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Abstract

NiF, was oxidized at ~20°C, to NiF,” by sunlight- or ultraviolet light-irradiated F, in liquid anhydrous hydrogen fluoride (aHF)
containing alkali hydrofluorides { AF(HF),]. Quantitative formation of NiF,” can be achieved with strongly basic solutions (e.g., KF:HF
molar ratio ~ 1:4). Li,NiF,, which was previously unknown, is the least aHF soluble of the alkali NiF.*" salts, and was prepared in high

purity. © 1998 Elsevier Science S.A. All rights reserved.

Kewords: Room temperature conversion: Nickel diftuoride; Aikali cations

1. Introduction

An important industrial process for the conversion of
orzanic precursors to fully fluorinated derivatives ( perfiuo-
rocarbon compounds) is the Simons Process. The Simons
Process | 1-9] uses an electrochemical cell to oxidize per-
hydro-organic materials, at a nickel anode, to their perfluoro-
relatives. The electrolyte for that process is liquid anhydrous
hydrogen fluoride in which sodium fluoride, or other ionizing
solutes, are dissolved (the latter, to provide for electrical
conductance).

Recently, Bartlett et al. [ 10] showed that the Simons Proc-
es+ Chemistry could be conveniently simulated at room tem-
perature, and often in high efficiency. using nickel rrifluoride
(NiFy), nickel tetrafluoride (NiF,), or hexafluoronicke-
late(IV) salts. The thermodynamically unstable fluorides,
NiF, and NiF,, were first established by Zemva et al. [ 11},
the precursor from which both are derived being the com-
mercially available salt potassium hexafluoronickelate (1V },
K,NiF,, prepared by an adaptation of the original svnthesis
of Klemm and Huss [ 12].

When NiF; or NiF, (the latter prepared from K NiF, in
situ) are used to fluorinate organic compounds, the solvent
(as in the Simons Process) is aHF: this serves to carry even
slightly soluble organic precursors [ 10] to the insoluble NiF,
or NiF, surface, where the organic compounds are cfficiently
fluorinated at room temperature or below. In these fluorina-
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tion reactions, NiF; and NiF, are reduced to NiF,. This is also
the reduction product of NiF,*" alts. The use of these high
oxidation-state nickel compounds as fluorination reagents on
a large scule would require a simple method for reconverting
NiF., to the higher nickel fluorides. In any case, a convenient
solution synthesis of NiF,?~ salts is desirable. This paper
reports on facile room temperature conversions of NiF, to
NiF,>" salts. Included is the new salt, Li,NiF,, prepared in
high purity.

2. Experimental details
2.1. Materials

Cylinders of aHF and F, were obtained and used as pre-
viously described [11]. NiF, (Ozark-Mahoning Pennwalt,
Tulsa, OK 74107) was fluorinated ( F, pressure ~ 2000 Torr)
at ~250°C. to destroy water impurity. The alkali fluorides,
dried at 150°C under vacuum, were supplied by Allied Chem-
ical, (B and A quality) Morristown. NJ.

2.2, Apparatus and technique

A metal vacuum, line as previously described [ 13}, pro-
vided for the distribution of gaseous reactants, but all of the
preparations were carried out in all Teflon/FEP apparatus,
isolated from the metal system by a Teflon valve [ 13] (with
Kel-F stem and Teflon tip) closed. except in the transfer of
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Table |

Conversion of NiF, to A-Nik, ~20-C. in liquid anhvdrous hydrogen fluonde. with atkali hydrofluoride (A =Li. Nu. Ko Cs) and fluorine cat ~ | atm partial

pressure ) in vitraviolet light or sunlight (quantities of reagents in millimoles)

Nik. Al HE frradiation time (hr) Nibto ANIF, conversion (4e)”
[IAY

.76 Lik. 5 25 34 L NiF: 48
0.935 Lik. 2,37 P8 46 L.i:NiF,: 56
1142 Nal*, 2.80 HIK 73 N.LNiF: 71
I+ KF. 28.7 98.0 78 KONt 100
1,28 Nal*, 3.28 36.6" 53 NauNiF,: 69
112 Csh 201 36.6' X3 CoeNiF 60
Sunligin

2.7 Lib 145 IS X7 LNk, 31
0.809 Lil 2,65 70 36 LaNiF, 17
0.143 Csbo 2032 80 20 CoNIiF 43

“Unreacted Nik, Cinsoluble in aHE) and aHE-soluble consponents ¢alkali hydrofluoride and alkali salts of NiFy ) were separated by decantation and washing.

followed by removal of the aHF in vacuam. Percent co iversion was based on the weight of NiF, consumed.
“Irradiation of the NiF./AF/uHE mixture necessarily rosults in a decrease in the fuoro-basicity of the solution as FCHE Y, is converted to Nil%,2  + 2x HE. In
these two experiments, a solid hydrofuoride in equilibrium with its saturated aHE solution. placed in the non-irrasiated side arm. ook up aHF from the

irradiated mixture as the quantity of FCHF) - in that nosture decreased.

the gases. (Severe corrosion of the metal vacuum system
occurs if aHF, F,., and fluoroacids are simultineously present
init.) A typical reactor was constructed in T shape (T reac-
tor) from FEP tubing. Teflon Swagelok T. and Teflon valve
as previously described [ 14]. One arm of the T reactor was
charged with NiF; and alkali fuoride in a DRI1.AB ( Vacuum
Atmospheres); aHF and F, were introduced trom the vacuum
line, and that arm was arranged to be nearly horizontal, in
order to maximize the F,/liquid aHF intertuce. This nearly
horizontal wbe was either placed in strong suniight. with 4
curved metal reflector behind it or adjacent 1o the waler
cooled jacket of a 450-W immersion type Hunovia ULV, lamp
(Ace Glass) and at the approximate line of focus of a cylin-
drical metal reflector, surrounding and parallel to the lamp
As the mixture was irradiated. it was mixed by sideways
flicking of the tube, by a properly placed ro:ating arm. Flu-
orine was replenished (at ~ 1000 Torr partial pressure) as it
wus consumed. To fully separate the NiF,”  salt trom resid-
ual unoxidized NiF, after irradiation. the purple-red super-

natant solutions in aHF were decanted to the other limb of

the T reactor, and the aHF back-distilled to the reaction limb
to extract soluble species. Washing of aHF insoluble NiF .
was repeated as often as necessary to affect the separation.

Interaction of NiF, with most of the alkali luorides, AF
(A=Li. Na, K, Cs) under a variety of' aHF concentrations
gave the findings listed in Table 1. The conversion o NiF,”
was found to be most effective (row 4) with a saturated
solution of potassium hydrotluoride {i.c.. KFtHF) } inaHF
and a large excess of alkali over NiF.. More concentrated
alkali fluoride solutions alway~ provided for yuicker. more
efficient fluorination.

X-ray diffraction powder photographs ( XRDP) were rou-
tinely obtained with CuKe ( Ni filtered) radiation on each
solid. packed as a powder in thin-walled quartz capillaries

[T1].

2.3 High purity Li-NiF,

There is no previous report of Li,NiF,. The highest oxi-
dation-state lithium hexafluoronickelate is Li:Ni(IIDHF,,
made by Grannec etal. [ 151 ut S00°C and 70-atm F, pressure.

The relatively low solubility of Li,NiF, in aHF at 0°C
(solubility: 0.50 ¢/ 100 g aHF) allowed for its isolation from
excess lithium hydrofluonde in the NiF./F.iU.V.)/LiF/
aHF synthesis (see Table 1. row 1): the volume of liquid
aHF was reduced by applying a vacuum until the bulk of the
Li-NiF, had crystallized. The lithium hydrofluoride-saturated
aHF was decanted to the other limb of the T reactor (that
containing the unreacted Nil, residue). The aHF was back-
distilled onto the Li,NiF, for four additional tmes of washing
and decantation. The Li,Nit. a dark purple-red solid, was
dried in vacuum at ~20°C. The XRDP showed no LiF, nor
LiHF, impurity, and the pattern was fully indexed as given
in Table 2.

3. Results and discussion

The light-promoted reaction of the aHF-insoluble NiF,
with F, to give NiF,> is remarkably efficient in strongly
flucrobasic aHF solution. Photodissociation of F, to F~ atoms
must be the consequence of absorption of the relatively high-
energy photons. The absorption maximum of F, is close to
3000 A, with a broad tail into the visible. As is well known
[ 161, this absorption has no band structure, signifying that it
is associated with electron promotion from the bonding levels
to the o°* orbital. and hence. dissociation to atoms [ 17]. The
F-alom eflective lifetime could be augmented by the forma-
tion of species such as F.° . orits hydrogen bonded solvates,
(FoHE) or (F72ZHF) L inthe strongly basic aHF. The high
effectiveness of strongly hasic aHF solutions in generating



Table 2

X -ray powder diffraction data (CuKe radiation. Ni filter) for Li,NiF, (hexagonal unit cell: a,=8.321(4), ¢,=4.596(2) A: V=275.7(1) A®, ;=
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1,1, obs. Obs. Calc. ] I8 / 171, obs. Obs. Cale. iy k i
VW 480 473 0 0 | m 5970 5987 § 0 3
Vs 578 578 | | 0 v 7401 7406 fy 0

nis* 664 666 | 4] ] w 75043 7511 2 {
W 1053 1051 | | 1 Vi 7547 7563 i) §] 4
n* 1248 1245 ) 0 | VW K148 8141 | I 4
W 1811 1824 2 | | mw 8820 8824 4 0 2
W 1892 1891 1) 0] 2 vw 9234 9244 i 4 0
VoS 2205 2206 3 0 | VAW 9878 9874 N 2 -
2% 2309 2311 2 2 0 vyw 11183 11187 ‘N 0] !
W 2473 2469 | | 2 VW 1oll 11607 | 4
v 3632 3624 3 0 2 Vi 12612 12606 g 3 |
0 4045 4044 4 I 0 w 12763 12763 3 4
Vs 4206 4202 2 2 2 w 12859 12868 7 i 2
w 4519 4517 4 | ] m 14025 14024 6 3 2
S 5204 5200 3 3 0 w 1080 15074 : 2 i
VoW 5608 5605 2 | 3 ViV w 15599 15599 B 1) 0
I~ 5937 5935 -4 1 2 VW 16322 16334 3 3 N
“'With the omission of these broad lines. the data can be indexed on the hexagonal formula-unit cell (7= 1) with g, =4 80-{ "y ¢, =4.598(2) A

NiF,”~ could be a consequence of that augmentaiion (com-
pure the results of row 7 with those of row 8, Table 1. and
note the 100% yield for row 4). The charged species. F.,," ',
or its HF solvates, because of like charge repulsion. are less
likely than the neutral F* to quickly regenerate F,. Since the
e:ectron affinity of F,)"is 3.399 eV [ 18] and that of F, , is
310 eV [19], the F..,,"" species must be less Found than
F ..., by 0.299 eV therefore. this, or its HF solvates, may be
a more effective fluorine atom source than F, itself. In addi-
tion, and in contrast to F and F,. such F,"  species would
aiso be nucleophitic.

In the syntheses carried out in sunlight. it wa- observed
that the particles of the aHF-insoluble pale yellow-zreen NiF,
became black, before any coloring of the aHF solution
oucurred. This suggests that the NiF, is first fluorinated to
NiF, s (with < 1) [ L1}, followed, as & upproaches 1, by
reaction with solvated F™ to generate NiF,” ™ by lispropor-
tionation, as previously described [ 11]. e.g.

2 NiF}lr)+2F(’:ﬂlv)—‘)NiF3u ‘+NiF(l)(.\o|v‘r' ( l )

Electron transfer within the Ni(ll)F..  yielding
M (IDNi(IV)F,, probably provides the basis for this con-
version. It should, however, be noted that even with §< 1,
disproportionation in basic aHF 0 generate NiF,*  could
occur. The high effectiveness of aHF saturated with potas-
sium hydrofluoride could be due to that solution promoting
disproportionation at low & values.

X-ray diffraction photography ( XRDP) of the K ,NiF, and
Cs,NiF, products in these syntheses showed that they were
identical to the products of the thermal methods, euch having
the cubic antifluorite structure previously reported | 12,20},
Tne Na,NiF, made in the present work was alway s contam-
inated with sodium bifluoride. and an XRDP confirmed that

mixture, the pattern of Na,NiF, being that given by Fleischer
and Hoppe [21]. No attempt was made to separate this mix-
ture. On the other hand, the separation of Li,NiF, from its
accompanying LiHF, was easily achieved by washing out the
lithium hydrofluoride (solubility: 18 g LiF/100 g aHF at
0°C) from the slightly soluble 1.i,NiF, (solubility: 0.50 g/
100 g aHF at 0°C). XRDP of the latter (see Table 2) showed
it to have a primitive hexagonal unit cell indicative of the
Na-SiF,-type structure [22,23]. The formula unit volume of
LLi,NiF, (91.9 A%) is the smallest for any known A,MF,
structure except Li,SiF, (88.9 A ). This is consistent with
the low-spin d° configuration of Nic IV ) and the higheffective
nuclear charge of Ni(IV) in that configuration | 11].
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