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Foreword

This is the third annual Technical Summary Report on the
investigation of complexes based on chlorinefluoridas. Lt covers
the period from February 1, 1965 to January 31, 1966. The work
was conducted at the Richmond Research Center, Richmond, California,
of Stauffer Chemical Company, under the sponsorship of the Advanced
Research Projects Agency. The project was administered by the
Department of the Navy, Office of Naval Research, with Mr. R. L.

Hanson serving as Scientific Officer, under ARPA No. 399-62.

In 1965, we filed a patent on the solid fuel oxidizers, KCle,

RbCle, and CsClF2 as reported in the ARPA Quarterly Report, June
1, 1965. This year, we intend to file a patent on the NF4+ cation
including the new compound, NF4+ASF6-. No other patent applications

are contemplated.
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Abatract

This abstract summarizes the data included under the form of
five manuscripts in chis report.
Low-temperature glow discharge of a mixture of NF3, FZ’ and

AsF. results in the adduct, tetrafluoronitronium(V) hexafluoro-

5
arsenate(V), NF4+ASF6-. The white crystalline solid is the first
known derivative of the hypothetical NFS’ It is stablie and in-
volatile at 25° and decompuses exothermally at temperatures greater
than 270°. It is very hygroscopic and hydrolyzes to a pale blue
solution producing HF, NF3, NC, Noz, N2F4, and AsFS. The X-ray
powder diffraction pattern can be indexed in the tétragonal system.
Indications are that the structure is similar to that found for
PC14+PC16-. Elemental and mass spectroscopic analyses indicate

the 1:1:1 combining ratio of NFS’ FZ’ and AsFS. Vibrational

spectroscopy (infrared and Raman) and Fl9 magnetic resonance

. + -
measurements confirm the structure, NF4 AsF6 .

The difluorochlorates(l) of cesium, rubidium, and potassium
were successfully prepared by the reaction of the corresponding
fluorides with chlorine monofluoride or N0+C1F2-. These white
solids are the first known difluorochlorates(I) salts stable at 25°,
They decompose excthermally at temperatures greater than 230°. Their

composition and structure were established by elemental analysis,

infrared, and X-ray studies., The salts are ionic and contain linear
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Cle- anions., Attempts to prepare LiClF2 and Ca(Cle)2 failed,
while NaCle, Ba(Cle)z, and Sr(Cle)2 may have formed to & very
small extent.

Infrared and conductivity measurements show that MClFQ (where M =
NO, Rb, or Cs) is ionic ir the solid state and in soluticn, respec-
tively. A square-planar structure (point group D&h) is assigned to
the C1F4_ anion in Rb+ClF4- and Cs+ClF4-, For the CIFQ' anion in

+ -~ 4 ]
NO ClF4 , the low-temperature *ufrared measurement indicates a

lower symmetry.

D
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THE TETRAFLUORONITRONIUM(V) CATLON, NF4
arl O. Chrises, Jacques P. Guertin and Attlla £. Pavliath

Contribution from the Western Research Center

Stauffer Chemical Company, Richmond, California

WHILE THE EXISTENCE OF NF4+ has not previcusly been established,

Wilson (1) estimated that NF +BF4- might bhave sufficient stability

&

to exist at temperatures less than -120°. However, mass spectro-

. . + .
scopic analyses (1) did not show NF4 as a possible product of
the ion-molecule reaction
.*. +

NF3 + NFB = NF4 + NFZ'

Two possible mechanisms for the formation of NF4+ from NF3

and F, are shown by thne following equations

2
(a) Wy ————> NF3+ +e”
wr, - Fe— nF, T
3 4

> F+ + e

s |
B

(b)

+
4

5
NF3 4+ F ——> NF

In each case, a Lewis acid such as AsFS, can react with the nega-
tively charged species (F- or e-). Thus, the resultant Asﬁém

4+ . .
stabiiizes the NF4 cation. The overall reaction can be repre-

sented by the following equation

Lomtr
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NF, + F-F + AsF, — NF,ASF, .

Either mechanism (through NF3+ or F+ intermediates) requires a
high aczivation enargy (1, 2). This energy can be supplied in
various ways: (i) the application of heat, (ii) glow discharge,
{(iii) microwave discharge, and (iv) radiation. Our attempts in
usiug "method (i)' were not successful. But a .iixture of NF 4,
ASFS, and FZ’ in mole ratio, 1:1:2, subjected to glow discharge

at ~-78°, yielded tetrafluoronitronium(V) hexafluorcarxsenate(V),

NF4+A5F6" (only one mole of F, consumed) .

The compound is a white, crystaliine, powdery solid, stable
and involatile at 25°. It is very hygroscopic and easily hydro-
lyzes to a pale blue solution producing HF, NFB’ NO, and As-F
containing species. Differential thermai analysis indicates

initial decomposition at about 270°.

Tetrafluoronitronium(V) hexafluorocarsenate(V) was character-

"ized using elemental analysis, infrared spectroscopy, Raman spectro-

scopy, mass spectroscopy, F19 magnetric resonance, and X-ray dif-
fraction. The obtained data strongly indicate that the compound
formed from the glow-discharge interaction of FZ’ Ast, and NF3,
is NF, AsF,"
1s 4‘&6-
+ . q

We have named the NF4 cation tetrafluoronitronium(V), as a

derivative of hypothetical NF.. The name tetrafluoresmmonium is

inappropriate due to the polarity of N-F bond. Detailed results

and their interpretation will be published at a later date (3).
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Tet.xaflucronitronium(V} Catlon,'H§¢\, Synthesis

e ok e Faew -
aand Properties of NFQ AsF.
(o

By Jacques F, Guertin, Kari 0. Christe, and Attila £. Pavlath

Recelvead , 1965

Abst*acq

Nitrogen trifluoride, ASFS, and F2 when subjected to low-tempera-
ture glow discharge, react in 1:1:1 mole ratio, forming tetrafluoro-
nitzonium(V) hexafluoroarsenate(V), NF4+A8F6-. This complex is the
first known derivative of hypotheticail NFS. The white, crystalline
powder is stable and non-volatile at 25°, Differential thermal
analysis indicates initial decomposition at about 270°. The compound
is very hygroscopic and easily hydrolyzes to & pale blue solution
with the evolution of gas. 1Its composition was established by quanti-
tative vacuum synthesie and elemintal dnslysls. Masr spectral enalysis
of the decomposition and hydrolysis products supports this composition.
The X-ray powder diffraction pattern can be indexed in the tetragonal

system. The unit cell dimensions are a ~ 7.70 A. and ¢ = 5.73 A.

SR SRR
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Density measurements indicatc two moleculss per unit cell. Tha

crystal strunture seams similar to that of P014+?016".

Introduction

Previcusly, the existence of a stable compound containing the
NF4+ cation was considered unlikely. For examgle, Price et al,l claim
that the ionization potential is too high and that the dimensions are

too large for NF4+ to give sufficient lattice energy to form crystal-

line salts. Wilsoné estimated the heat of formation of NF4+ as

260 T 15 keal. mole-1 «ad thus concluded that NF4+BF4- might have

sufficient stability (relative to its decomposition products) to
exist at temperatures less than -120°. Reccently, in a preliminary

paper,j we briefly described the preparation and identification of

NFAfAsFF-. At about the same time, Tolberg et al.4 prepared NF4+SbF6 .

(1) W. C. Price, T. R. Passmore, and ©. M. Roessler, Disc. Faraday
- Soc., 35, 201 (1v63).
(2) J. N. Wilson, Paper presented at the Symposium on Advanced Pro-
- pellant Chemistry, American Chemical Society, Detroit, Mich.,
April, 1665,
(3) K. 0. Christe, J. P. Guertin, and A. E. Pavlath, Inorg. Nucl.
o Chem. Letters, {1966).
(4) W. E. Tolberg, R. T. Reufzk, R. S. Stringham, and M. E. Hill, ibid,
- (1966) .




The following paper is a wore detsiled description of our findings
dsaling matnly with the synthesis and propercies of N?4+A5F6°. In &
subsequent paper,5 spectroscopic data and their interpretation (in-
cluding force constant calculations as well asn F19 magnetic resénance

spectra) will be discussed.

Experimental Section

Materials and Apparatus. - Using a standard Pyrex-glass high-

v- uum systam (stopcocks and joints lubricated with H:.locarbon grease
of high-temperature grade), nitrogen trifluoride (98%, Air Products)
and arsenic pentafluoride (98%, Ozark-Mahoning Co.) were purified by
several low-temperature vacuum distillations. Fluorine (28%, Matheson
Co., Inc.) was passed through an HF absorber and used without further
purification. These three gases were then stored separately at 25°

in 300 ml. lonel cylinders equipped with Monel valves (Whitey, M6Té6)
and Monel Helicoid pressure gauges (American Chain and Cable Co., 1nc.,
460-R, 30 in. vacuum to 300 p.s.i.). These were connected to a metal
vactum system {(copper tubing and Monel fittings used to minimize
corrosion) equipped with bellows-seal valves (Hoke Inc., M48ZM) and

copper to Pyrex-glass seals where nccansaty.' Pressures were measurad

(5) K. 0. Christe, J. P. Guertin, A. E. Pavlath, and W. Sawodny,

Inorg. Chen., (1966) .

S e 3 J - = o B 1. = e
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using a precision-dial manometer (0-30 in. T 0.02 in., Wallace and
Tiernan, Inc., FAl45). Only the glow-discharge apparatus had glass
parts.

The glow-discharge apparatus of Schreiner et 31.6 has been
slightly modified. 1Instead of using a single solenoid coil to drive
a piston vertically in one direction and a stainless steel spring
(subject to corrosion) to pull it back, we have used two solenoids
to propel the piston horizontally, thus eliminating the Spring,7
The two air-cooled solenoids are identical, each 4 cm. long, 1.5 cm.
thick (including insulation), with a 2.3 cm. diameter hellow core;

the design allows continuous operation on a 120 volt A.C. line with-

out overheating. A selenium rectifier (single ph. Bridge No. J116Bl)

changes A.C. to D.C. A Flexopulse timer (Eagle Signal Co., range
0-120 seconds) coupled with a Mercury-column type relay (Kerman

Eiectric, rating: 1 ma. at 115v.) provides the means of operating

one solenoid at a time. A convenient operating condition is 12 strokes/

min.
A transformer (Jefferson luminous tube outdoor type, primary

120v. 60 cycles, secondary 15 kv., 30 ma. with midpoint of secondary

(’5) Fo Bﬁhrdimt. Jt Gl M&lm, aﬂd Jl Q. ﬂiﬂdm&!\ﬁ Jl Ml Oﬁ@ﬁ: E@ilp
87, 25 (1965).

(7) W. R. Bennett, Jr., Rev. Sci. Instr., 28, 1092 (1957).
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grounded; Jefferson Electronic Co.) provides the necessary voltage

to dischargs across the copper electrodes (5 em. apart). Ignition

wire (Packard 440) is used throughout the high-voltage circuit,
Hygroscopic nonvolatile compounds were manipulated in the dry

nitrogen atmosphere of a glove box.

+ -
Preparation of NF4 AsF6 . = A mixture of NF3, ABFS, and Fz, in

1:1: ~2 mole ratio, was introduced into the glow-discharge vessel at

a maximum pressure nf 80 mm. The circulating pump was started, the
glow-discharge vessel was cooled to -78%, and a 15 kv. potential was
placed across the copper electrodes. Should discharge not occur at
this pressure, a Tesla coil is used for initiation. Should this also
fail, then the pressure is reduced somewhat and the procedure is re-
peated until discharge occurs.

. The extent of réaction was indicated by pressure vs. time readings.
When the pressure had decreased to a sufficiently low value (usually
ﬂ/iO mm.), the rate of reaction had also decreased; therefore, another
quantity of the mixture was introduced to a pressure of 80 mm. Usually
about seven hours were required between fillings and five or six
fillinés were needed for the production of ~1 g. of NF4fA8F6". No
appreciable etching of the glass dischaxge vessel could be observed
and _aly small juantities of 31r4 could be detected by infraved spesfkes
scopy.

In a typical experiment, the glow discharge of a mixture of NF3,
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ASFS, and Fz, in 1:1:2 mole ratio at a pressure of 80 mm. produced
a white nenvolatile solid and a rasidual gas pressure of ~19 mm,
The infrared spectrum of this gaseous residue showed only traces of
SiF4 (~1 mm.). Therefore, it is reasonable to assume that the re-
maining 18 mm. of pressure is due to Fy. And assuming that ~2 mm,
of FZ could have been consumed by interaction with parts of the dis-
charge vessel, it is clear that NF (20 mm.), AsFS (20 mm.) and F,
{20 mm.) have reacted in 1:1:1 mole ratioc producing NF4+AsF6-,
Anal, Calcd. for NAsFlO: As, 26.9; F, 68.1. Found:. As, 26.9; F, 66.2,
Nitrogen trifluoride was introduced into a vessel containing
liquid AsF; at -78° until a total pressure of 740 mm. was attained.

With liquid AsF. still present in quantity and the pressure remaining

5
constant, no interaction between these components could be detected.
Had interaction occurred, the total pressure would have decreased
appreciably (vapor pressure cf AsF5 at -78° is ~150 mm.).

Finally, NF3 (6.1 mole), AsF5 (0.1 mole), and F, (excess) were
introduced into a 100 ml. Monel cylinder equipped with a Monel Heli-
ccld pressure gauge (0-4000 p.s.i.) and a Monel Whitey valve (=ce
"matefials and apparatus’ section). A pressvre of 960 p.s.i. was
;bserved at 25°, The cyliader was heated electrically to 485° and
a pressure of iaoo p.2.4. developed., These conditions were ﬁéin:aincd

for 12 hours, after which the cylinder was cooled to 25°. The pres-

sure returned to almost its original value to 520 p.s.i. indicating
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that no appreciable interaction had cccurred. After removing the
volatile material che cylinder was disassembled and c¢nly a small
amount of pale yellow solid (~2 g.) was found. Elemental analysis
indicated thrat this solid was ﬁi(AsFé)z. This may account for the
slighcly lower final pressure (lower Ey 30 p.s.i.) observed.

Anal. Calcd. for NiAstlzz Ni, 13.5; As, 3%.3; F, 52.2. Found:
Ni, 13.9; As, 32.5; F, 53.7.

Elemental Analysis. - In general, products were analyzed for

fluorine, arsenic, and nitrogen. The sample was fused using the

Parr bomb technique (Na202 and a trace of starch). Fluorine was
determined by titration with ThNO3 using alizarine red as indicator, -
arsenic by the iodometric titrétion of As(V), and nitrogen by the
Kjeldahl method. The latter method was not suitable for small sample
size.

Mass Spectra. - Mass spectra were recorded on an EAI QUAD 200

mass spectrometer at sample temperatures in the range -196 to +440°.
.Good spectra were gcnerally obtained using a controlled sample pres-
sure of ~5 X 10"6 m ,

Pure NF4+ASF6' (~20 mg.) was introduced into a small stainless
steel tube.equipped with a control valve. Since the mass spectro-
neter used was not equipped for placing a sample directly into tha

ionization chamber and NF4+AsF6' can not be sublimed without decomposi-

tion, only the decomposition and/or dissociation products cf the com-

i
HIAME R

e
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Plex were observed, A se.ond sample was prepared by introducing two
drops ¢f water over NF4+A5F6' (~20 mg.), maintained at -1%6* ro
prevent the escape of any volatile products. After connectiég the
cc .rol valve (closed) to the stainless steel tube, the hydrolysis
was allowed to occur at 25°. The products of this reaction were
similarly recorded on the mass spectrometer.

~X-Ray Powder Data. - Debye-Sherrer powder patterns were taken

using a Philips Norelco instrument, Type No. 12046, with coppexr K
radiation and a nickel filter. Samples were sealed ia Lindeman glass
tubes (~0.3 me. o.d.).

‘Density Measurements. ~ The density of NF4fAsF6 was found using

the displacement methda.8 A perfluorinated amine (3M Co., FC-43)
was used to fill the pycnometer. Attempts to obtain a density hsing
a perfluorinated ether (3M Co., FC-75) were not successful due to

interaction of the adduct with the ether.

Differential Thermal Analysis. - A Perkin-Elmer differential
scanning calorimeter Model DSC-1 was used to obtain the DTA of

NF4fAsF6 . The sample was sealed in aluminum pans. A heating rate

of 10° min. ! and an argon purge of 30 ml. m:'m."1 were used.

(8) E. Whitney, R. Maclaran, C., Fogle, and T. Hurley, J. Am. Chem,

Soc., 86, 2583 (1964).
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gResults

Synthesis. - Nitrogen trifluoride, AsF., and F, (in excess),
when.subjected to 1ow-tempe;ature glow discharge, ;eaét in I:I:i
mole ratio forming the complex, NFQfAsF6-. In éxperiments not
using excess fluorine, a considerable quantity of undesired NOfAsFé-
was formed. Poor cooling of the glow-discharge vessel had a similar
eifect.

In a separate experiment, thermal activation and high pres:iure
conditions (485° and 2400 p.s.i., respectively) did not result in
any interaction of the components, NFB’ AsFS, and Fz (in excess)
‘except for the formation of Ni(AsF6)2 due to corrosion of the Monel
reaction vessel. Also, vapor pressure measurements did not indicate
any interaction when gaseous'NF3 was mixed with 1iquid'AsF5 at -78°.

Properties. - The complex is a hygroscopic, crystalline powder,
storeable indefinitely in glass at 25° and fairly soluble in liquid
HF (~0.2 g. ml.-l at 25°). Attempts to sublime NF4+ASF6- were un-
successful. Heating the solid in the glow-discharge vessel (under
vacuum) to a temp-rature of 250° did not result in appreciable trans-
fer of-solid to cooler sections. Infrared measurements on the small
ancunt of gaseous product from this ''decomposition’ indicated silicon
tetrafluoride only.

Mass spectra of NFafAsFé'(s) at temperatures -196 to 400° re-

’ .
vealed the following data: mass number (m/e), ion species: 19, F+;

et
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U : +
33, NE'; 52, NF,T; 71, NF,T; 75, As™; 94, s 113, AsF,": 132, AsF,';
151, A3F4+. The spectra also showed trace quantities of other specles:
mass .number (m/e), ion species: 28, N +; 30, NO+; 44, CGZ+; 47, N2F+;

+
2
thermal decomposition products of NFafAﬁFﬁ— are NF3 and ASFS. Fluor-

49, NOF+; 66, N,F, ; 85, N2F3+. This data clearly indicates that the
ine is probably a product as well, but it can not easily be detected
in these mass spectra. The “wpurities in the sample seem t> be NO
(from NOF), N,F,, and possibly N,F,. The peak at m/e 44 is due to

CO, always present in the mass spectrometer. The relative abundance

2
of the ion <pecies is not given due to sudden variances in the rate

of decomposition of the sample. However, the mass spectra do show

that the decomposition proceeds rapidly at temperatures higher than
150°.

Differential thermal analysis indicates exothermic deccmposition
at 270°.

Hydrolysis. - Qualitatively, NF4+A$F6- is very hygroscopic and
rveadily hydrolyzes to a pale blue solution with the evolution of gas.
On standing, the solution becomes colorless. This suggests the initial
formation of hitrogen-oxygeqIcontaining radicals. Also, the g s
evolved liad a slight brown coloxr indicative of one or more nitrogen
oxide speciles.

Mass spectra of hydrolyzed NFQfAsFén at temperatures -196 to +440°

show the following: mass number (m/e), ion species: 14, N+; 16, 0+;

o4

—




< 19 -

17, ¢d'; 18, B,0%; 19, F; 20, WFT; 28, N,*; 30, no'; 32, 0,7 33, NFT;
4, °°2+? a8, 80,7 47, NFY; 49, Nor'; 52, nF,%; 45, mo¥t e, N,vz"';
71, N"3 . 75, + T 85, N2F3+; 94, AsFT; 101, 23 104, N, 4‘“, 173, AsF,
132, AsF3 . As belfore, the relative abundance of the {ion species

is not given for the same reason. The noteworthy products are iiF,
NC (froem NOF), O, (from NOZF), NF3, nF4, AsF 5 {only at temperatures
higher than 100°), and possibly N_Vz. Also, there is some indication
of small amounts of AsOF3 (m/e, ion species: 91, Aso+; 110, AsOF+;
129, AsOF2+; 148, A50F3+). The peak at m/e 44 is again due to 0,

X-Ray Powder Data. - Table I lists calculated and observed X-ray

powder diffraction data (indexed in the tetragonal syster) for

NV4 AsF6 .9 From these data, the calculated unit ceil dimensions

are a = 7.70 R. and ¢ = 5.73 A. For compaxrison, Table I also lists

the d spacings for PC14+I’C16-o
Density measurements using the perfluorinated -cher, FC-75, as

ballast fiuid, were not successfvl, This ether reacts with NFAfAsFé-.

(9) The observed diffraction pattern was somewhat poor in quality

| since relatively brief exposures had to be used to avoid decompo-
sition of the sample by X-rays. Thus the patterns cobtained were
either of low Intensity free of lines due to decompositioen pw¥oe
ducts or of higher intensity but containing interXering lines
from decomposition products., Therefore, the observed intensi-

ties are not 8¢ ascurate.

e B o ]
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However, only slight interaction was observed using the parfluorin-ted

(-]
25° .58 g. ‘::m."'3 was found, This

anine, FC-43, and a deneity, d
density velue indicates two "molecules" of NFAfAsF6u per unit cell
3 :
).

= B . P
Fhen K54 Asz6 was prepared using proper experimental conditions,

/4 ey M

the X-re#y powder palitern did not show even a trace of the impurity,

- 10

NOTAsF 5 -

Discussion

Synthesis. - (i) The existence of the corresponding MF species

y
had always been known in the case of ionic coumplexecs containing

+ .
MiF(y-l)' Thus, such complexes could easily be prepared from Mxry

and a gsuitable acceptor species such as the strong Lewis acids, ASFS
or SLFS. Since NFS has never been prepared (and is unlikely to be due
to thg velidity of the octet rule for the first row elements of the
periodic system), NF4+ can not he synthesized in this manner. (ii)

A theoretically possible halogen sxchange reaction, NX#L (where X =
Cl, Bz, or I) ——> NF4+ is improbable for similar reasons, i.e.,
NX4+ has nevét been prepared. (iii) Finally, NH4+ to NF4+ by direct

fluorination 1is unlikely. In this eass, the intefmedlites wowld ko

(1) A. Young, T. Hirata, and §. Merrow, J. Am. Chem. Soc., 86, 20

(1964).

I')‘*..W-mf .‘;*" ikt
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unstable and would likely decompose with the elimination of HF

b Thnrefore, a

analeogous t¢ the parcielly fluovinated amines.
ﬁore promising mathod for the preparation of NF4+ considers the use
of the next lower fluoride, NF3, ard flucrine (either through NFB+ +
F+ or N’”’3 + F+). This requires a high activation energy.

The formaticn of NF4+ frem NF3 and Fz will be favored by the
following: (i) sufficient activation energy which might be supplied
by radiation (X-rays or radioactive fission products, etc.), flash
photolysis, thermal activation, or glow discharge; (ii) lowering this
activation energy through the formation of an intermediate activated
complex (including a solvation effect using a suitable solvent);
(iii) stabilizing NF, by the simultaneous formation of highly sym-
ﬁetrical anions, such as AsFé-.or SbFé-, stable and energetically
favored. 1In addition, the formation of a solid or a complex in
solution will resuit in & gain of lattice energy or solvation energy,
respectively.

Our use of thermal activation, simply by heating a mixture of

NFq, AsFS, and F, under autogenous pressucre to a temperature of 485°,

failed to produce NF4+. From the possibie remaining energy sources

(11) H. Dubb, R, Greenough, and E. C., curtis, Inorg., Chem., &, 648
(1965).

{12) C. J. Hoffman and R. G. Neville, Chem. Rev., 62, 1 (1962).

;'l
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we chose glow dischiarge at -72° for the following reasons: (i) NF3
and AsF5 were observed not to interact at ~78%, which is noc.sér-
prising since NF3 and BF3 were not observed t$ interact at low temper-
ature;13 {1ii) the vapor pressures of the starting materials are
sufficient at -78%; (iii) the hcped for product, NF4+ASF6-, could
have a low thermal stability.

Two possible mechanisms are proposed. Mechanisn. 1 is based on
the ionization of NF3 to NF3+ and Mechanisun 2 invelves the heterolytic

fission of a fluorine molecule (to F+ and F ) aided by the presence of

a Lewis acid (ASFS) and a Lewis base (NF3)~

%3 8) > Mg *e

AsFS(g) + e > Aquzg)

i T g T W S
\ e

A TE e T Asge)

Nz'*;(’g) + ALy ——3 NF4+ASF6-(S)

(o) > Fg te

Frgy v e > Fgy

N3y T I"ﬁ(-g) 7 NFJg) (2

A5y T Fg) —— > AsTg(y

L+ - +
NE, () * ASFglgy ——> HF,ASF.L,

(13) A. D, Craig, Inorg. Chem., 3, 1628 (1964).

o e e — -
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Mechanism 1 may be slightly favored since the ionization potential
of NF3 (13.2 a.v.)l4 is less than that of the fluorine atom,

(17 34 e.v. ) However, the energy supplied by glow discharge
using 15 kv. is likely ccnsiderably greater than either ionization
potential. Kinetic measurements will probably be necessary to forzu- .
late the true mechanism.

Properties. - It is surprising, in view of previously reported

w;imatlons,l’z that NF4+ASF6- does not decompose appreciably.at

temperatures less than 150°. As expected, the complex can not be
sublimed witaout irreversible deccmposition.. The heat of formation
of NF, Ast( ) could be estimated using a Born-Haber cycle. This
would give a measure of the stability of the complex relative to its
decomposition products, NFB’ ASFS’ and F2° The heat of formatioﬁ
of NF4?°) has been'esti:nated2 and ah estimate of the lattice energy
of NF Aan,( ) can be obtained from experimental X-ray data (using
the Kapustinskii equation16). However, little data are available in

order to estimate the heat of formation of ASF6Zg)'

(14) R. M. Reese and V. H. Dibeler, J. Chem. Phys., 24, 1175 (1956).
(15) Handbook of Chemistry and Physics, 45th edition, The Chemical
Rubber Co., Cleveland, Ohio, 1964, p. E-4l.

(16) A. F. Xapustinskii, Quart. Rev., 10, 283 (1956).
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Mass Spectra. - Mass spectrometry was used mainly to identify

qualitativaly the thermal decomposition and hydrolysis products of

AsF Geruerally, there was no difficulty in assignment of

T 6 ‘
ion species to corresponding mass number. The peaks at m/e 28 and
85 could be due to Si+ and SiF3+ (from SiF4), respectively; however,
if this were correct the peak at m/e 85 (N2F3+) would be much more
intense than it actually is. In fact the peaks at m/e 47 (VZF ) and
66 (NZ‘Z ) have about the same intensity as that of the peak at m/e
85, in agreemant with the observed intensities for the mass spectrum

17

of NZF&' We have assigned the peak at m/e 44 to C02+ not to N20+

since the latter assignrent would imply the presence of appreciable
quantities of N0+ as well. Bét N0+ was observed only in'an extremely
small amount and only at two temperatures, 120 and 186°, whereas the
peak at m/e 44 was p;esent in all spectra. The peaks assigned to

NF3 agree well with the previously obtained mass spectrum of NF3 i 15
The parent ion, As:5+, at m/e 170, was not observed since only the
dissociation and/or decomposition products entered the mass spectro-

meter. This ﬁeak is absent in the mass spectrum of pure AsF518 and

in the mass spectrum of the thermal decomposition products of

(17) J. T. Herron and V. H. Dibeler, J. Chem. Phys., 33, 1594 (1960).

{18) R. P. Nielsen, ShelliDevelopment, Emeryvilile, Cglifornia, Private

communication.
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T -1
GZTASF . ¢ Tha parent ion peak is ~lso lacking in the mass

6
spectrum of KrF2°6’19

No peak at m/e 38 (F2+) occurs., However, this does not nesces-
sarily mean that F2 is not a decomposition product since the mass
spectrometer had not been passivated prior to the measurements on
NF4+ASF6-° The peak at m/e 19 (F+) is too intense by a factor of
about seven to be entirely due to NF3 (intensity ratio NF2+/I-‘+ =
20/1)14 and consequently, F2 may contribute to its abnormally high
intensity. Hcwever, the fragmentation of AsF5 no doubt also produces
F+ waich can ionize easily to F+.

The trace impurxities (indicated by the mass spectra) in
NF4+ASF6- are easily accountable. The starting material, NF3, may
contain traces of N2F2, thus forming the complex, NZFfAsF6-.2O Alsn,
under glow discharge conditions, traces of N2F4 could form, probably
resulting in coimplex formation between N2F4 and AsF5 (in analogy
to the corresponding SbF. compoundzl). This species could also form
during the decomposition of NF4+ASF6". Present in even smaller
quantity, NO+ and NOF+ ion species are no doubt due to NOfAsF6-.

Thi.s compound was a substantial impurity in experiments in which

excess F2 was not used in the glow discharge vessel or in experiments

(19) E. N. Sloth and M. H. Studiexr, Science, 141, 528 (1963).
(20) D. Moy and A. R. Young, J. Am. Chem. Soc., 87, 1889 (1963).

(21) J. K. Ruff, ibid. 87, 1140 (1965).
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in which the glow discharge vessel was not sufficiently cooled., It

wap 1dentified by infrared spectroscopy (N0+'§===:ching vibrastien
1

at 2300 cm.-l)22 and X-ray powder diffraction data. 2 The formation

of NOfAsF " can be due to either the interaction of NF4+ASF6- with

6
the glass walis of the giow-discharge vessel, represented by the

following equation:

- . +, oo .
2 NI-4 AsF6 + 5102 —_— 2 NO ASF6 + S:LF4 + 2 F2
or reaction involving the formation of NOF as follows:

+ S§i0 2 NOF + SiF

2 NF

W

3 2 4

10 ASE."
NO ASF6 .

and NOF + AsF

Vv

5

12,23

Since fluorine can react with NOF {or NO) to form NF,, excess

fluorine will suppress the formation of NOF. An excess of fluorine
is also desirable to replenish that which is ceonsumed by interaction
with the glass wa11524 or copper electrodes of the glow-discharge
vessel and by interaction with any traces of nitrogen (impurity in
the NF3) present forming NF3.25

The mass spectra of hydrolyzed NF4+ASF6- show the expected ion

{22) X. 0. Christe and J. P. Guertin, Inoxg., Chem., &, 905 {1963).
(23) 0. Glemser, Angew. Chem. (Int, Ed.), &, 446 (1965).
(24) A. G. Streng and A. V. Grosse, J. Am. Chem. Scc., 88, 169 (14566).

(25) W. Maya, Inorg. Chem., 3, 1063 (1964).

3 &
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species, notably HF', No', NO,*, NOFY, NO,E, AsO, ASOFT, ASOF,’,
and AuOF3+. 8ince the ions species, A5F3+, A-F2+, and AsF+, ars
detected in substantial quantity, the lack of a peak at m/e 151
(A5F4+) is difficult to explain. The fact that NF3 is not easily
hydrolyzed12 accounts for its presence in substantial quantity.

In summary, the mass spectra showed that NFafAsFé-, prepared
using the proper experimeqtal conditions as previocusly described,
contained only small amocunts of impurities. 1In addition, the thermal
decomgnsition and hydrolysis products of the complex were identified.

PR . . :
Structure of NE& AsF6 . = Since the 1:1:1 mole ratio of the

complex formed from NF3, ASFS, and F2’ and the ionic structure,
NF4fAsF6', were established by quantitative vacuum synthesis and
elemental analysis and by vibrational and Flg magnetic resonance
spectroscopy,s~reSpectively, we have taken the liberty of using this
ionic struecture throughout the text. Further evidence for this

structure is the high thermal stability of the complex.

-+

X-ray powder datz (Table I) indicate that NF,+ ASFG- has a crystal
structure similar to that of P014+PC16-.26 This is not too surprising
since both compounds have comparable anion radius to cation radius ‘

ave ions of similar ghape, As expected, P014+?016- has

oy

ratic and

(26) D. Clark, H. M. Powell, and A, F, Wells, J. Chem., Soc., 642

(1942).
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& somewhenr larger unit cell {(a = 9,22 R,, c = 7.44 g.) and a lower
dangity {d = 2,12 g. cm.-s)s_however, a/c i3 similar éor both com=
pounds, i.e., 1.23 and 1.34 for P014+PC16- and NF4+ASF6', respectively.
Also, both compounds have two ‘molecules’ per unit cell. In both
X-ray powder patterns, hkO diffracticn lines are absent for h + k =
odd integer, indicative of a similar épace group. The structure is
essentie’ly the cesium chloride type; however, the nonspherical ions
of NFafAsFé" and PCI4{?016" cause a distortion (i,é., from simple

cubic to tetragonal). Each ion (NF4+ or Ast-) has eight neighboring

ions.of opposite charge.

 Nomenclature. - Previously used names such as "tetrafluoro-

ammonium' or ﬁperfluoroammonium" cation for NF4+ are inappropriate
since-the polarity of the bond in NF4+ is different from that in
NF4+. Whereas fer NF4+ tpe nitrogen atom has a formal oxidation
number, +V;_it is -III foé NH4+. Therefo:e, NF4+ is named "tetra-

fluoronitronium(v)", as a derivative of hyébthetieal NFS.
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Abstract

Infrared, Raman, and ?19 magnetic spectroscopy confirm the
ionic¢ structure, NF4+ASF6-, for the compound formed by the addition
of NF3, F2, and ASFS in 1:1:1 mole ratio. The NF4+ cation, wiih
four equivalent fluorine atems, has a tetrahedral structure (point l
group Td)“ The force constants of HF4+ are calculated and compared

with that of NF3 and isoelectronic srecies, BFQ- and CF&'

(1) Visiting Scientist from the Institut flr Anorganische Chemie,

Technische Hochschule, Stuttgart, Germany.
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Introduction

Recently, we have reported the existence of NF4+ASF6-.2 In

the preceding paper3 the synthesis and properties of this complex
have been described. The object of this paper is to support the
proposed ionic structure, NF4+ASF6”, by spectroscopic data and to
compare the bonding in NF4+ with that of NF3 and isocelectronic BF4"
and CF&'

Experimental Sectiwmn

The preparation of NFafAsF,- by the glow discharge of a 1:1 mele
mixture of N"3 and Ast in th: presence of excess fluorine has been
described in the preceding paper.3 In the sample used for the
spectroscopic investigations, nui.e of the possible impurities, such
as N0+ASF6h or complex coupper salts, could be detected by either
X-ray or infrared measurements. Maanipulations outside the vacuum

1ine were done in the dry nitrogen atmosphere of a glove box.

(2) K. O. Christe, J. P. Guer:in, and A. E. Pavlath, Inorg. Nucl.

Chem. Letters, (1966).
(3) J. P. Guexrtin, K. 0. Christe, and A. E. Pavlath, Inorg. Chem.,

5, (1966).
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Infrzred Spectra. - Infrared spectra were recorded on a Beckman

Model IR-9 gracing spectrophotometer in the range 4000~420 cm."l, A

sample of NF4+ASF6-, 45 a dry powder, was placed between AgCl windows.
These were held in place by a screw cap metal cell equipped with
neoprene O-rings.

Raman Spectra. - The Raman spectra were recoxrded on a Cary Model

81 spectrophotometer, using the blue mercury line (4358 K.) as the
exciting line and 2 saturated KN02 solution as the filter.‘ A Pyrex-
glass tube (7 mm. o0.d.) having an inner hollow glass cone for variable
sample thickness or a glass-plunger type cf reflection cell was used.
Due to the very fine particle size of the sample, the better spectra
were obtained using the latter technique.

319 Magnetic Resonance Spectra. - A Varian Associates Model

HA-100 spectrcmeter was used to record the F19 magnetic resonance
spectra. Soiid NFAfAsFé- (0.15 g.) was placed into a Teflon FEP tupe
equipped with a Monel bellows-seal valve (Hoke, M482M). The tube

was connected to a vacuum line having only Monel and Teflon FEP con-
struction. Purified liquid HF (~ 0.5 ml.) was condensed into the
tube. After allowing one hour for complete mixing at 25°, the clear
solution above some undicsolved material was transcerred mechanically
{decanted) into a Tefloa FEP n.m.r. tube (~4& mm, o0.¢.). The n.m,x.
éube was ﬁheat sealed’ under vacuum (using a hot Pyrex-glass rad)

arnd inserted into a standaxd 5 mm. o.d. glass n.m.r. tube to facilitate
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the spinring of the sample. Fluorocarbon-11 (CFClB) was used as an

extexnal standard ( J = 0.0 Pipems).

Results

F19 Magnetic Rasonance Spec rum. - The F19 magnetic resonance

spectrum of a solution of NF4fAsF6 in liquid HF is shown in figure

1. The following chemical shifts were obtained. (i) a.strong

singlet at J = +196.1 p.p.m. (Hf solvent), {ii) a bfoad rultiplet

at d = +69.5 p.p.m. (AsF6w), and (iii) a t;iplet at d » -2i3.5 p.p.m.
(NF4+) having a coupling constant, JNF = 234 c.p.s. For comparison,

F, in liquid HF and NF, have chemical. shifts, d = -428.7 and -146.9
p.p.m.,4 respectively.

Vibrational Spectra. - Figure 2 shows the infrared spectrum of

NF4+ASF6‘. Therﬁand at 406 cm¢-1 does nSt actually have as high an
intensity as shown in the figure, since the AgCl windows begin to
absorb.in this range. The Raman spectrum wae rather weak and could

be obtained only under very extreme conditions. There are two certain

bands, on2 at 813 cm.'l, and a very broad one at about 500 cm.‘l.

{ .
The latter seems to consist of two separate bands at 520 and 488 cm. 1.

The other lines raported are scomewhat doubtful, but ceincide well with

(4) J. H. Noggle, J. D. Baldeschwieler, and C. B. Colburn, .J. Chea.

Phys., 37, 182 (1962).
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with the strongest Raman lines expected for ASFS-.

Table I lists thae obgervad £recuendien (And Eheir assifnments)

= T S - + o] -
of the infrared and Tuman spectra of N:a As-:6 o

. +
Calculation of Force Constants., - The force constants of NF4

were calculated by a recently published method.5 Using this method,

the normal vibrations are sufficient data to allow the calculation

of a complete set of constants. Table II compares the force constants

obtained by this method with the force constants ol the General Valence

Force Field (GV 7). A good approximation eof the GVFF values is ex-

pected especially for the fluorides of the fir.t row elements of the

Table II

Comparison of Valence Force Constants (mdynes/ﬁ.)

GVIEF Our Method
N 4,36 © 4,39 7
ez, 6.97 6.88
BF 7.10 ° 7.29 2

(5)

)
)
8)
9)

W. Sawodny, A. Fadini, and K. Ballein, Spectrochim. Acta, 21,
995 (1965).
P. M. Schatz, J. Chem. Phys., 29, 481 (1958).

W. Sawodny, unpublished.

J. L. Duncan and I. M, Mills, Spectrochim. Acta, 20. 1089 (1964).

J. L. Duncan, J. Mol. Spectr., 13, 338 (1964).
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* » ey ~ 2 = Ty +
sericdic system. The symmet:y force constants of k:4 {(Table III)
wara céleulated using the set of normal vibrations obteained from

Table X.

Table IIX

Symmetry Force Constants of NF4+ (mdynes/z.)

Al Fll 7.395

0.888

™

Foo

F, Fiq 5.415 F34 0.495 F44 0.694

Hence, the valence force constant (fr) and coupling force comstant
{(frr) are 5.910 and 0.495 mdynes/z., respectively. Because of the
redundancy condition in Al, it is not possible to give explicit data

for the deformation constants.

Discussion

Few structural possibilities exist for a l:1:1 adduct formed
from NF3, Fps and ASFS. If we exclude very_u?}ikely structures re-
quiring either more than eight valence electrons for the nitrogen
atom or extremely unusual oxidation and coordination numbers for the
arsenic atom, such as a hypothetical Ast", the only remaining
plaugible structure is NFAfAsF ". This structure satisfies the

6
octet rule for the nitrogen atom aad results in two highly symmetrical
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e al 2

and saturated (based on coczdination numoer) icas of Ligh stavilicy.
Since the Octat Yule is striccly applicable saly to the IZiwvset row

. ae +
elements of the periodic system, it is expected that NI-‘4 is an

ideal sps-hybrid (tetrahedron), analogous to iscelectronic BF4“

and CF4.

Flg Magnetic Resonance Spectrum. ~ An ideal tetrahedral species,

+ oo 1 . .
X¥, , should exhibit only a single T ¢ magnetic resonance line since

_I+
the four fluorine atoms are equivalent. However, : nitrogen atom
has a quadrupcle moment. Thus, the expected singlet splits into a
triplet (JNF = 234 c.p.s.). Similar quadrupole coupling is observed
in the F19 magnetic resonance spectrum of NF3 (a triplet JNF -

155 c.p.s.)4 and N2F+ (a triplet, JNF = 328 c.p.s.},lo Thus, the
cbtained triplet for NF4+ASF6' is enﬁirely consistent with a tetra-

+ . q q q
hedral NF4 cation possessing equivalent fluorine atoms.

Vibrational Spectra. ~ Table I shows the vibraticnal spectra

of NF4+ASF6-. The following secticn discusses the assignment of the
observed frequencies. An octahedral anion of the type XY6-, such as
AsF6-, has Oh sympetry. The five normal modes of vibration are

. L) Y,
clagsgified as (A1g + Eg + 2¢ + 2 Flu)’ 01 these, only the two Flu
modes will be infrared active, whiie only the Al , E_, and FZg modes

g 8
will be Raman active, assuming that the selection rules are valid

(10) D. Moy and A. R. Young, II, J. Am. Chem. Soc., 87, 1853 (1965).

T Arar e T e
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and that the ccerahedren is not distertaed. Accoxrdingly, the normal

modas associated with AaFé' “~ asgignad without difficulty., Assign-
ment of four of the five expected fundamental vibrations was done

with assurance, whereas the assignment of Vz (Eg) to the infrared

band at 611 cm.-l is uncertain. For example, this band could also

be assigned to V3- PZ of NF4+° The Vz (Eg) mode shcuid not be
inirared active; however, it is known that siight distortion oi the
AsF6- octahedron or crystal field effects could result in this mode
becoming active., The observed frequencies and intensities are in

good agreement with that of similar complexes containing AsF6 . such

- 11 12
6

The remaining bands of the NFAfAsF6' spectra, therefore, should be

+ +, -
| P L5 c
as AsC.‘.,.4 As7 or ClF2 A F6

due to the NF4+ cation. A tetrahedral cation of the type XY4+, such
as NF4+, has Td symmetry., The fcur normal modes of vibration are
clasgified es (Al +E + 2 Fz). While all four modes are Raman active,
only the two 7, modes are infrared active. The two infrared bands at
1159 and 518 cm.'l are obviously the triple degenerate asymmetric
stretching and the triple degenerate asymmetric deformation vibration,

¥s <F2) and Pz (Fz}, respectively, of NF4+. 0f the remaining Raman

(11) . Weidlein and X. Dehricke, Z. anorg. allg. Chem., 337, 113
{1965).

(12) K. 0. Christe and W. Sawcdny, Inorg. Chem., in press.

|
|
|
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bznds the cne with the highest inteasity at 813 cam. = is clearly the
synmetric stretching wvibration of the NF4+ ecation, I1If the vory
broad Raman band it ~500 cm. ' is actually two bands at 520 and 488
cmg-l, the former corresponds to the 518 cm.-l vand of the infrared
spectrum, and thercfore, is assigned to the asymmetric deformation
vibration, Fg (FZ)’ of NF4+. The 488 cm.-l band can tentatively

be assigned to the symmetric deformation vibration, Vz (E), of NF4
although the difference between Vz and Pz is ratier smali, com

pared with that of similar molecules such as 03413 or BF4-.14

The
infrared spectrum shows three additional bands of low intensity.
Their frequencies are too high to be fundamental vibrations and
consequently, these bauds are assigued to overtones or combination
bands. They could also be due to slight impurities in the sample,.
In summary, the vibrational spectra strongly support the proposed
structure, NFafAsFé-, and are consistent with the predictions made
for this type of complex.

Force Constants. - The NF4+ cation is iscelectronic with CF4

and the BF4 anion. Woodward15 compared force constants of species

(13) J. Goubeau, W. Bues, aad F. W. Kampmann, Z. ancrg. allg. Chem.,
283, 123 (1956).
(14) J. Goubeau and W. Bues, Z. anorg. allg. Chem., 268, 221 (1952).

(i5) L. A. Woodwarf], Trans. Farad. Soc., 54, 1271 (1958).

b
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withia silnilar isocelectrenic saries cnd suggested that the force
constant increasces as the magnitude of the positive charge of the
central atom increases assuming only single bonds are involved. This
theory chould also apply to the isoelertronic series: BF4', CF4.

NF4+. In this series, bonding crbitais of the central atom have the
same hydridization (sps). Alsc, partial dcible bond character s

nc. possible due to‘the‘striCt validity of the octet rule for the

first row elements of the periodic system. Howeverz, Table IV indicates
that Woodward's suggestion dc2s not apply to the saries: BF4-, CF&’
NF4+. The velence force constant does increase from BF4- te CF4;

however, it decreases from CF4 to N?4+. In Ta:le IV, the bond

Force Constants of the Jsoelectronic Epecies,

BF4-, CE,, and NF4+; Also Those of NF 4 (mdynes/g.)

55~ ez, e ¥,
gr 5.28 7 6.83 ! 5.91 4.39 1
£, 506 6.08 7.09 4.25
n 1.04 1.13 0.83 1.03

crc.rs (n = fr/fl) were calc¢ulated following the rules of ;.iebert16

(1%) H. Siebert, Z. anorg. allg. Chem., 273, 170 (1953).
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and Goubeau, "2 value of “n' is grescer than one except for that

¥ ) s
of NFA . The Zoxce constant (fr) of NFA“ is largex than that of

N?S’ but rot as large as it should be accowcing to Siebert's single
bond valias, fl' Perhaps, the posicively charged aicrogon atom come
bined with highly electronegative fluorine atoms zesults in concider-

able polurity of the N-F bond, thus decreasing the force coustant

&and bond oxrdaz,
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(17) J. Goubeau, Angew. Chem., §9, 77 (1957).
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Contribution from the Western Research Center

Stauffer Chemical Company, Richmond, California

Difluorochlorates(I) of Cesium, Rubidium, and Potassium

By Karl O. Christe nad Jacques P. Guertin

Abstract

The diflucrochlorates(I) of cesium, rubidium; and potassium
were successfully prezpared by the reaction of the coxresponding
fluorides with chlorine monofluoride or N0+C1F2“q These white
solids are the first known difluorochlorate{I) salts stable at
25°. They decompose exothermally at temperacures higher than 230°.
Their composition and structure were established by elemeatal
araiysls, infrared, and X-ray studies. The salts are icnic and
contain linear ClF2° anions. Attempts to prepare LICIF, and
:a{Cle)z failed, while NaCle, Ba(Cle)z, and Sr(Cle)2 may hava

formed to a very small extent.
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Tacroduction

the existence of ionic complexes containing spacies such as

+ 15 e 69
ClF2 and CIF4

well established. llowever, complexes containing such species as

, derived from chlorine trifluoride, is

Cl+ and CIFZ-, formed from chlorine monofluoride, have not been

investigated until recently. SChmeisserlo isolated C1+A5F6° and

(1) F. Seel and 0. Detmer, Angew. Chem., 70, 163 (1958).

(2) F. Seel and ” Detmer, Z. anorg. allgem. Chem., 301, 113 {1959).

(3) N. Bartlett and D. H. Lohmann, J. Chem. Soc., 5253 (1962).

(4) H. Selig and J. Shamir, Inorg. Chem., 3, 294 (1964).

(5) K. O. Christe and A. E. Pavlath, Z. anorg. ailgem. Chem., 333,
210 {1965).

(6) L. B. Asprey, J. L. Margrave, and M, E, Siiverthorn, J. &m. Chem.
Soc., 83, 2955 (1961).

(7) D. H. Kelly, B. Post, and R. W. Mason, J. Am. Chem. Soc., 83.

| 307 (1963). .

(8) E. Whitney, R. MacLaren, C. Fogle, and T. Hurley, J. Am. Chem.
Soc., 86, 2583 (1964).

(9) E. Whitney, B. MasLaren, T. Hurley, end 6, Fégle, J: Am( Chem;
Soc., 86, 4340 (1964).

(10) Summsry Report on the Inorganic Fluoxine Chemistry Meeting,

Argonne, 1963, 5~  ce, 143, 1058 (1964).
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C1 SbF6 » prepared by che inreraction of C1F with the corresponding

5 or SbFS. Well have reported the exis~ence of the

C1F2° anion in the form of its nitrosyl salt, N0+C1F2°. Nitrosyl

Lewis acid, AsF

difluorochlorate(I) was shown to be ionic in solution and in the
solid state. The C1F2° anion was assigned a linear structure based
on infrared investigation. Since NO+ClF29 is stable only at low
temperature we have investigated the replacement of the N0+ cation
by an alkali or alkaline ear:h metal cation w;th the hope of ob-
taining more stable complex salts. This paper describes the re-
sults obtained from (1) the metathetical reaction shown by the
eéuation,

N0+CIF2° +HF —> M+01F2° + NOF (1)

and (2) the direct reaction shown by the equario

CIF + M'F” > M'C1E,” (2)

where-M+ is an alkali metal cation.

Experimental

Materials and Apparatus. - The materials used in this work
were manipulated in a standard pyrex-glass highevachum system which

had stopcocks and joints lubricated with Heleecarben grease

(high-temperature grade). Reactions at overatmospheric pressure

{11) K. 0. Christe and J. P. Guertin, Inorg. Chem., &, 905 (1965).
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and elevated temperature were carried out in Monel containers
eéuipped with a Monel pressure gauge and a Monel valve (Whitey,
M6TS6). This valve could be connected to the glass vacuum line

by Swagelock fittings and Kovar metal to graded glass seals.
Chlorine monofluorides, nitrosyl fluoride (both from Ozark-Mahoning
Company), and hexalluoroacetone (Allied Chemical) were purified

by several low-temperature vacuum distillations. The purity of
the volatile starting materials was determined by measurement of
their vapor pressures, molecular weights, and infrared spectra.
Little etching of the vacuum line could be observed. The alkall
and alkaline earth metal fluorides (CsF 99.9% and RbF 99%, both
from K & K Laboratories, Inc.) were used without further purifica-
tion. Hygroscopic nonyolatilz compounds were handled in the dry
nitrogen atmosphere of a glove box.

Infrared Spectra. = Infrared spcctra were recorded on a

Beckman Model IR-9 grating spectrophotometer in the range 4000-420 cmaln

Screw cap metal cells equipped with neugrene.0=rings and AgCl windows

were used for solid samples. The solids weve either mulled with
dry hexafluorcbenzene or dry nujol, or they were used directly as

dry pewderxe.

X-ray Powder Data. = Debys~Bcherra¥ pewde¥ BAtee¥As ware taken

using a Philips Norelco Instrument, Type No. 12046, with copper K

radiation and & nickel filter. Samples were sealed in Lindeman

glass tubes (~0.5 mm. 0.D.).

o e et e et e o st
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Density Measurements. - Density measurements were carried out
by the displagement mnthods using a perfluorinaced oyc-lic ether to
fill the pycnometer.

Differential Thermal Analysis. = A Perkin-Elmer differential
scanning calorimeter Model DSC-1 was used to obtain the DTA of
the new compounds. These were sealed in alum;num pans. A heating
rate of 10°[mig. and an argon purge of 30 ml,/min. was used.

Elementél,Analyais. = Products were analyzed for fluorine,
chlorine, and alkali or alkaline earth metal. Flﬁorine was deter-
mined by direct alkaline hydrolysis or by Parr bomb fusion of the
sample, each followed by titration with ThN03 using alizarine red
as indicator. Chlorine was reduced to Cl~ either by Parr bomb
fusion with Na202 or by direct alkaline hydrolysis of the sample
followed by reduction with TiSOa. Finally, the re§%}tant Ci~ was
potentiometrically titrated with AgNOa. Both methods compared
favorably, yielding results with nexligible deviations. The alkali
metal content was determined by direct aqueous’hydrolysis of the
sample followed by flame spectroscopy. Gravimetric analysis ylelded
the alkaline carth metal content of a sampl=.

Preparation of the Alkali Metal Difluérochlorates(l). = Chlorine
ronofluoride end an alkall mezal flu~ride were minnd under @ifferant
conditions at temperaturas from 25 to 230° under aukogenous pres-

In some reactions agitation and/or NOF (es a catalyst) were

gures.

employed. Also, CsF was sometimes pretreated with CFBQOCFa.

e

—

s
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In a typical experiment, CsF (0.204 mole) was introduced into
a4 300 ml. Monel cylinder having NPT openings (0.5 in.) on both ¢ s
to facilitate removal of solid products. One end of the cylinder
was cuapped with.a Swagelock fitting and the other end was connected
by Monel high-pressure tubing to a Monel pressure gauge (0-2000 p.s.1.)
and a Monel control valve {Whitey, M6TS6). The cylinder was connected‘
to che vacuum system and CFBCOCF3 (0.350 mole) was condensed into it.
The mixture was vigorously shaken for 12 hours at Z5° under autogenous
pressure, after which all volatile material was removad by vacuum
pumping on the cylinder (warmed to 150°) for two hours. Now, excess
ClF (0.730 mote) was condensed at =196° over the CsF. The mixiure
was heated for 48 hours at 175° in an electric tube furnace equlpped
with an automatic temperature control. An internal pressure of
800 p.s.i. developed. After cooling to 25°, the volatile material
was similarly removed (except in this case the cylinder was warmed
oniy to 100°). The nonvolatile, white, crystalline oroduct was

removed from the cylinder and the increase in weight of the starting

material (7sF) was determined (Table I).
Results and Discussion

Bynthesis. - The diflucrochloretes(l) of cesiwm, Fubléivm,
and potassium were successfully prepared by (1) metathetical reactionm,
or {2) direct interaction of ClF with the corresponding fluoride.

Table I 1ists the results of several experiments, A 100% coaversion

PR
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of starting material to the difluorochlorate(I) was never achieved,

After reaction at elevated temperature and pressure, the product

usually was a fused solid and was difficult to remove from the

reactor, The temperature of reaction could not be increased much

higher than 230° due to the limited thermal stability of the pro-

ducts and intera.tion of the compounds with the Monel reactor re-

sulting in the formation of some dark red alkali metal hexafluoro-

nickelata(IV). This impurity was easily identified by its known

X-ray diffraction pattern1

2-15

nickel.

The low thermal stability of N0+C1F2°

moval cf the complex from the product.

and by analysis of the product for

No difficulties were expected for the metathetical reaction.

il

assured the complete re-

Since NOF 1s regenerated

during the reaction [équation (1)], only catalytic amounts are re-

quired.
-of the starting ma;erial; however, analyses indicated too low a

chlorine content compared with the alkali m2tal and fluorine 22za
tent and the percent conversion found from the weight increase of

starting material. Therefore, the reaction of CsF with NOF in the

(12)
(13)
(14)

(15)

W. Xlemm and E. Huss, Z. anorg. allgem. Chem., 258, 221 (1949).

K. Bode, Naturwissenschaften, 37, 477 {(1950).

I. R. Scholder and W. Kiemm, Angew. Chem., 66, 461 (1954).

H. Bode and E. Voss, Z. anoxrg. allgem. Chem., 286, 136 (1958).

Generally, the use of NOF resulted in higher conversions

[\
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absence of CIF was investigated. A weight increase was obtained;
howe ver, the analytical recsults were inconclusive. The X-ray
pattern showed only alkali metal bifluoride and staxting material,
No CsNO3 was found in the product. Impurities in or decomposition
of NOF to nitrogen oxides could have produced this nitrate. There-
fore, no conclucions can presently be made concerniug the type of
interaction obsarved. In several experiments the CsF was pre-
treated with excess.CFacOCFs. However, no signi;icant activation
effect was cbserved. On this basis, the direct reaction of C1F
with the corresponding alkali metal fluoride seems to be the pre-
ferred wethod for preparing the difluorochiorate(Il) salts.

The difluorochlorates(I) of lithium and calcium could not
be prepered at 25 and 150° even using high autogenous ClF pressures
(~ 2000 p.s.1.). No weight increase of the starting material was
observed and the X-ray diffraction pattern showed no new products.
Similarly, the reaction of NaF with CLF at 25° yielded negative
results. Increasing the reaction temperature to 150° and using
NOF as a catalyst resulted in a slight weight increase of the
star~ing material, However, analysls indic:ted no chlorine in the
product. From similar observations, SrF2 and BaF2 reacted with
a nmixture of ClF snd NOF at 25 and 130° to an equally emall entent.
Again, no chlorine was found in the product. The greater tendency

of CsF, RbF, and KP to form stable complex salts compared with

the other alkali and alkaline earth metal fluorides was also ob~
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6-8

served in the case of tetrafluorochlorates(IXI) and salcs

containing the CF3O' anion’®.

Properties of cesium, rubidium, and potassium difluorochlox-
ates(1)17. <= The compounds are white solids having good thermal
stability., Differential thermal analysis indicat~d exothermic

decompositions at 262, 248, and 237°, respectively. This stabiiity
y

order, CsClF2,> RbC1F, ) KC1F , follows the same sequence fcund

for the C1F4° ¢ and CF3OQ 16 alkali salts. The decrease in caticn
size and the increase in polarizing power from Cs+ to Li+ iE {ir

Group la of the pericdic table of elégznts) probably accounts for

this order of stability. By comparison, the diflucrochlorates (I}

{(16) D. C. Bradley, M. E. Redwood, and C. J. Willis, Proc. Chen. ;
Sec., 416 (1964).

{17) These compounds were not cbtained pure. They invariably ccn-
tained a certain percentage of the corresponding flucrices due
to incomplete conversion of the starting material. Thereforxe,
tbe properties given refer to mixtures of metal fluoride and
metal difluorochlorates(l).

(18) I. G. Ryss, "The Chemistry of Flucrine and its Inorganic Com=
pounds', State Publishing House for Belencifise, Teehaisal, end I

Chemical Literature, Moscow 1956), English translation, Vcl. s

1, 1960, p. 217.
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have lower oxidizing power and are somewhot less stable than the

6'8. This 1s in agreement

11

corresponding tetrafluorochlorates(III)
with the reported scabilities of N0+ClF2- and NO+ClF4-

Structure of cesium, rubidium, and potassium difluorochlor=-
ates(I). ~ The infrared spectrua of CsClF‘2 in the range 4000 to

420 cm.,-1 shiowed its strongest absorption at 636 cmoﬁl in agree-

ment with the 635 cm.m1 value found for the asymmetric stretching
11

of the ClF, anion in NO+ClF2~ . Based on the suggested linearity

2
of the C1F2- anion in NO+ClF2-, a similar structure is assumed for

the ClF2° anion in the alkali metal difluorochlorates(I)

The X-ray diffraction patterns of the products were of low

intensity and resembled strongly those reported for the o -modi-

fications of the corresponding alkali metal bifluorideslg’zo’

L

Since the found unit cell dimensions were nearly identical tc those
reported for the corresponding bifluorides, density measurements

on the products were carried out. The large deviations between

the found and calculated densities [for mixtures of metal fluoride

g .
and metal difluorochlorate(I); indicated that the observed patterns

(19) R. Kruh, K. Fuwa, and T. E. icEver, J. Am. Chem. Soc., 78, 4256

(1956).

(20) ‘"Powder Diffraction File', ASTM Special Technical Publication

48-M2, American Society for Testing and Materials, Philadelphia,

U.S.A., No. 1-1095 (1964).
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are probably due to small amounts of the corresponding bifluoride
as impurity, the difluorochlorate(l) salts being either amorphous
ot exhibiting only very low-intensity X-ray patterns,
The linear conf}guration of the ClFZ’ gnion, supported by infra-
red analysis, may be explained by either of the following models:

21, assuming mainly sp3d~hybridizanion

(1) a hybridization model
of the orbitals of the chlorine atom resulting in a trigonal
bipyramid with the two fluorine atoms at the apexes, the chlor-
ine atom at the center, and the three free electron-pairs at
the remaining corners,
or perhaps mcre probably
(11) a semi-~empirical molecula orbital model21 invclving

mainly po- atomic orbitals for the formation of semi-ionic

bonds.

Acknowledgement., = We thank Dr. A. E. Pavlath for helpful dis-
cussions. This work was supported by the Advanced Research Project

Agency and the Office of Naval Research.
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(21) J. G. Malm, H. Selig, J. Jortner, and S. A. Rite, Chem. Rev.

199 (1963).
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On the Structure of the

Tetrafluorochlorate(II1I) Anion, C1F4:

Abstract
Infrared and conductivity measurements show that MClF4 {where
M is NO, Rb, or Cs) 3 ionir in the solid state and in solution,
respectively. A square-planar structure (point group D&h) is

assigned to the CIFAN anion in Rb+C1F4° and Cs+C1F4_° For the

ClFan anion in N0+ClF ”, the low-temperature infrared measurement

JAR
indicates a lower symmetry.

Introduction

Whiie the exis:ence of MCLF, (where M is NO, K, Rb, or Cs) is

4 €

well kriown™ ~, no reports on the ionic character of the NOFwClF3

(1) L. B. Asprey, J. L. Margrave, and M. E. Silverthorn, J. Am.
Chem. Soc., 83, 2955 (1961).

(2) D. H. Kelly, B. Post, and R. W. Mason, ibid.{ 85, 307 (1963).

(3) E. Whitney, R. MacLaren, C. Fogle, and T. Hurley, ibid., %6,
2583 (i964).

(4) E. Whitney, R. MacLaren, T. hurley, and C. Fogle, ibid., 86,

4340 (i964).
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adduct and on the structure cf the ClFa" anion have been published.
Aepray1 et 8l, obtainad the infrared aspectrum of JlFQ; howaver,
the absorptions reported by them occur at much higher fre&uencies
than expected for the fundamental vibrations of the CIFAG anion,
Therefore, they could have obtained only overtones and combination
fre:ciuencieso

The structure of the ClFAG anion can be expected to be similar
to that of the BrF4° anion, since both KC1F42 and KBrF'_,‘5 crystallize
in the tetragonal system and have similar unit cell dimensions.
S.egel interpreted th2 X-ray diffraction pattern of KBrFA in terms

3

of a tetrahedral configuration of the BrF4 anion. However, the

~

pattern can be interpreted in terms of a planar BrF4 anion ’

as
well. The tetrafluoroiodates(III) of potassium, rubidium, and
cesium have been prepareds, but the structure of the anion has not
been investigated. However, it was reported8 that the X-ray peowder
diagraﬁs are complex and that the IF4= compounds are probably not
isostructural with the corresponding BrF4° compounds. Therefore,

the evidence reported previcusly in the literature is insufficient

(5) S. Siegel, Acta Cryst., 9, 493 (1956).
(6) We G SL'Y and Re E Mﬂféﬁg i—Bida; m; 378 (1957).,
(7) S. Siegel, ibid., 10, 380 (1957).

(8) G. B. Hargreaves and R. D. Peacock, J. Chem, §-:., 2373 (1966).




1o prove the structure of any of the tetrafluorohalogenate {111)
anions. However, based on the known gquars~planar strusture ¢f the
IC14° anion9 and of the isoelectronic XeFalo, the square-planar

structure seems most likely.

The knowledge of the structure of interhalogen complexes such
as the tetrafluorochlorates(III) is important for theoretical
bonding considerations, since a certain symmetry of a compound
could rule out certain theoretical bond models. If, for example,
the terrafluorochlorate(IIl) anlon were tetrahedral, the semi-

ionic bond model10 would be incorrect.

Experimental
The compounds examined were prepared as described in the
1iterature3’4° The infrared spectra of RbClFQ, CsClFa, and NOClFQ
were taken with a Beckman IR-9 spectrophotometer in the range
4000 - 400 cm,ul. The spectrum of RbClI.-‘4 was also recorded on a
Beckman IR-11 spectrophotometer in the range 800 - 33 cm,mlo Nujol
mulls or dry powder between AgCl or polyethylene disks were em-

ployed. The low-temperature spectrur of NOClF4 was taken using

(9) R. C. L. Mooney, Z. Krist. 98, 377 (1938).
(10) J. G. Malm, H. Selig, J. Jortner, and S. A. Rice, Chem. Rev.,

65, 199 (1965).
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the same technique described earlier for NO+C1F2F . and ClF2+AsF6- e

The conductivity measurements were done using the method reported

earlierll°

Resultsys

Conductivity. - The solubility of NOClFA in liquid ClF3 at

=23° was quite low. Table I shows the results obtained for a sature-

ated solution of NOCIF4 in liquid ClF

3
Table I
Conductivity of NOClF4 in liquid ClF3
Compound Temp., °C Specific S?nductﬁgce, o~
ohm cm.
CIF, -23 9.2 x 107
NOF -79 5.4 x 1077

Saturated solution of -7
NOClF4 in liquid ClF3 «23 2.1 x 10

Assuming ccmplete solubility cf the NOClFQ in ClF3 (not actually

the case} the solution would have had a molarity of 0.079 mole l."l,

and thus a minimum equivalent conductance, /\ = 3,69 x 10-3 ohlm"1 cm2

*»

(11) K. 0. Christe and J. P. Guertin, Ipevrg. Bhem., &, 805 (1065).

(12) K. 0. Christe and A. E. Pavlath, Z. anorg. allgem. Chem., 335,
210 (1965).

daki
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Infrared Spectra. = Table JI shows the absorption frequencies

of NOCIFQ, RbClFA. and CaGlFA. The frequencies of the pure solid

2
starting materials, NOF11 and C1F3l“, have previously been reported.

The NOClF4 sample was prepared directly on a cold AgCl wiandow using
excess NOF or excess ClF3° It was found niore convenient to remove
unreacted NOF from NOClFA, due to its greater volatility. Figure

1 shows the low-temperature infrared spectxyum of solid NOClFa.

Table II

Infrared absorption frequencies (cmoml) of MClF4
and vibrational assignments for RbClF4 and
Cs(;lF4 in the point group D4h

RbClF CsClF4 assignment for NOClF4
RbClF, and CsClF '
in the point group DAh

124,20y He + ¥, 2298 m FNO'
745 vs 742 vs H6 (E ) 676 ms
u 541 vs
486 s 478 s VZ (Azu) 498 m
430 425 m P7 (Eu) 434 s
118 m lattice vibration




Discussion

NOGlF:, Ionic Character. - Thyca reasonable structures for

the complex are: coordination complex, CLF3°NGF(I); ClF, NOF, {I1);

NO+C1F4w(III)n Structure I should show no significant conductivity
increase in C1F3 solution and would require an infrared spectrum
similar to that of ClF3 superimposed on NOF with perhaps some
shifting of absorption bands. The NG bond in structures I and II
has double bond character and should absorb at 2000-1800 cm,-1 1l°
In structure III the NO bond has triple bond character aund should
absorb at 2350-21.00 cm,al 130 The solution containing the complex
has an increased conductivity and the infrared spectrum shows the
NO absorption at 2298 cmaml indicative of the NO+ cation. In addi-
tion, considering only symmetry, structure II would have required

a higher number of infrared-active vibrations, the position of

which would have to have been quite different. Thus, structure

III is assigned to the complex,

Structure of the CIF, anion. - Table III shows the point groups

taken into consideration as structural possibilities for the ClF&
anion and the infrared-active fundamental vibrations expected for

each group.

(13) J. R. Geichman, E. A. Smith, §. S. Trond, and P. R. Ogle,

Inorg. Chem. 1, 661 (1962).
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RbCLF, and CsCIF,. - Since NO'CIF,” and the alkali metal

tetrafluczochlorates (1ZI) do not show the rame numbexr of absorp-

tion bands and do have somewhat different frequency positions, these
compounds will bte tieated separately. The speccra of the alkali-
metal tecrafluorcchlorates{IIl} show only three infrared-active
fundamental vibrations. The absorption at 118 cm,,“l in RbClF4 is
too lew to be a fundamental vibrat lce, and therefore, is assigned

tc a lattice vibration, in agreement with values found for K PtCl

14

4

and similar compounds™ . The band at 1242 cm.,ml cccurs at too high
a frequency to be a ClF fundamental and conseduently, is assigned
to a combinatjon vibration. Therefore, since only three infrared
active-fundamentals were found, a square=planar structure can be

assigned to the ClF4 anion and the cther structural possibilities

can pbe ruled out,

A square-plarar molecule of the type XY4 has D,, symmetry.

4h
The nine normal modes of vibracion are classified as (Alo + A2u -
o

B, + B8, +B

13 lu 2g w2 &u)° Of these, oaly the E and A, modes will

be infrared active in the isclated molecule, assuming that the
selection rules in the solid are the same as they would be for the

free gasecus ion.

(14) A. sabatini, L. Sacconi, and V. Schettino, Inorg. Chem., 3,

1775 (1964).
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The bands within the range of possible fundamentals in the
spectrum cof RbCLFA, ocecur at 745, 486, and 430 cm.-l. The band at
745 c:m.m1 is undoubtedly the Cl-F Eu stretching mode. Out of the
two expected infrared-active deformation vibrations the ine-plane
vibration likely has a lower freduency than *he out-of-plane vibra:
tion. Therefore, the bands at 486 c:m‘,m1 and 430 cm.-1 are assigned

to the vibration of the A u species an” the Eu species, respectively.

2
Sabatini et al.14 preferred the opposite assignment for the two
deformation vibrations in Ptc143 and similar square-planar anions.
Our assignment, however, is in agreement with the assignments for
other s§uare=p1anar'AB4 type moleculesls’le, bl

5
electronic XeFals. In addition, it can be assumed that the repul-

ClF , and the iso-
sion between the fluorine atoms in the CLF4° anion caused by the
lone electron pairs is greater than the repulsion caused by the
neighboring fluorine atoms. Therefore, the out-of-plane deformation
vibration can be expected to show a higher frequency than the in-

plane deformation vibration.

(15) A. B. F. Duncan and J. W. Murray, J. Chem. Phys., 2, 636 (1934).

-+

(16) E. B, Wilson, J. Chem. Phys., 3, 59 {1935).

(17) G. M. Begun, W. H. Fletcher, and D. F. Smith, J. Chem. Fhys.,
42, 2236 (1965).

(18) H. H. Claassen, C. L. <hernick, and J. G. Malm, J. Am. Chem. Soc.,

85, 1927 (1963).
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For CsClF,+ siightly lower frequencies were obtained for these
modes, Tazble II contains the vibrational assignments of the ob-

served frequencies in the point group D,, for both cocmpounds.

4h
ggig;géia - The low=temperature infrared spectrum of NO+ClF4"

shows one more band in the observed range than that of the alkali;

metal tetrafluorochlorates(III). In addition, the positions cf the

higher freduency band differ somewhat. The number cf observed

bands rules out the tetrahedrnl (Td peint group) structure. The

séuareuplanar (D&h point group) structure should show onc .uration

less. However, since we are dealing with spectra cf sclids at low

temperature, in which the anion does not necessarily behave 1deally,

it is possible that the symmetr.c stretching vibration of C1F4_

might have become infrared active. Then the assignments could be

made in analogy to the vibrations of the square-planar Cl.‘?4 parc

of the ClF5 nolecalel7ﬂ However, the found intensities do not

agrec so well with thi. assignment. The planar trans-XY222 structure

is also possible. In this case, the band at 498 cm..m1 would be a

deformation vibration. However, the band at 541 cm.-1 is asymmetric

and most infrared spectra of N0+C1F4n showed a very weak shoulder

at 570 cm.nl, Based on this; and the fact that the positicn of the

band at 498 am.-l daas not excelude 1ts inteypretatlsn ah & BereteRiNE

vibration, the possibility of assigning the ClF4° anion in NO+C1F4-

to the point group sz can no: be eliminated. Regardlessly, the
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(] «l— -
symmetry of che ClF4 anion in NO'ClFa at low temf -rvature appears

to be lower than D4h (found for RbClF4 and C501F4).

Conclusion, —

(i) The icnic structure, NO+ClF4°, is assigned to the 1:1 adduct
formed from NOF and CIFS.

(i) The tetrafluorochlorate(III) anion in RbCLE, and CSCLF, is
séuare-planar (symmetry th).

(iii) The tetrafluorochlorate(III) anion in NOClF4 at low teéperature
has lower symmetry than D4h°

{iv) The square-planar structure found for the ClF4" anion in RbClFA
and CsC].F4 is in agreement with either the semi-empirical
molecular orbital model, assuming semi-ionic bonis, or the
sp3d2=hybridization model.

(v) Since KClF4 and KBrFa are isostructural acgording to their

X-ray data, the interpretation of KBrF4 in terms of a planar

rather than & tetrahedral BrFaw anion seems more likely.
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