF3 +NZO , 61 and N02 +F2. 56 A
calculation®%% based on published thermodynamic data®’
shows that the N +O +F system at equilibrium may contain
substantial amounts of F;NO, the shape of the equilibrium
diagram being very dependent on the N:O:F ratio. The
mole fraction of F;NO in the system at equilibrium is relatively
high only at 200—300 K, and falls off very steeply at higher
temperatures. Since F3;NO is stable at low temperatures it is
essential to quench the products at the conclusion of the
plasmo-chemical preparation of this compound. The synthe-
sis of F3;NO in a glow discharge is carried out in tubes cooled
to 77 K by immersing the reaction volume either wholly or
partly in liquid nitrogen. Attempts to "extract" the F,NO
from the discharge and to condense it in a remote trap were
unsuccessful.

The yield of F;NO from nitrogen trifluoride and oxygen*®
55,862,684 j5 10—15%, with ~70% utilisation of the NF,. In addi-
tion to F3NO the reaction produces oxygen fluorides, oxides
of nitrogen, and ozone. Ozone formation can be suppressed
by using an excess of NF; (for example, by using NF;: O,
ratios between 2:1 and 6:1 in the initial mixture®?). The
synthesis of F;NO from mixtures of NF; and OF, does not dif-
fer in principle from the synthesis from NF; and O,, since
the OF, merely acts as a source of oxygen by decomposing
into its elements in the discharge. Trifluoramine oxide has
been prepared in 20-40% yield from an NF;:OF,:Ar=1:1:2
mixture®®,

Mixtures of fluorine, nitrogen, and oxygen are not a very
convenient reagent for the preparation of F;NO in spite of the
ready availability of the starting materials. When these mix-
tures are used the formation of F;NO is suppressed by a com-
peting reaction: the formation of O,F,, which consumes 94 to
97% of the oxygen reaching the discharge (assuming an
F, : N,:0, ratio of 3:1:1 in the initial gas mixture)®*®, The
yield of F;NO cannot be improved by adding an excess of
oxygen: this could merely convert the whole of the fluorine
present in the system into O,F,.

The reaction between fluorine and nitrous oxide has been
studied in detail®®., The extent of conversion of N,O into
F;NO, calculated by the equation N,O + 3/2F, =F;NO +1/2N,,
is almost independent of the composition of the mixture, and
goes through a maximum (~20-22%) as the flow rate of the
gas is increased. Up to 40-50% of the oxygen formed by
the dissociation of N,O reacts with the fluorine to give O,F;
ozone formation is negligible, making this method of synthe-
sis safer than the preparation of F;NO from NF; and O,. In
the absence of an electrical discharge the reaction between
fluorine and nitrous oxide at 573—1073 K produces a mixture
of FNO and NF;. *’
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Trifluoramine oxide has been obtained in small amounts
(0.5 mmole h™!) from a mixture of N,, O,, and F, (1:1:3)
in a microwave discharge at a pressure of ~0.5 mmHg.®® The
low yield of F3NO is probably due to the low power of the
microwave source used, which prevented the use of higher
pressures. Another possible reason for the low yield is the
difficulty of synthesising F;NO from the elements, which was
mentioned above.

Thus the plasmo-chemical synthesis of F;NO is fairly
laborious, offers only a moderate yield, and is accompanied
by the formation of large amounts of side products. The
photochemical method of preparing F;NO %°~7! is similar in
many ways to the plasmo-chemical methods and has an even
lower yield. The most promising method appears to be the
combustion of nitric oxide in fluorine in a flow reactor’?. All
methods of synthesis of F;:NO apparently include the follow-
ing main steps: 1) formation of nitric oxide, 2) fluorination
of nitric oxide in nitrosyl fluoride [NO +F(F,) ~ NOF(+F)],

3) fluorination of the nitrosyl fluoride (NOF + 2F + F,NO).
The nitric oxide may be introduced as a reactant or formed
in the plasma (by the oxidation of nitrogen or by the decom-
position of nitrous oxide).

5.Synthesis of Tetrafluoro-ammonium Salts

Even quite recently the synthesis of stable tetrafluoro-
ammonium salts was believed to be impossible. According
to Wilson’®, only NF:BF; could have enough thermal stability
to exist as a stable compound at temperatures below 153 K.
However, two papers’*7® published in 1966 reported the
preparation of the salts NF/AsF; and NF}SbF;, which are
stable at room temperature but rapidly decompose at temper-
atures above 543-573 K. In 1970 the compound NF;BF; was
synthesised’®, and found to be stable up to 513-623 K. In
recent years a few more salts containing the NF. cations have
been prepared. The tetrafluoro-ammonium compounds are
powerful oxidising agents: they can be used, in principle,
as components of solid rocket fuels’’, in gas generating
apparatus’®’?, and in laser technology®-®*. Tetrafluoro-
ammonium hexafluoro-arsenate and tetrafluoroborate have
been synthesised in a glow discharge.

The compound NF,AsF,; was prepared by circulating a
mixture of NF;, AsFs, and F, (1:1:2) in a glow discharge
apparatus with a discharge tube cooled to 195 K. 31:75:82,83
In very long (~40 h) experiments with inadequate cooling
the reactor wall suffered serious corrosion, forming salts
with oxygenated cations which contaminated the desired
product. In an experiment®* with ahigh-pressure mercury
lamp irradiating an equimolar mixture of NF;, AsFs, and F,
in a quartz vessel at room temperature the compound O;ASF;
was obtained instead of NF,AsF as a result of corrosion of
the walls of the vessel. At 77 K the same reactants in a
quartz reactor irradiated with light from a 900 W mercury
lamp yielded NF,AsF, at a rate greater than 1 g h™*, %

Attempts to synthesise NF,BF, in a glow discharge with
a reactor cooled tu 195 K proved unsuccessful®®®: instead
of NF,BF,, O,/BF, was obtained together with a salt which
hydrolysed to give nitrogen oxides. In order to obtain
NF,BF, from NF; BF,, and fluorine the reactor walls must
be cooled in liquid nitrogen’®:%77%%. The synthesis is car-
ried out as follows: the NF; and BF; are condensed on the
wall of a U-shaped discharge tube, and gaseous fluorine
is slowly allowed to flow through the discharge at 30—55
mmHg with a current of 30 mA. After 1 h of discharge a
fluorine flow of 400 ecm® h™! produces’ ~3 g of NF,BF, in a
yield approaching 100%. Up to 3 g h™! of NF,BF, can be
obtained by an improved variant of the photochemical method



34

of synthesis from NF;, BF;, and F, at 77 K in a reactor made
of steel and sapphire®.

Reactions in which NF; or F* ions give NFy (for example,
NF;] +F » NF}, or NF;+F* > NF}) are possible, in principle,
in an electrical discharge, but not in the photochemical or
thermal synthesis of tetrafluoro~ammonium salts, since the
u.v. energy or the thermal energy of the reactants at 373
to 473 K is insufficient to ionise NF; or F. In this context
it is interesting to consider the suggestion® that the active
particles responsible for the oxidation of NF; could be the
radicals AsF;, which have a high electron affinity and are
formed from a fluorine atom and a molecule of the Lewis
acid AsFs. The reaction between AsF¢ and NF; would give
first NF; AsF; and then NF, AsFg (by the addition of a
fluorine atom).

The possible existence of the radicals AsF;, SbF¢, Sb,Fy;,

and the cation radical NF; was confirmed experimentally®® by
Y-radiolysis of the salts NF,AsF; and NF,SbF,.0.8SbF; at

77 K. It was also shown that NF;‘ can be formed as an
intermediate during the photochemical synthesis of NF,AsF,
and NF,BF, from mixtures of NF;, F,, and a Lewis acid®!.
The radical BF, was not detected during the radiolysis of
NF,BF,, possibly because of its low thermal stability. The
instability of BF, may also explain the failure to obtain
NF,BF, in a glow discharge at 195 K. ®%®_ A study®? of the
thermal decomposition of the salts NF,BF, and NF,AsFy finally
led to the rejection of the mechanism of formation of NF,
through the formation of radicals of the AsF{ type and their
reaction with NF; molecules, and to its replacement by the
mechanism

Fy & 2F, F+NF; & NF,,
NF, + ArFy & NFAF;, NEYASE) -F @ NFIASF, .

Hi. SYNTHESIS OF OXYGEN FLUORIDES

The reaction between fluorine and oxygen and the synthe-
sis of oxygen fluorides in a glow discharge are discussed in
earlier reviews®’3?, The plasmo-chemical method was, for
a long time, the only method of preparing the compound
dioxydifluoride O,F,. In 1969 a radiation-chemical synthesis
of 0,F, was reported®?, and more recently it was suggested
that the compound can be obtained by irradiating a mixture
of O, +F, or OF, +F, at 77 K with light from a mercury lamp
(365 nm) °3 or by fluorinating the oxygen with thermocata-
lytically generated atomic fluorine®*.

The reality of the existence of higher members of the
polyoxydifluoride series OnF, (n=2-6) had been questioned
(see previous reviews3:3%). Pshezhetskii and coworkers®
doubt the existence of tetraoxydifluoride O,F, as a pure com-
pound. The electronic absorption spectrum of the product
obtained by a method®® claimed to give O,F, in a glow dis-
charge was assigned to a mixture of O,F, and the radicals
0,F'. The compound of empirical formula O,F, is thought®®
to be the radical O,F", at least in dilute solutions (in liquid
argon, oxygen, or CF,). The reaction between fluorine
and oxygen in a glow discharge with reactor walls cooled to
77 K or below apparently gives only one of the "polyoxydi-
fluorides": the dioxydifluoride, which may contain the
O,F " radical in concentrations anomalously high for a free
radical.

The action of a barrier discharge on a fluorine—oxygen
mixture has been studied®’”?®. Pyrex glass ozonisers made
of three coaxial tubes were used as reactors. Power was
supplied to the ozonisers from an audio-frequency signal
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generator and amplifier; the reaction was studied in a cir-
culating regime with the fluorine—oxygen mixture at an
initial pressure of 100—600 mmHg. The ozoniser wall was
cooled in running water, and the gas flow from the ozoniser
was led by a connecting tube to a trap cooled in liquid nitro-
gen ~50 cm away from the ozoniser. A yellow or orange
solid was condensed in the cold trap, though in some experi-
ments the condensate (at 77 K) contained a dark red liquid.
The composition of the low-temperature condensate obtained
from an ozoniser in which the discharge gap was 1 mm wide
varied according to the composition of the initial gas mix-
ture, the power of the discharge, the time for which the

gas was circulated, and the initial pressure of the gas. The
O:F atomic ratio in the condensate varied between 1.1 and
2.04. The most probable combination of oxygen fluorides
(to account for a chemical analysis of O:F =1.1-2.04) is the
mixture O,F, + (O,F), (mistaken for "O,F," when x =2).

The oxygen content in the condensate tends to increase with
the circulation time of the initial gas mixture and with its
oxygen content, and with a decrease in the power of the
discharge and in the initial pressure in the reactor. On
heating the tube connecting the ozoniser to the cold trap
from room temperature to 323—333 K the rate of formation of
condensate in the trap falls off very steeply, though some
condensation persists even under conditions clearly unsuit-
able for the transport of "eryogenic" compounds. The O:F
ratio in the condensate remains close to 2 under these condi-
tions, i.e. the condensate approaches the composition "O,F,"
corresponding in reality to any agglomerate of the (O,F),,
type.

Since O,F, is thermally more stable®! than "O,F," the
enrichment of the condensate in the "tetra-oxydifluoride"
on heating the connecting tube is unexpected. Evidently,
the O,F° radicals are more stable than the O,F, molecules,
and these molecules are decomposed preferentially in the
heated gas stream, leading to a change in the O,F,:0,F"
ratio in favour of the O,F" radicals and to a corresponding
change in the composition of the condensate. The O,F*
radicals are stable towards F, molecules, and they are flu-
orinated to O,F, only under the influence of atomic fluorine.
The compound dioxygenyl hexafluoroarsenate O, AsF,, which
dissociates on heating with evolution of O,F’, ®® has been used
recently to prepare O,F  radicals and to study their proper-
ties.

The condensate obtained from an ozoniser with a discharge
gap 0.5 mm wide contains, in addition to the unstable oxygen
fluorides, the stable compound oxygen difluoride®®. The
synthesis of OF; is very slow: under the most favourable
experimental conditions the yield of OF; was only 2 mmole h™*.
The low rate of formation of OF, is explained by the presence
of a competing reaction (the synthesis of the unstable oxygen
fluorides) and by the difficulty of stabilising the oxygen
difluoride in the discharge apparatus of the chosen type.

As a method of synthesis of oxygen fluorides the barrier
discharge is inferior to the glow discharge not only in terms
of apparatus complexity and of yield, but also because the
composition of the condensate is more sensitive to experi-
mental conditions.

IV. SYNTHESIS OF THE HALOGEN FLUORIDES AND OF
CHLORINE OXYTRIFLUORIDE

The compounds of fluorine with chlorine, bromine, or
iodine are prepared from the elements at room temperature
or with moderate heating®®®; many methods of preparing
chlorine oxide fluorides are also known. Electric discharges
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have been used in the search for methods of synthesis of
higher halogen fluorides and of new chlorine oxyfluorides.

1. Synthesis of Chlorine Pentafluoride

An unsuccessful attempt to prepare CIFs from ClF; and
fluorine in an electrical discharge was reported®® in 1957.
The first disclosure!®? of the synthesis of chlorine pentaflu-
oride at elevated temperature and pressure was in 1963;

a patent application for the preparation of CIF; in a dis-
charge!®? appeared in the same year. In the glow-discharge
synthesis'®?’1%% 3 mixture of fluorine and chlorine is passed
through a U-shaped discharge tube with copper electrodes
(cooled to 195 K), and the gases from the outlet are taken

to a trap at 77 K. The pressure (30 mmHg) and current

(30 mA) in the discharge are kept constant. The reaction
products (CIF, CIF;, and CIFs) can be separated by low-tem-
perature sublimation. Fluorine can be made to react with
chlorine both in a glow discharge (with direct current or

at mains frequency) or in an h.f. discharge®®?. Instead of
fluorine and chlorine, binary compounds of fluorine and chlo-
rine can be used!®? for the synthesis of ClFs (CIF, CIF;, NF,,
N,F,, N,F,, NCl;) as long as the number of fluorine atoms in
the initial mixture is in 1-10 fold stoichiometric excess over
the number needed to form CIF;.

The salt ClF:PtF;, whose cation can be formally considered
to have been derived from the hypothetical chlorine fluoride
CIF,, has been described (see, for example, Ref.104). It
was synthesised by photochemical oxidation of CIFs, using
PtF,, but attempts to produce ClF;' in a glow discharge were
unsuccessful’®®. A glow discharge in a reactor made of
Pyrex glass, at 195 K and 20-50 mmHg pressure, yields
CIF;BF; (but not CIF{BF; ) from a mixture of BF, +F, +CIF,
(1:1and 42:1). Obviously, the CIF; dissociates with for-
mation of CIF;, which reacts with the BF; present in the
system to give crystalline CIF;BF;, 17%20%

2. Synthesis of Bromine Pentafluoride

The reaction between bromine and fluorine in a glow dis-
charge is carried out by freezing bromine in a U-shaped dis-
charge tube at 195 K and adding fluorine to the discharge,
either continuously or in portions, while maintaining a pres-
sure of 20—25 mmHg and a discharge current of 20—30 mA.>°
As the reaction proceeds the deeply coloured bromine is con-
verted into the colourless bromine pentafluoride. An 80 to
85% extent of conversion of the Br, (calculated as BrF;) is
reached in a few minutes, but the reaction then slows down,
and quite long times are needed for the reaction to go to
completion. The final yield of BrF; is almost 100%. Cooling
the walls of the discharge tube with liquid nitrogen lowers
the rate of fluorination very strongly, probably by suppres-
sing the renewal of the frozen bromine surface and thus
making the underlying layers of condensate inaccessible to
the fluorine. The reaction between fluorine atoms and bro-
mine molecules also gives bromine pentafluoride®.

Unsuccessful attempts have been made to prepare bromine
heptafluoride!®®: apparently, BrF, (like CIF,) is unstable
towards dissociation into the pentafluoride and fluorine, even
at very low temperatures. However, the salts BrFfAsFg and
BrFg Sb,Fy;, which contain the BrF¢ cation, are known'’®.
They are prepared by oxidising bromine pentafluoride with
Kr,Fj or KrF*. The resulting BrF, is one of the strongest
oxidising agents known, and it can easily oxidise O, to O or
xenon to XeF* under normal conditions.
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3. Synthesis of Chlorine Oxytrifluoride

Chlorine oxytrifluoride F;Cl0O was first synthesised.in 1965
by a group of workers in the USA, %7 and the synthesis was
later confirmed by an independent group in France'’® in 1970.
Several methods of preparing F;Cl0 have since been reported
(see, for example, Ref.109), but they all have serious draw-
backs: they are laborious, the reactants are not easily
available, the yield of product is low, etc.

Chlorine oxytrifluoride, like trifluoramine oxide, can be
prepared in an electrical discharge. In addition to their
formal similarity, the reactions leading to the synthesis of
F,;CIO and F;NO have one important feature in common: the
need to stabilise the end product very effectively. The
quenching and storage of F,ClO is complicated by the very
high reactivity of this compound, which attacks glass or
quartz even at temperatures below 273 K. The synthesis
of F,ClO in an electrical discharge has not been studied fully.
The compound was first prepared*’’ by freezing CL,0 at 77 K
on a Pyrex glass U-tube reactor and passing fluorine at
20 mmHg pressure through the discharge. The products
contained CIF; (~45 mole %), FCIO,, CIF;, and only 1—2% of
F;ClO. The formation of F;CIO from ClFs and O, in a glow
discharge with reactor walls cooled to 77 K has been
reported!®®. If the wall temperature is raised to 195 K, a
strong acceptor of fluoride ions (like BF3) is needed to fix
the F4CIO in the form of the salt F,CIO*BF,. Low-temper-
ature fluorination of the salt CIO;BF; in a glow discharge
also gives F,CIO'BF,.**®  Chlorine oxytrifluoride is one of
the products of the reaction of perchloryl fluoride FC10; with
fluorine in a glow discharge at 77 K.1%® The action of a
glow discharge on a mixture of F,, Cl,, and O, yields chlorine
oxytrifluoride, but in a yield not exceeding 6%.'°° Similarly
low yields were reported (see above) for the preparation of
trifluoramine oxide from its elements.

V.SYNTHESIS OF THE INERT GAS FLUORIDES

Early work on the synthesis of krypton and xenon fluo-
rides is reviewed in Ref.31. The most difficult to prepare
is krypton difluoride, due to the low reactivity of krypton
and the low thermal stability of KrF,. Yields of ~1 g h™!
were obtained''? in the synthesis of KrF, in a glow dis-
charge at a current of 10 mA. When the reactor is at 123 K
krypton difluoride is not formed. The use of a barrier
discharge in a reactor cooled in liquid oxygen or nitrogen
gave a yield*'? of KrF, of 50 mg kW™ > h™®, In a photochemi-
cal method'*? of preparing KrF, by irradiating a mixture of
krypton and fluorine (condensed at 77 K) with light from a
mercury lamp the yield of KrF, was 4.7 g after 48 h. The
photochemistry of krypton difluoride was studied also by
Legasov and coworkers!*~118  KrF, is produced at rates of
up to 6 kg h™! by treating krypton frozen at 77 K with
atomic fluorine generated by a heated nickel catalyst!*’. The
reaction between krypton and fluorine in a glow discharge
in the presence of antimony pentafluoride’!® gave KrF*SbF,
if the reactor walls were cooled with liquid nitrogen and the
discharge current was 10—30 mA.

Xenon difluoride has been prepared in almost 100% yield
from a mixture of fluorine and xenon in a glow discharge at
196 K. 1In the presence of an excess of fluorine XeF, is
formed, but the tetrafluoride cannot be prepared free from
traces of XeF, in a glow discharge. A mixture of fluorine
and xenon (3:1) was shown'?® to yield XeF, contaminated
with XeF,.XeF, in the early stages of the reaction, and XeF,
containing a small amount of XeF,.XeF, in the later stages.
The absence of XeF, crystals at all stages of the reaction
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was demonstrated by X-ray phase analysis. The authors
conclude'?® that the xenon fluorides are formed by the suc-
cessive fluorination of XeF, to XeF,, and XeF, to XeF,, at
rates one order of magnitude lower for each step.

XeF, has been synthesised (in yields of up to 39.3 g h™%)
by treating solid xenon in a "fluidised" bed with atomic
fluorine generated in an h.f. discharge (8 MHz, 0.1-2 kW
Xenon difluoride has been prepared in a pulsed high-pres-
sure discharge with a current of amplitude 50 kA and fre-
quency 70 kHz.'?! The photochemical reaction of xenon with
an excess of fluorine (Xe:F,=1:4-6) yields XeF, at room
temperature’®?; the reaction takes place in two steps, and
the fluorination of XeF, to XeF, is ~20 times slower than the
fluorination of Xe to XeF,. The interaction of F atoms with
XeF, or XeF, was not detected in a kinetic study® of the
reactions of atomic fluorine: the reason is not clear.

Xenon dichloride for spectroscopic work has been prepared
by condensing on a cold surface (10—15 K) a mixture of
xenon and chlorine which had passed through a microwave
discharge'?®.
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VI. OTHER REACTIONS OF FLUORINE AND FLUORIDES

Many element—organic compounds containing trifluoro-

methyl groups can be synthesised by using an h.f. discharge:

HgR,, RHgX, R,Te,, R,Te, SnR,, GeR,, BiR, (where R =CF,,
X =Cl, Br, 1).1?*7125  The CF; radicals are obtained by the
dissociation of hexafluoroethane in an h.f. discharge (8.6 to
13.6 MHz) at 0.5—-2 mmHg pressure. The course of the reac-
tion is strongly influenced by the power dissipated in the
discharge. The dissociation of C,F, into CF; radicals
requires only 20—25 W, and the use of higher powers causes
more substantial decomposition of the C,F; molecule with
formation of fluorine atoms and CF,; radicals. The C—C bond
is much less stable than the C—F bond in the C,F, molecule,
and the power of the discharge is used initially in breaking
the C—C bonds, thus allowing C,F; to be used as a source of
pure CF; radicals. These radicals can react with the halides
of mercury, tellurium, tin, etc. to give the corresponding
element—organic compounds. The reactions are slow: typi-
cal rates for the synthesis of HgR,, SnR,, and BiR; are 8,

1, and 0.2 g day! respectively. The unstable compound
Xe(CF,), has been obtained'?” by the reaction of XeF, with
CF; radicals generated from C,Fg in the plasma of an h.f.
discharge.

Hexafluoro-acetone is an alternative source of CF; radicals
in an h.f. discharge. The concentration of CF; radicals
increases linearly with the function W(P/Py)''2, where W is
the power of the discharge (3—24 W), P is the partial pres-
sure of (CF;),CO (0.016-0.064 mmHg), and P, is the pres-
sure of the mixture of (CF;),CO and the argon diluent (0.4
to 0.9 mmHg).*?® On the assumption that the CF; radicals
disappear only by homogeneous recombination the rate con-
stant of the radical formation reaction (CF;),CO + 2CF; +CO
is proportional to the square of the power. Hexafluoro-
acetone in an h.f. discharge also acts as a source of the
relatively long-lived diflucromethylene radicals (also obtained
from CF, in a glow discharge and from perfluorocyclobutane
in an h.f. discharge)*?°. The CF, radicals play an impor-
tant role in the decomposition of polytetrafluoroethylene in
a microwave discharge!®®. In a glow discharge with the
reactor cooled to 77 K the compound tris(trifluoromethyl)-
hydroxylamine (CF,),NOCF, yields both CF; radicals and
fluorine atoms, forming CF,, COF,, CF,;NCF,, C,F,, (CF;),NF,
and (CF;3),N.'% The application of a barrier discharge to
CF;PH, produces perfluorohydrocarbons, and also the tri-
fluoromethylphosphines (CF3),PH, (CF3)3P, and CF;PHPHCF;3;
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from (CF,),PH the compounds CF;PH,, (CF;),P, and (CF;),P,
have been obtained*®?,

Polymeric carbon monofluoride (CFy)p can be prepared by
the reaction between powdered graphite and a fluorine
plasma*3®3*  The reaction is carried out in a pseudo-con-
densed layer at a pressure of 2—5 mmHg. A stream of flu-
orine passes through the h.f. discharge (20 MHz, 480 W)
and reacts slowly with the powdered graphite, giving a
snow-white polymeric powder of composition CF;, ;5. A sub-
stance of composition CF, 4, is also formed, as well as the
volatile side-product CF,. The (CFy), product is almost
black for x =0.68-0.8, grey for x=0.8-0.95, and white for
x=0.95—1.12. White samples are stable in air at up to
~873 K. Polymeric carbon monofluoride can be used as a
high-temperature lubricant in oxidising atmospheres and for
frictional components carrying a high load; another poten-
tial application of this compound is as a cathode material for
high-capacity accumulators.

The silicon analogue of the carbene (SiF,) is formed in
small amounts during the dissociation of silicon tetrafluoride
in a glow discharge'®®. Linear and cyclic fluorosiloxanes
have been detected mass-spectrometrically’®® among the
products of a microwave discharge in SiF,. A fluorosiloxane
polymer of composition (SiOl.sF)n was obtained from the
reaction of SiF, with oxygen in a microwave discharge®°. Tri-
fluorosilane decomposes in a glow discharge, giving SiF,,
Si,Fg, and a polymeric compound!®’.

Sulphur tetrafluoride gives SFg in 80% yield in the plasma
of a microwave discharge'?®. Sulphur hexafluoride is formed
also by the decomposition of S,F,,, SFsCl, or (8F5),0; in a
microwave discharge, and the reactions of SFg, SF,F,,, or
SF, with chlorine give SFsCl.'*® Passing a mixture of sele-
nium hexafluoride and chlorine through a u.h.f. discharge
gives only SeF,.'*® The plasmo-chemical decomposition of
SF¢ in a quartz reactor can yield sulphur oxide fluorides
formed by the attack on the reactor walls. Thus, substan-
tial amounts of SOF,, SO,F,. SOF,, and also SiF, have been
obtained**’ during the decomposition of SFg in a quartz
reactor by h.f. discharge. A mass spectrometric study of
the interaction of SF; with the nitrogen plasma of an h.f.
discharge revealed the presence of SF, as one of the main
components of this plasma system, whereas nitrogen fluorides
were formed only in trace amounts'*}; the reaction of SF
with an oxygen plasma gave OF,, SO,, and SOF,.

Sulphur hexafluoride or a mixture of SFy with oxygen,
and also carbon tetrafluoride and other fluorocarbons, have
been used as the plasma-forming gases in the plasmo-chemical
etching of Si, SiO,, and photoresist in integrated circuit
technology (see, for example, Ref,142). Both fluorine atoms
and fluorine molecules, produced by the decomposition of the
fluorides in the discharge, contribute to the etching pro-
cess"?,

Boron trifluoride (unlike the trichloride) is quite stable
in electrical discharges. Nevertheless it can undergo
changes under the influence of a discharge: thus, the yield
of BF,NH, by the reaction between BF; and ammonia can be
increased markedly by activating the boron trifluoride in
a microwave discharge of 80 W power**,

Lower uranium fluorides are formed by the dissociation of
uranium hexafluoride in a low~-temperature plasma®**. The
stability of the discharge in UF; is determined by the gas
pressure and by the frequency of the generator: at 10 MHz
the discharge is stable up to 15—-20 mmHg, at 17 MHz up to
30 mmHg, and at 2450 MHz frequency a stable discharge can
be obtained at atmospheric pressure. The reaction of
atomic fluorine generated in an h.f. discharge with uranium
tetrafluoride has yielded up to 240 g h™? of UF;.?® The
fluorination of platinum with atomic fluorine gives PtFg. 2°
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The reactions of fluorine and of the fluorides discussed
above have been carried out in the non-equilibrium plasma
of a glow discharge and of h.f., microwave and barrier
discharges. The primary effect of an electrical discharge
appears to be the generation of atomic fluorine by the disso-
ciation of fluorine (or fluoride) molecules. The fluorine
atoms then react with the other component, which may be
located (in a gaseous or a condensed state) in the region
where the fluorine atoms are generated or outside this region.
Furthermore, the discharge may also activate the second
component of the reaction (though this is not always a
requirement in fluorination reactions). For example, the
synthesis of O,F, in an electrical discharge does not require
special activation of the oxygen molecules, and the same is
true of the fluorination of oxygen to O,F, (in a reactor
cooled inliquid nitrogen) by atomic fluorine generated on a
nickel catalyst. Similarly, the synthesis of KrF, and XeF,
in a glow discharge does not require activation of the kryp-
ton or xenon atoms.

The yield of the reaction products depends on several
factors, such as the thermal stability of the product, its
stability towards the discharge, and its inertness towards
the apparatus walls. The thermally unstable compound
O,F,, which has a vapour pressure of .01 mmHg at 105 K,
condenses on the reactor wall when synthesised in a glow
discharge and can be prepared in quantitative yield,
whereas oxygen difluoride, though stable at up to ~480 K,
has a vapour pressure of ~1 mmHg at 77 K and cannot be
prepared in a glow discharge: it is not found among the
products, possibly as a result of its decomposition in the
gas phase under the influence of the discharge.

Fluorination in a discharge tends to give the higher
fluorides, though the O +F system is exceptional in this
respect and yields its highest and most stable fluoride (OF,)
only in a barrier discharge and in small yield. In the N+O +
F and C1+0 +F systems only two members of the large group
of oxide fluorides of nitrogen and chlorine have been
obtained by plasmo-chemical methods: F;NO and F,CIO.
This may be due to low stability of the other oxide fluorides
in a glow discharge.

The equilibrium low-temperature plasma is not very
attractive as a reaction medium for fluorine and the fluo~-
rides, though it could be used for pyrolysis reactions involv-
ing (for example) chlorofluorocarbon compounds.
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