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Foreword 

This is the third annual Technical Summary Report on the 

investigation of complexes based on chlorinefluoridcs.  It 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, KC1F2, 

RbClF2, and CsCIF« as reported in the ARPA Quarterly Report, June 

1, 1965. This year, we intend to file a patent on the NF^ cation 

including the new compound, NF, AsF,'. No other patent applications 

are contemplated. 
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Abatrace 

This abstract summariEes the data included under the form of 

five manuscripts» in this report. 

Low-temperature glow discharge of a mixture of NF~, F2, and 

AsFc results in the adduct, tetrafluoronitronium(V) hexafluoro- 

arsenateCV), NF, AsFg". The white crystalline solid is the first 

known derivative of the hypothetical NF,..  It is stable and in- 

volatile at 25° and decomposes exothermally at temperatures greater 

than 270°.  It is very hygroscopic and hydrolyzes to a pale blue 

solution producing HF, NF3, NO, Ni^, ^F, , and AsFy The X-ray 

powder diffraction pattern can be indexed in the tetragonal system. 

Indications are that the structure is similar to that found for 

+ 
PCI, PCl^- . Elemental and mass spectroscopic analyses indicate 

the 1:1:1 combining ratio of NF,, F2, and AsFy Vibrational 

19 
spectroscopy (infrared and Raman) and F  magnetic resonance 

+ 
measurements confirm the structure, NF, AsF,- . 

The difluorochlorate6(I) of cesium, rubidium, and potassium 

were successfully prepared by the reaction of the corresponding 

fluorides with chlorine monofluoride or NO CIF2 . These white 

solids are the first known difluorochlorates(I) salts stable at 25°. 

They decompose exothermally 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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GlFj anions. Attemp«:« to prep«3r« LICIF^ «nd Ca(ClF2)0 failed, 

while NaClF25 Ba(ClF-2)2, and SrCClFg).-, may have formed to a very 

small extent. 

Infrared and conductivity measurements show that MC1F, (where M 

NO, Rb, or Cs) is ionic ir the solid state and in solution, respec- 

tively. A square-planar structure (point group D/, ) is assigned to 

+   -     +   „ 
the GIF,  anion in Rb GIF,  and Cs GIF. .  For the GIF.  anion in 

4 4 4 4 
+ 

NO GIF, , the low-temperature ^nfrared measurement indicates a 

lower symmetry. 
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I.     Manußcript of Papeir!    Th« T©tsra£Xuoifenlcroftlum<V)  CftCion,  NF^ 
.i. 

--r~*-^ * 
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THE TETRAFLUORONITRONIUM(V) CATION, NF^' 

Karl 0. ChrtBco, Jacques P. Guertln and Atttia E. PawiÄCh 

Contribution from the Western Research Center 

Stauffer Chemical Company, Richmond, California 

WHILE THE EXISTENCE OF NF^ has not previously been established, 

Wilson (1) estimated that NF, BF,  might have sufficient stability 

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

scopic analyses (1) did not show NF,  as a possible product of 

the ion-molecule reaction 

NF3 + NF3 NF.  + NF0. 4     z 

Two possible mechanisms for the formation of NF,  from NF« 

and Fo are shown by the following equations 

(a)  NF3 - 

NF3
+ + F- 

-> NF3 + e 

-> NF, 
+ 

(b)  F- 

NF3 4- F 
-;- 

-^ F - e 

+ 
NF, 

In each case, a Lewis acid such as AsF^, can react with the nega- 

tively charged species (F" or e ). Thus, the resultant AsF, 

+ 
stabilizes the NF,  cation. The overall reaction can be repre- 

sented by the following equation 

J 

M 



NF0 + F-F + AsF. > NF^AsF.'. 
3 5       ^   4   o 

+    + 
Either mechanism (through NF^ or F intermediates) requires a 

high acttvation «norgy (1, 2). This energy can b« nupplled In 

various ways:  (i) the application of heat, (ii) glow discharge, 

(iii) microwave discharge, and (iv) radiation. Our attempts in 

using "method (i)" were not successful.  But a fixture of NF-, 

AsFc, and Fj, in mole ratio. 1:1:2, subjected to glow discharge 

at -78°, yielded tetrafluoronicronium(V) hexafluoroarsenate(V), 

NF, AsF,  (only one mole of F« consumed). 

The compound is a white, crystalline, powdery solid, stable 

and involatile at 25°.  It is very hygroscopic and easily hydro- 

lyzes to a pale blue solution producing HF, NF.,, NO, and As-F 

containing species. Differential thermal analysis indicatep. 

initial decomposition at about 270°. 

Tetrafluoronitronium(V) hexafluoroarsenate(V) was character- 

ised using elemental analysis, infrared spectroscopy, Raman spectro- 

19 scopy, mass spectroscopy, F  magnetic resonance, and X-ray dif- 

fraction. The obtained data strongly indicate that the compound 

formed from the glow-discharge interaction of F,,, AsF^, and NF3, 

is NF4
+AsF6". 

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

derivative of hypothetical NFS. The name r.etrafluorosramoaluw 18 

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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Contribution from the Wescern Research Center, 

StAufffflr Chtmleai Company, Ulclwond, California 

TetrafluoronitroniumCy) Cation. W, Synthesi 

and Properties of NF, AsF^ 

By Jacques P. Guertln, Karl 0. Christe, and Attila £. Pavlath 

Received ,  1966 

Absc-act 

Nitrogen trifluoride, AsF-, and F« when subjected to lov-tempera- 

ture glow discharge, react in 1:1:1 mole ratio, forming tetrafluoro- 

+ 
nitronium(V) hexafluoroarsenate(V), NF, AsF, . This complex is the 

first known derivative of hypothetical NF,-. Tne 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 i. pale blue solution 

with the evolution of gas. Its composition was established by quanti- 

tativ« vacuum synthaale *nd olatwneal aaalyilt* Mafic spaeetfal analyses 

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 c ■ 5.73 A. 



Density measurements indicate two molecules per unit cell. Tha 

orystAl «truftcur« «*•»• ilmllasr to that öf *Cl,+?Olc~. 

Introduction 

Previously, the existence of a stable compound containing the 

+ l 
NF^ cation was considered unlikely. For example, Price et al, claim 

that the ionization potential is zoo  high and that f.hs dimensions are 

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

Id + 
line salts. Wilson*" estimated the heat of formation of NF,  as 

4 
+ -1 + 

240 - 15 kcal, mole and  thus concluded that HF, BF," might have 

sufficient stability (relative to its decomposition products) to 

exist at temperatures less than -120*. Recently, in a preliminary 

paper,' we briefly described the preparation and identification of 

+   - 4 +   _ 
NF^ AsF^ . At about the same time, Tolberg et al. prepared NF, SbF6 . 

(1) W. C. Price, T. R. Passmore, and D. M. Roessler, Disc. Faraday 

Soc, 35, 201 (1^63). 

(2) J. N. Wilson, Paper presented at the Symposium on Advanced Pro- 

pellant Chemistry, American Chemical Society, Detroit, hich., 

April, 1965. 

(3) K. 0. Christa, J. P. Guertin, and A. E. Pavlath, Inorg, Nucl. 

Chem. Letters,        (1966). 

(4) W. E. Tolberg, R. T. Keuick, R. S. Stringham, and M. E. Hill, ibid, 

(1966). 
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The following paper is a saore detailed description of our findings 

dealing mainly <wlch th« aynchöiti ^nd propatttsi ot W,  A«F> , In a 

subsequent paper, spectroscopic data and their interpretation (in- 

19 
eluding force constant calculations as well &f*  F  magnetic resonance 

spectra) will be discussed. 

Experimental Section 

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

v' UUSQ system (stopcocks and joints lubricated with H>-locarbon grease 

of high-temperature grade), nitrogen trifluoride (987., Air Products) 

and arsenic pentafluoride (987., Ozark-Mahoning Co«) were purified by 

several low-temperature vacuum distillations. Fluorine (987», 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. llonel cylinders equipped with Monel valves (Whitey, M6TS6) 

and Monel Helicoid pressure gauges (American Chain and Cable Co., l^c, 

460-R, 30 in. vacuum to 300 p.s.i.). These were connected to a metal 

vacuum system (copper tubing and Monel fittings used to minimize 

corrosion) equipped with bellows-seal valves (Hoke Inc., M482M) and 

copper to Fyrew-glass seals where necessary• Preaauree were measured 

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

Inorg. Chem.,       (1966). 

..,-K\.,.rer^-„ ■. ...    . ..,  ^.   l,TU-;k;, 
  _„._  
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using a precision-dial manometer (0-30 in. - 0.02 in., Wallace and 

Tiornan, Inc.. FA145). Only ch« glow-dlacharge «pp*r«tu« had gl^aa 

parts. I 

The glow-discharge apparatus of Schreiner et al. has been 

slightly modified. Instead 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. 

The two air-cooled solenoids are identical, each 4 cm. long, 1.5 cm. 

thick (including insulation), with a 2.3 cm. diameter hollow core; 

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

out overheating. A selenium rectifier (single ph. Bridge No. J116B1) 

changes A.C. to D.C. A Flexopulse timer (Eagle Signal Co., range 

0-120 seconds) coupled with a Mercury-column type relay (Kerman 

Electric, 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 

I20v, 60 cycles, secondary 15 kv., 30 ma. with midpoint of secondary 

('5) f. 8ötKain««t J. O. Malm, and J. 0. Hindiaan» ä, m. Qkm,  g§«,( 

87, 25 (1965). 

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

to äiseharga across the copper electrodes (3 cm. spare). 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 NF, AsF^ . - A mixture of Ni?-

3, AsFc, and F2, in 

1:1:/v2 mole ratio, was introduced into the glow-discharge vessel at 

a maximum pressure of 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 reaction was indicated by pressure vs. time readings. 

When the pressure had decreased to a sufficiently low value (usually 

"•^lO 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 

+ 
fillings were needed for the production of ^1 g. of NF, AsF, . No 

appreciable etching of the glass discharge vessel could be observed 

and ^nly small quanttttei o£  ilf4 could be detected by infvatsä »pa^iire- 

scopy. 

In a typical experiment, the glow discharge of a mixture of NF3, 
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AsF-, and ?„, in 1:1;2 mole ratio at a pressure of 80 oun. produced 

« whlc« nonvolatile aolid and a residual gas pt-assure o£  ~19  mm. 

The infrared spectrum of this gaseous residue showed only traces of 

SiF, (^"1 mm.). Therefore, it is reasonable to assume that the re- 

maining 18 mm. of pressure is due to Fj»    And assuming that -^2 mm. 

of F« could have been consumed by interaction with parts of the dis- 

charge vessel, it is clear that NF« (20 mm.), AsF5 (20 mm.) and F« 

■f 
(20 mm,) have reacted in lilsl mole ratio producing NF, AsF^. . 

Anal. Calcd. for NASF^J 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 

constant, no interaction between these components could be detected. 

Had interaction occurred, the total pressure would have decreased 

appreciably (vapor pressure cf AsF,. at -78° is ^ISO mm,). 

Finally, NF« (0.1 mole), AsF5 (0.1 mole), and F2 (excess) were 

introduced into a 100 ml. Monel cylinder equipped with a Monel Heli- 

coid pressure gauge (0-4000 p.s.i.) and a Monel Whitey valve (?se 

"materials and apparatus" section). A pressure of 960 p.s.i. was 

observed at 25*,, The cylinder was heated electrically to 485° and 

a pressure of 2400 p.3.1. developed. These conditions va*« itdlncAlMd 

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

sure returned to almost its original value to 920 p.s.i. indicating 
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that no appreciable interaction had occurred. After removing the 

völatil« material ehe cylinder was dlaastembled and only « email 

amount of pale yellow solid {^2  g3) was found. Elemental analysis 

indicated that this solid was Si(ÄsF6)r,. This may account for the 

slighcly lower final pressure (lower by 30 p.s0i.) observed. 

Anal. Calcd. for NlAs2Fl2; Ni, 1.3.5; As, 34.3; 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 (Na^Oj and a trace of starch). Fluorine was 

determined by titration with ThNO- using alizarine red as indicator, ■ 

arsenic by the iodometric titration 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 generally obtained using a controlled sample pres- 

sure of svS  X 10  mm. 

•f   ~ 
Pure NF, A-8?* (^20 mg.) was introduced into a small stainless 

öteel tube.equipped with a control valve. Sine« the mass spectro- 

meter used was not equipped for placing a sample directly tntO cHi 

ionization chamber and NF, AsF6 can not be sublimed without decomposi- 

tion, only the decomposition and/or dissociation products of the com- 
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plex were observed, A se-ond sample was prepared by introducing two 

drops 6f wat««1 over NT^ AsF,  ('-'20 mg.). maintalnad ac -196* to 

prevent the escape of any volatile products. After connecting 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 copper K^ 

radiation and a nickel filter. Samples were sealed ia Lindeman glass 

tubes (A^0,3 mm. o.d,), 

+ 
Density Measurements, - The density of NF, AsFg was found using 

8 
the displacement method.  A perfluorinated amine (3M Co., FC-43) 

was used to fill the pycnometer. Attempts to obtain a density using 

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 

+ 
NF, AsF6 . The sample was sealed in aluminum pans, A heating rate 

of 10* min,  and an argon purge of 30 ml, min, b were used. 

(8) E, Whitney, R. HacLaran, C, Fogl«, and T. Kurlay, J. An« Chsm, 

Soc, 86, 2583 (1964). 
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KesuXts 

Synthesis. - Nitrogen trifluoride, AsF5, and F2 (in excess), 

when subjected to low-temperature glow discharge, react in 1:1:1 

mole ratio forming the complex, NF, AsF6". In experiments not 

using excess fluorine, a  considerable quantity of undesireti NO AsF6" 

was formed. Poor cooling of the glow-discharge vessel had a similar 

effect. 

In a separate experiment, thermal activation and high pressure 

conditions (485* and 2400 p.s.i., respectively) did not result in 

any interaction of the components, NF-, AsFc, and F« (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 NF„ was mixed with liquid AsF,. at -78°. 

Properties. - The complex is a hygroscopic, crystalline powder, 

scoreable indefinitely in glass at 25° and fairly soluble in liquid 

HF (^0.2 g. ml." at 25*). Attempts to sublime NF, AsF,' were un- 

successful. Heating the solid in the glow-discharge vessel (under 

vacuum) to a temperature of 250* did not result in appreciable trans- 

fer of solid to cooler sections. Infrared measurements on the small 

amount of gaa«oua product from thi« "d«eom|>o«lelO»" indtoatad alilcon 

tetrafluoride only. 

Mass spectra of NF, AsFg', x at temperatures -196 to 400* re- 

+ 
vealed the following data^ mass number (m/e), ion species: 19, F ; 
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33, NF+; 52, NF2
+; 71. NF3

+; 75. As+; 94, AsF+; 113, AsF^: 132, AsF3
+; 

151, A»F, . Th« •pectr* also showed trace quancieles of other «pecie«: 

+      -j-       +       + 
mass number (m/e), ion species; 28, N^ ; 30, NO ; 44, CC^ ; 47, ^F ; 

49, N0F+; 66, N^"*"; 85, N2F3
+. This data clearly indicates that the 

thermal decomposition products of NF, AsFg are NF3 and AsFc- Fluor- 

ine is probably a product as well, but it can not easily be detected 

in these mass spectra. The "'mpurities in the sample seem t5 be NO 

(from NOF), N^F, , and possibly ^F^ The peak at m/e 44 is due to 

C02 always present in the mass spectrometer. The relative abundance 

of the ion species 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 decomposition 

at 270°. 

Hydrolysis. - Qualitatively, NFt, AsF^ is very hygroscopic and 

readily hydrolyzes to a pale blue solution with the evolution of gas. 

On standing, the solution becomes colorless. This suggests the initial 

formation of nitrogen-oxygen containing radicals. Also, the ^s 

evolved i«»d a slight brown color indicative of one or more nitrogen 

oxide species. 

Mass spectra of hydrolyzed Nf AsF6 at temperatures -196 to +440* 

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



17, Oa+; 18, H20
+; 19, F+; 20, H?+; 28, N2

+; 30 s NO
+; 32, 02

+; 33, KF+; 

44, C02
+; 4^, l^"4"; 47, N2r

+; 49, NOF+; 52, NF2
+; 65, N02F

+; 66, N2/2
+j 

71, N?3
+; 75, i ■f; 85, N^4"; 94, AsF+; 101, ?; 104, N?F4

+; 112,  AsF^; 

132, AsF,'. As before, the relative abundance of the Ion species 

is not given for the same reason. The noteworthy products are HF, 

NO (from NOF), N00 (from N0?F), NF3, N2F,, A£F5 (only at temperatures 

higher than 100°), and possibly N vj.    Also, there is some indication 

+ + of small amourts of AsOF« (m/e, ion speciess 91, AsO ; 110, AsOF ; 

129, AsOF2 ; 143, As0F3 ). The peak at m/e 44 is again due to CO«. 

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

powder diffraction data (indexed in the tetragonal syster) for 

+   - 9 
NF, AsFft .  From these data, the calculated unit cell dimensions 

o o 
are a - 7.70 A. and c ■ 5.73 A. For comparison. Table I also lists 

the d spacings for PCI, "PCU . 

Density measurements using the perfluorinated icher, FC-75, as 

ballast fluid, were not successful. This ether reacts with NF, AsF, . 

(9) The observed diffraction pattern "as somewhat poor in quality _. 

siace relatively brief exposures had to be used to avoid decompo- 

sition of the sample by X-rays. Thus tha pattern« obtained were 

either of low intensity free of lines due to decomposition pro- 

ducts or of higher intensity but containing interfering lines 

from decomposition products. Therefore, the observed intensi- 

ties are not so accurate. 



1 H 

c OJ 
CM H 

.Q 
l K) 

H o 

et 
u 
M 
a 

0) 

3 
O 

ß-> 

5h 
cd 

id 

i 

o 
PI 

o H ^-< O r-i r-l  «M CM SM o cs H o rJ O r-4 
f"< O r-o o o r-l   O   O r-i r--! •. ,-i CN o r; en ■~( 
(-4 ^ iH CNJ cv CNi  o iH iH CO <N CS n -^ O ST! -rf 

CJ «s 
«O 

Ü 

+   i 
i-j 
Ü 
»4 

o 

c 
a.' 
4J 
Ö 
H 

o 
r-l 
c 

Q 

a 
•r-i 
»1 

v6  O 

■o 
a 

O 

> 
4-1 

ca 
B 
S 
(J 
e 
H 

p% ^ CA 
^» CO ON P»» Ch 

•      •••,■> 

\o m ^t sf co 

r* qo «A oo e^ ^ ?»« 
VJ <r 0> oo f>. <r c^s • 1 • •   •   »   * 
m CO CSS <NJ CM CNJ C«j 

co fo o m o 
•-1 O r*- N 

(O o moo o 
cN o OJ f-; 

o <(• st o .* 
o co oo o c» 
^ CM co <f m 
o o o o o 

<t VO VO VO O 
CO CO co co O 
vo p-» co cr> o 
O O  O  O  r-J 

U3 <? O SO 
CO CO O CO 
cvt iO VO VO 
r-l  r-i  1-4 r-l 

o ■•* 
o so 
CC 00 
r-i r-i 

OOOOO        OOOOO O O O  O       O O 

c?> sf «d- o vo 
er» oo oo o r-- 
r-l CM CO «sj- tO 
OOOOO 

•       •■»«-? 

OOOOO 

to m o >* cj 
00 <f <J- CO CM 
vo r-» oo m o 
O O O O i-4 

e        s        o        •        • 

OOOOO 

o m *& <t 
CM vO C\ CO 
«^1 m u-i \o 
r-l  r-l  iH r-i 

CO >* 
^ OS 
r- oo 
1-4  i-l 

O O O O       O o 

vo r»» co ^ CM 
-a- irt o\ co CM 

o 
St «M VO CM vO 
Oi CO NO tO "^ 

r>- o \0 co 
ON CO <M   O 
»-4 o O» ON 

r^. oo 
r-l <0 
oo r^ 

iO «sf CO CO CO        <N CM CM CM CM CM CM i-t iH        r-: r-4 

ft   CO   CO 
B  S > « « 

ft ft 
s a a ft ft 

11 
> > 

<N; * 
X o 
i in 

CO CM 
<r O 

> 
a M 
0 

•H * 
u O 
B3 2; a 

•r-l « 
r-- <* 
Xi vO 

C7» 
&. r-( 

^1 «% 
nJ • 
u ns 

•rl hU 
C 

J3 •* 
u BS 
0) ■-I 
H cü 

•H 
r-l *■! 

C3 CJ 
•r-l i-l 

Q. 
OT -O 

ti 
S 3 F w M 
«s c 

•H 
z. «J 

ä ro 
« CJ 

r-i H 
•H 
fa S-( 

o 
c IH 
0 

T-l ^ 
4J 4J 
Ü cu 
"5 1-1 
U Ü 

U-l o 
•W CO 
•r4 a a 

<a 
M U 
| 
ft 0) 
0 jH 

A« <* 

■■—■ '■ ■■ '■ ■■' 



- 21 - 

However, only slight, interaction was observed using the parfluorin^ted 

25° -3 
•ain«) FC-43, and a deneity, d   « 2.98 g. cm.  wa« found. This 

density value indicates tv/o "molecules" of NF, AsF5" Per unit cel;J- 

Scaled. - 2-72S' cia-'3>- 

Wlien KF, ASif,' was prepared using proper experimental conditions, 

the X-r?y powder pattern did not show even a trace of the impurity, 

NO+AsF6\
10 

Discussion 

Synthesis, - (i) The existence of the corresponding M F., species " x y 

had always been known in the case of ionic coiuplexes containing 

M F^ 1N. Thus, such complexes could easily be prepared from M F 
x ^y-i^ x y 

and a suitable acceptor species such as the strong Lewis acids, AsF^ 

or SI.F-.  Since NF,- has never been prepared (and is unlikely to be due 

to the velidity of the octet rule for the first rov/ elements of the 

perr'odic system), NF,  can not be synthesized in this manner,  (ii) 
■t 

A theoretically possible halogen exchange reaction, NX^ (where X 
t 

Cl, Br, or I) — ^ NF,  is improbable for similar reasons, i.e., 

NX, has never been prepared,  (iii) Finally, NH, to NF, by direct 

fluorination is unlikely.  In fcHis easss, the infeeftne^iafees wöwld fea 

(10) A. Young, T. Hirata, and S. Morrow, J. Am. Chem. Soc, 86, 20 

(1964). 
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unstable and would likely decompose with the elimination of HF 

11 12 
analogou« ce the pftrctAlly fluovlnated amines.     *   Thosrtfor«, a 

more promising method for the preparation of NF,  considers the use 

of the next lower fluoride, NF3, and fluorine (either through NF^' + 

F« or NF. + F ), This requires a high activation energy. 

The formation of NF.+ from NF, and F2 will be favored by the 

following:  (i) sufficient activation energy which might be r.upplled 

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- 

metrical anions, such as AsF6~ or SbFg', stable and energetically 

favored. In addition, the formation of a solid or a complex in 

solution will result in a gain of lattice energy or solvation energy, 

respectively. 

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

NF3, AsF5> and F2 under autogenous pressure to a temperature of 485°, 

failed to produce NF, . From the possible remaining energy sources 

(11) H. Dubbv R. osMnough, and S. C, Quvti»,  Snerg, eh^., it» 0^8 

(1965). 

(12) C. J. Hoffman and R. G. Neville, Chem, Rev., 62. 1 (1962). 
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we chose glow disc'uarge at -7S* for the following reasons:  (i) NF^ 

and AsFc were observed not to Interact at -78*, which is not sur- 

prising since NF, and BF~ were not observed to interact at low temper- 

13 ature;   (ii) the vapor pressures of the starting materials are 

4* 
sufficient at -78*; (iii) the hoped for product, NF, AsFg , could 

have a low thermal stability. 

Two possible mechanisms are proposed, Mechaaisn.' 1 is based on 

the ionization of NFn to NF3 and Kechanisia 2 invülv^s the heterolytic 

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

a Lewis acid (As?5) and a Lewis base (NF..) • 

^3(8) "> ^"(g)^" 

AsF5(g) + e" >    A-?5(g) 

^^(g)" ^ <r.)      & 

AsF
i(g)
+F0(g) —^ AsF6(g) 

^Mg) + AsF6(g) -> N:?4+As76(s) 

p. ___-—^ Ft % + e" 
(g) '   (g) 

F-<g) + e" > F(S) 

^5(8) + F(s) >  AsF6(g) 
W4te) + A8F6(g)  > <"*»'6W 

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

I   -MM ,.11.1. -|    ..    ,,.__, 
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Mechanism 1 may be slightly favored since the ionization potential 

14 
o£ NF- (13.2 «.v.)  is less than that of the fluorln* «torn, 

F* (17.34 e.V.).   However, the energy supplied by glow discharge 

using 15 kv. is likely considerably greater than either ionization 

potential„ Kinetic measurements will probably be necessary to forcu- 

late the true mechanism. 

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

12       +   - 
estimations, ' that N?^ AsF, does not decompose appreciably at 

temperatures less than 150°. As expected, the complex can not be 

sublimed without irreversible decomposition. . The heat of formation 

of NF; AsF,"^ v could be estimated using a Born-Haber cycle. This 
4   6(s) 

would give a measure of the stability of the complex relative to its 

decomposition products, NF,, AsF^, and F^'    The heat of formation 

+ 2 
of NF, , v has been estimated and an estimate of the lattice energy 

4(g) 

of NF, AsF,, N can be obtained from experimental X-ray data (using 4   o(s; 
16 

the Kapustinskii equation ). However, little data are available in 

order to estimate the heat of formation of ^s^c/gA« 

(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-41. 

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

qualitatively the thermal decomposition and hydrolysla product» of 

+ 
N?, AsF6 . Generally, there was no difficulty in assignment of 

ion species to corresponding mass number. The peaks at m/e 28 and 

+       + 
85 could be due to Si and SiF-,  (from SiF,), respectively; however, 

if this were correct the peak at m/e 85 (^F,, ) would be much more 

intense than it actually is.  In fact the peaks at m/e 47 (^F ) and 

66 (KUFj ) have about the same intensity as that of the peak at m/e 

85, in agreement with the observed intensities for the mass spectrum 

17 + + 
of NjF,.   We have assigned the peak at m/e 44 to CC^ not to I^O 

since the latter assigmrent would imply the presence of appreciable 

quantities of NO as well. But NO was observed only in an extremely 

small amount and only at two temperatures, 120 and 180°, whereas the 

peak at m/e 44 was present in all spectra. The peaks assigned to 

12 14 
NFo agree well with the previously obtained mass spectrum of KF-,': 

The parent ion, ASF/11
*, at m/e 170, was not observed since only the 

dissociation and/or decomposition products entered the mass spectro- 

18 
meter. This peak is absent in the mass spectrum of pure AsFc  and 

in the mass spectrum of the thermal decomposition products of 

(17) J. T. Herron and V. K. Dtbeler, J. Chem. Phy«., 33, t§®9 (if60). 

(18) R. P. Nielsen, Shell Development, Emeryville, California, Private 

communication. 
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+   - 10 
ü2 AsF6 °   The Parent ion Peak is r-lso  lacking in the mass 

spectrum of Ks^. 

No peak at m/e 38 (F2 ) occurs. However, this does not neces- 

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
+/F+ - 

14 
20/1)  and consequently, F^ may contribute to its abnormally high 

intensity. However, the fragmentation of AsF^ no doubt also produces 

F« which can ionize easily to F . 

The trace impurities (indicated by the mass spectra) in 

+ 
NF^ AsFg are easily accountable. The starting material, NF^, may 

+   - 20 
contain traces of ^F^ thus forming the complex, N^F AsFg .   Also, 

under glow discharge conditions, traces of ^F, could form, probably 

resulting in complex formation between N2F/ and AsF5 (in analogy 

21 
to the corresponding SbF^ compound ). This species could also form 

during the decomposition of NF, AsFg". Present in even smaller 

+      + -f   - 
quantity, NO and NOF ion species are no doubt due to NO AsF, . 

0 

This 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. Studier, Science, 141. 528 (1963), 

(20) D. Moy and A. R. Young, J, Am. Chem. Soc, 87, 1889 (1965). 

(21) J. K. Ruff, ibid. 87, 1140 (1965). 

— , ii ' 
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in which the glow discharge vessel was not sufficiently cooled.  It 

was Idanclflad by infratad spectroscopy (KO tcvaeehlAg vibration 

-1 22 TO 
at 2300 cm.  ) ' and X-ray powder diffraction data."  The formation 

+   - +   - 
of NO AsF, can be due to either the interaction of NF, AsF,- with 

the glass walls of the glow-discharge vessel, represented by the 

following equation: 

2 NF4
+AsF6" + Si02 — —■> 2 N0+AsF6" + SiF4 + 2 F2 

or reaction involving the formation of KOF as follows: 

2 NF3 + Si02 > 2 NOF + SiF4 

and NOF + AsF5  ^ N0+AsF6'. 

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 consumed by interaction 

24 
with the glass walls  or copper electrodes of the glow-discharge 

vessel and by interaction with any traces of nitrogen (impurity in 

25 
the NF«) present forming NF«. 

The mass spectra of hydrolysed NF, AsFg" show the expected ion 

(22) K. 0. Christe and J. P. Guertln, Inorg. Chem,, 4, 905 (1965). 

(23) 0. Glemser, Angew, Ghe®. (Int. Ed.), ^, 446 (1965). 

(24) A. G. Streng and A. V. Grosse, J. Am. Chem. Soc.f 88, 169 (1^665. 

(25) W. Maya, Inorg. Chem., 3, 1063 (1964). 
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species, nocably HF , N0+, K02
+, NOF+, NO^, AsO+, AsOF+, AsOF2"f, 

and AHO^ . Since ehe lens »peele., AaF^, A»F2+, «nd A«l,+, are 

detected in substantial quantity, the lack of a peak at m/e 151 

(AsF, ) is difficult to explain. The fact that NF~ is not easily 

12 
hydrolyzed ' accounts for its presence in substantial quantity. 

a.    _ 
In suiwnary, the mass spectra showed that NF, AsF/- , prepared 

using the proper experimental conditions as previously described, 

contained only small amounts of impurities. In addition, the thermal 

decompisition and hydrolysis products of the complex were identified, 

+ 
Structure of NF^ AsF^- . - Since the 1:1 si mole ratio of the 

complex formed from NF-, AsF,-, and F2, and the ionic structure, 

+ 
NF, AsFg , were established by quantitative vacuum synthesis and 

19 
elemental analysis and by vibrational and F ' magnetic resonance 

spectroscopy, respectively, we have taken the liberty of using this 

ionic structure throughout the text. Further evidence for this 

structure is the high thermal stability of the complex. 

X-ray powder data (Table I) indicate that NF^AsF.' has a crystal 

1     oft 
structure similar to that of PCI, PCU .   This is not too surprising 

since both compounds have comparable anion radius to cation radius 

ratio and have ions of similar shape. As expected, PCI, PClfi has 

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

(1942). 
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a somewhar, larger unit call (a =■ 9.22 A., c « 7.44 A.) and a lower 

-3 
dansity (d - 2.12 g. cm.  ); however, «/c is similar for both com- 

pounds, i.e., 1.23 and 1.34 for PCI. PClg and NF, AsFß , respectively. 

Also, both compounds have two "molecules" per unit cell. In both 

X-ray powder patterns, hkO diffraction lines are absent for h -f k - 

odd integer, indicative of a similar space group. The structure is 

essentially the cesium chloride type; however, the nonspherical ions 

of NF, AsF6 and PCI, PCI/- cause a distortion (i.e., from simple 

cubic to tetragonal). Each ion (NF, or AsF,') hr.s eight neighboring 

ions.of opposite charge. 

Nomenclature. - Previously used names such as "tetrafluoro- 

ammonium" or "perfluoroammonium" cation for NF,  are inappropriate 

+ 
since the polarity of the bond in NF,  is different from that in 

+ + 
NF, . Whereas for NF,  the nitrogen atom has a formal oxidation 

number, +V, it is -III for NH, . Therefore, NF,  is named "tetra- 

fluoronitronium(V)", as a derivative of hypothetical NF,-. 
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Abstract 

19 
Infrared, Raman, and F  magnetic spectroscopy confirm the 

ionic structure, NF, AsFfi , for the compound formed by the addition 

+ 
of NF,, F2> and AsFc in 1:1:1 mole ratio. The NF,  cation, wiuh 

four equivalent fluorine atoms, has a tetrahedral structure (point 

group T,). The force constants of KF, are calculated and compared 

with that of NP, and isoelectronic species, BF, and CF,. 

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

Technische Hochschule, Stuttgart, Germany. 
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Introduction 

Recently, we have reported the existence of NF, AsFß' . Xn 

the preceding paper the synthesis and properties of this complex 

have been described. The object of this paper is to support the 

proposed ionic structure, NF, AsFß , by spectroscopic data and to 

-f. 
compare the bonding in NF. with that of NF3 and isoelectronic BF, 

and CF,. 

Experimental Section 

The preparation of NF, AsF^" by the glow discharge of a 1:1 mole 

mixture of NF^ and AsF,. in th= presence of excess fluorine has been 

3 
described in the preceding paper.  In the sample used for the 

spectroscopic investigations, nut.e of the possible impurities, such 

as NO AsF6 or complex copper salts, could be detected by either 

X-ray or infrared measurements, Manipulations outside the vacuum 

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

(2) K. 0. Christe, J. P. Guer.:in, and A. E. Pavlath, Inorg. Kucl. 

Chem. Letters, (1966). 

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

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

Model IÄ-9 gracing spectrophotometer in the range 4000-420 cm.  , A 

+ 
sample of NF, AsFfi , as a dry powder, was placed between AgCl windows. 

These were held in place by a screw cap metal cell equipped with 

neopreue 0-rings. 

Raman Spectra. - The Raman spectra were recorded on a Gary Model 

81 spectrophotometer, using the blue mercury line (4358 A.) as the 

exciting line and &  saturated KNO« solution as the filter. A Pyrex- 

glass tube (7 mm. o.d.) having an inner hollow glass cone for variable 

sample thickness or a glass-plunger type of reflection cell was used. 

Due to the very fine particle size of the sample, the better spectra 

were obtained using the latter technique. 

19 
F  Magnetic Resonance Spectra. - A Varian Associates Model 

19 HA-100 spectrometer was used to record the F  magnetic resonance 

+ 
spectra. Solid NF, AsFg  (0.15 g.) was placed into a Teflon FEP tube 

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 undissolved material was transferred mechanically 

(decanted) into a Teflon FEP n.m.r. tube (^'4 mm, o.«?.). The n.m.r. 

tube was "heat sealed" under vacuum (using a hot Pyrex-glass rod) 

and inserted Into a standard 5 mm. o.d. glass n.m.r« tube to facilitate 
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ehe spinning of the sample. Fiuorocarbon-11 (CFC1.) was used as an 

exfeas-nai standard ( / « 0,0 p.p.m.). 

Results 

19 19 F  Magnetic Resonance Spec rum. - The F  magnetic resonance 

spectrum of a solution jf NF, AsF6~ in liquid HF is shown in figure 

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

singlet at / » +196.1 p.p.m. (KF solvent), (ii) a broad multiplet 

at ^ - +69.5 p.p.m. (AsFg'), and (iii) a triplet at cT" -213.5 p.p.m. 

(NF, ) having a coupling constant, J^-. - 9.34 c.p.s. For comparison, 

$2  in liquid HF and NF, have chemical shifts, J - -428.7 and -146,9 
4 

p.p.m., respectively. 

Vibrational Spectra. - Figure 2 shows the infrared spectrum öf 

+   - -1 
NF, AsF, . The band at 406 cm,  does not actually have as high an 

intensity as shown in the figure, since the AgCl windows begin to 

absorb in this range. The Raman spectrum was rather weak and could 

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

bands, on« at 813 cm." , and a very broad one at about 500 cm." . 

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

The other linos reported are somewhat doubtful, bur coincide well with 

(4) J. H. Noggle, J. D. Baldeschwieler, and C. B. Colbum, J. Chem. 

Phys., 37, 182 (1962), 
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i. 
it 

with the strongest Raman lines expected for As?.- . 

Tftble I lietrs the obsarvad £tequenöl^« (4^4 «heir anolgnmcnts) 

+ of the infrared and r,axaan spectra of N?,  As?,   . 
4. 

Calculation of Force Constants. - The force constants of NF, 

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

the normal vi.brations 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 of the General Valence 

Force Field (GV"'). A good approximation of 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/A.) 

GV?? Our Method 

K?3 4.36 6 4.39 7 

CF, 6,97 8 6.88 7 

4 

BF3 7.10 9 7.29 5 

(5) W. Sawodny, A. Fadini, and K. Ballein, Spectrochim. Acta, 21^, 

995 (1965). 

(6) P. M. Schatz, J. Chem. Phys., 29, 481 (1958). 

C7) W. Sawodny, unpublished. 

(8) J. L. Duncan and I. M. Mills, Spectrochim. Act«, 20. 1089 (1964) 

(9) J. L. Duncan, J. Mol. Spectr., 13, 338 (1964). 
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pericdie syscem. Tae synmetry rorce constants of N?,  (Table III) 
■+ 

wer« oAleulAted uatng the set of normal vibration« obtained from 

Table I. 

Table III 

bynanetry Force Constants of NF,  (mdynes/A.) 

Al ¥ll 7.396 

s F22 0.888 

F2 F33 5-43L5 F.,, 0.495 
34 

F44 0,694 

Hence, the valence force constanc (fr) and coupling force constant 

(frr) are 5.910 and 0.495 mdynes/A,, respectively. Because of the 

redundancy condition in A,, it is not possible to give explicit data 

for the deformation constants. 

Discussion 

Few structural possibilities exist for a 1:1:1 adduct formed 

from NF^, F2, and AsFc. If we exclude very unlikely 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 hyporhetical AsFg", the only remalntng 

Hr 
plausible structure is NF, AsF, , This structure satisfies the 

octet rule for the nitrogen atom and results in two highly symmetrical 
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and saturaced (based on coordination numbar) icn» of high stability. 

Sinees the ootac rule 1« ßcriccly appllcabla aftly to th« 2ti?««: sraw 

elements of the periodic system, it is expected that NF,  is an 

3 
ideal sp -hybrid (tetrahedron), analogous to iscelectronic BF, 

and GF,. 

F  Magnetic Resonance Sgectrtm. - An ideal tetrahedral species, 

+ 19 
XF/, , should exhibit only a single F  magnetic resonance line since 

the four fluorine atoms are equivalent. However, a nitrogen atom 

has a quadrupole moment« Thus, the expected singlet splits into a 

triplet (Jx™ - 234 c.p.s.)» Similar quadrupole coupling is observed 

19 in the F  magnetic resonance spectrum of NF~ (a triplet J _, ■ 

155 c.p,s.)4 and ^F4* (a triplet, J^ - 328 c.p.s.)«   Thus, the 

obtained triplet for NF, AsF," is entirely consistent with a tetra- 

hedral NF,  cation possessing equivalent fluorxne atoms- 

Vibrational Spectra. - Table I shows the vibrational spectra 

of NF,'AsF,". The following section discusses the assignment of fhe 

observed frequencies. An octahedral anion of the type XYg , such as 

AsFfi', has 0, symmetry. The five normal modes of vibration are 

classified as (A^ + E + F2 + 2 Flu). Oi. these, only the two Flu 

modes will be infrared active, while only the A,. E , and F« modes 

will be Raman active, aasvaatng «hat the selection rulfea are valid 

(10) D. Koy and A, R. Young, II, J. Am. Chem. Soc, 87, 18G9 (1965)« 
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j 
and chat the cccahedrori is noc distorted. Accordingly, the normal 

modoa aaeociatad with AaFg"    u" assignad without difficulty. Asaign- 

ment of four of the five expected fundamental vibrations was done 

with assurance, whereas the assignment of \'n  (E ) to Che infrared 

-3 
band at 611 cm.  is uncertain. For example, this band could also 

be assigned to )■%- K of NF, . The K, (E ) mode should not be 

infrared active; however, it is known that slight distortion of the 

AsF, octahedron or crystal field effects could result in this mode 

becoming active. The observed frequencies and intensities are in 

good agreement wich thac of similar complexes containing AsF,". such 

as AsCl4
+As?6" 

11 or ClF2
+AsF6

_.12 

+ 
The remaining bands of the NF, AsF, spectra, therefore, should be 

*r + 
due to the NF, cation. A tetrahedral cation of the type XY. , such 

as NF, , has T, symmetry. The four normal modes of vibration are 

classified as (A, + E + 2 F2). While all four modes are Raman active, 

only the two F^ modes are infrared active. The two infrared bands at 

1159 and 518 cm.  are obviously the triple degenerate asymmetric 

stretching and the triple degenerate asymmetric deformation vibration, 

y^  (F2) and K (F2), respectively, of NF, . Of the remaining Raman 

(11) J. Weidlein and K, Dehnicke, 2, anorg. allg, Chem., 337, 113 

(1965). 

(12) K. 0, Christe and W. Sawodny, Inorg. Chem., in press. 
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bir.ds the one wich the highest intensr'.ty ac 513 cm. ^ is clearly the 

aytümetrlc screcchlns vibration of the ttf,     e&cion.  If tho very 

-1 
broad Raman band ^t -^500 cm.  is actually two bands at 520 and 488 

cm.  , the former corresponds to the 518 cm,  band of the infrared 

spectrum, and therefore, is assigned to the asymmecric deformation 

vibration, /,   (E^), of NF, . The 488 cm." band can tentatively 

be assigned to the symmetric deformation vibration, K« (E), of NF, , 

although the difference between /„  and K. is ratl-er small, com- 

pared with that of similar molecules such as CF,  or 3?,'.   The 
4      4 

infrared spectrum shows three additional bands of low intensity. 

Their frequencies are too high to be fundamental vibrations and 

consequently, these baads are assigned 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, MF, AsF, , and are consistent with the predictions made 

for this type of complex. 

Force Constants. - The NF,  cation is isoelectronic with CF.  —— —        4 4 

and the BF, anion. Woodward " compared force constants of species 

(13) J. Goubeau, W. Bues, and F. W. Kampmann, 2. anorg. allg, Chem., 

283, 123 (1956). 

(14) J. Goubeau and W. Bues, Z. anorg. allg. Chem., 268, 221 (1952). 

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

• 
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within, similar isoelectrcnic saries end  suggested that ehe force 

constant: JLncraasce as the magnitude of the positive charge of the 

central atom increases assuming only single bonds are involved. This 

theory «should also apply to the isoele^tronic series: BF, *, CF, , 

+ 
NF, , In this series, bonding orbitais of the central atom have the 

3 
same hydridization (sp ). Also, partial dcble bond character Is 

new possible due to the strict validity of the octet rule for the 

first row elements of the periodic system. However, Table IV indicates 

that Woodward's suggestion doss not apply to the series: BF,", CF,, 

4 
ivF, , The valence force constant does increase from SF,  to CF,; 

-f, 
however, it decreases from CF, to NF, , In Table IV, the bond 

Table IV 

Force Constants of the Tsoelectronic Species, 

BF,', CF,, and NF, ; Also Those of NF^ (mdynes/A.) 

^Z ^4 w£ WF3 

;r 5.28 7 6.83 7 5.91 4.39 7 

■I 
5 06 6.08 7.09 4.25 

a 1.04 1.13 0.83 1,03 

ore ,rs (n ■ fr/f,) were calculated following the rules of fiebert 

(16) H. Siebert, 2. anorg. allg. Chem., 273, 170 (1953). 

'■ ■-■ . '  ■' ■-" '—-■■■~.-^.i'.z~"~~ ■: 
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&r.d Goubaiu. ' T'-2 value of "rJ* is  greacer than one except for that 

of NF^ . The foroa conatanc <fr) of N7,  la l&rsosr tr..in that of 

N?^, but not as large as it should be according to Slebert's single 

bond vail.«*, f., Perhaps, the; poeiclvcly charcad niiro^oa atom com- 

bined with highly electronegative fluorine atoms results in consider- 

able polarity of the N-? bond, thus decreasing the force constant 

and bond order. 
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Difluorochlorates(I) of Cesium, Rubidium, and Potassium 

By Karl 0. Chrlste nd Jacques P. Guertln 

Abstract 

The dlf luorochlorates (I) of ceslunij rubidlum9 and potassium 

were successfully prapared by the reaction of the corresponding 

fluorides with ch)jrlne monofluoride or NO ClFj"- These vhite 

solids are the first known dlfluorochlorat.e(I) sales stable at 

25*. They decompose exothermally at temperatures higher than 230 

Their composition and structure were established by elemental 

atiaiyslSs infrared, and X-ray studies. The salts are iunlc and 

contain linear C^" anious. Attempts to prepare L1C1F0 and 

:a(GlF2)2 failed, while NaClF2, Ba(ClF2)2, and Sr(ClF2)2 may have 

formed to a very small extent. 
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Incroduction 

The existence of Ionic complexes containing species such as 

C1F2
+ 1"5 and GIF," 6"9, derived from chlorine trifluoride, is 

well established. However, complexes containing such species as 

Cl and ClFj", formed from chlorine monofluoride, have not been 

10 +   ■ 
investigated until recently- Schmeisser  isolated Cl AsF^ and 

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

(2) F. Seel and C Detmer, 2. anorg. allgem. Ghenu, 301. U3 (1959). 

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

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

(5) K. 0. Christe and A. E. Pavlath, Z. anorg. ailgem. Chem., 335, 

210 (1965). 

(6) L. B. Asprey, J. L, Margrave, and M, 12, Sii/erthorn, J., Am. Chem^ 

Soc, 83, 2955 (1961), 

(7) D. H. Kelly, B. Post, and R. W. Mason, J, Am. Chem. Soc.s 85« 

307 (1963). 

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

Soc, 86, 2583 (1964), 

(9) G. WhUnay» Rt WMtUem,  Tt ttw^eyi and 6« Fsglfti f»  Am« ehem. 

Soc, 86, 4340 (1964). 

(10) Summary Report on the Inorganic Fluorine Chemistry Meeting, 

Argonne, 1963, S^  ce, 143, 1058 (1964). 

^ 



i. Q 

sbF6 * PrePared ^y "he interaction of C1F with the corresponding 

Lewis acid, AsP* or SbF^. We  have reported the exlsrenc« of tha 

CIF2" anion in the form of its nitrosyl salt, NO GIF«". Nitrosyl 

difluorochlorate(I) was shown to be ionic in solution and in the 

solid state. The C1F9" anion was assigned a linear structure based 

on infrared investigation. Since N0+C1F9'
S, is stable only at low 

temperature we have investigated the replacement of the NO cation 

by an alkali or alkaline eairh metal cation with the hope of ob= 

taining more stable complex salts. This paper describes the re-» 

suits obtained from (1) the metathetical reaction shown by the 

equation, 

NO+CiF2" + MV  —> M^CIF^ + NOF      <1) 

and (2) the direct reaction shown by the equar.io , 

GIF + MV > M+C1F2" (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 high^vacäum system which 

had stopeocls and jointfl lubricated with Haleearben grease 

(high»temperature grade). Reactions at overatmospheric pressure 

(11) K. 0. Christe and J, P. Guertin, Inorg. Chem., 4, 905 (1965) 

■ _ ■^—?rr  
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and elevated temperature were carried out in Monel containers 

equipped 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 monofluoride, nitrosyl fluoride (both from Ozark-Mahoning 

Company), and hexafluoroacetone (Allied Chemical) were purified 

by several low-temperature vacuum distillations. The purity of 

the volatile starting materials was determined by measuremenc of 

their vapor pressures, molecular weights, and infrared spectra« 

Little etching of the vacuum line could be observed. The alkali 

and alkaline earth metal fluorides (CsF 99.9% and RbF 99%, both 

from K & K Laboratories, Inc.) were used without, further purifica- 

tion. Hygroscopic nonvolatiU compounds were handled in the dry 

nitrogen atmosphere of a glove box. 

Infrared Spectra. -  Infrared spectre were recorded on a 

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

Screw cap metal cells equipped with ne^rene O-rings and AgCl windows 

were used for soli4 samples. The solids were either mulled with 

dry hexafluorobenzene or dry nujol, or they ^re used directly as 

dry powders« 

X-ray »owdev Data, - Bebye^ehe«!* 9*****  ealiefRg ttlft lÄfcgft 

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

radiation and a nickel filtar. Samples wore sealed in Lindeman 

glass tubes (/v0.5 am. O.fi-). 

i 

 _  .,  ^,, "— '   - ~r- 
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Density Measurements. - Density measurements were carried out 

8 
by tha dlapl«e«menc aethod using a perfluorlnated ey lie ether to 

fill the pycnometer. 

Differential Thermal Analysis. - A Perkin°Elmer differential 

scanning calorimeter Model DSC-1 was used to obtain the I/fA of 

the new compounds. These were sealed in aluminum pans. A heating 

rate of lOVmlr.. and an argon purge of 30 ml./min. was used. 

Elemental Analysis. - Products were analyzed for fluorine, 

chlorine, and alkali or alkaline earth metal. Fluorine was deter-' 

mined by direct alkaline hydrolysis or by Parr bomb fusion of the 

sample, each followed by titration with ThNO* using alizarine reu 

as indicator. Chlorine was reduced to Cl" either by Parr bomb 

fusion with HaJ^o  or by direct alkaline hydrolysis of the sample 

followed by reduction with TiSO,. Finally, the resultant Ci wai 

potentiometrically titrated with AgNO^. Both methods compared 

favorably, yielding results with negligible deviations. The alkali 

metal content was determined by direct aqueous hydrolysis of the 

sample followed by flame spectroscopy. Gravimetric analysis yielded 

the alkaline earth metal content of a sample. 

Preparation of the Alkali Metal Difiuorochlorätes(l), - Chlorine 

onofluorld» and an alkali nasal {lu^fiäa *eta a&roi un&»« iifietanfe 

conaxtions at temperatures from 25 to 230° under autogenous pres- 

sures. In some reactions agitation and/or NOF (as a catalyst) were 

employed. Also, CsF was sometimes pretreated with CF^COCF^. 

MwyJ^V^  . „-__ ; 
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In A typical experimenc, CsF (0.204 mole) was introduced into 

a 300 ml. Mon«l cylinder having NPT openings (0.5 in.) on both * la 

to facilitate removal of solid products. One end of the cylinder 

was cupped with a Swagelock fitting and the other end was connected 

by Monel high-pressure tubing to a Monel pressure gauge (Ü-2000 p.s.i.) 

and a Monel control valve (Whitey, M6TS6). The cylinder was connected 

to the vacuum system and CFoCOCF,, (0.350 mole) was condensed into it. 

The mixture was vigorously shaken for 12 hours at 25* under autogenous 

pressure, after which all volatile material was removed by vacuum 

pumping on the cylinder (warmed to 150°) for two hours. Now, excess 

GIF (0.700 mole) was condensed at ■»196° over the CsF. The mixture 

was heated for 48 hours at 175* in an electric tube furnace equipped 

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 

only to 100°). The nonvolatiles white, crystalline oroduct was 

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

material ^sF) was determined (Table I). 

Results and Discussion 

Synthaeif. - Th« dUiuorö6hloirete«Cl) »£ eösi-y», tuMglt^i, 

and potassium were successfully prepared by (1) metathetical reaction, 

or (2) direct interaction of C1F with the corresponding fluoride. 

Table I lists the results of several experiments. A 100% conversion 
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of scaicting 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 interaction of the compounds with the Monel reactor re- 

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

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

X-ray diffraction pattern "  and by analysis of the product for 

nickel. 

No difficulties were expected for the metathetleal reaction. 

+   »11 
The low thermal stability of NO ClF,    assured the complete re- 

moval of the complex from the product. Since NOF is regenerated 

during the reaction [eqiäation (1)J» only catalytic amounts are re- 

quired. Generally, the use of NOF resulted in higher conversions 

of the starting material; however, analyses indicated too low a 

chlorine content compared with the alkali astal and fluorine con- 

tent and the percent conversion found from the weight increase of 

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

(12) W ilemm and E. Huss, 2. anorg. allgem. Chem., 258, 221 (1949). 

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

(14) 1. R. Scholder and W. Klemm, Aagew. Chem., 66, 461 (1954). 

(15) H. Bode and E. Voss, 2. anoxg. allgem. Chem., 28^, 136 (1956). 
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absence of GIF was investigated. A weight Increase was obtainedj 

howrver, the analytical results were Inconclusive. The X-ray 

pattern showed only alkali metal blfluorlde and starting material. 

No CsNO» was found In the product.  Impurities in or decomposition 

of NOF to nitrogen oxides could have produced this nitrate. There- 

fore, no conclusions can presently be made concernlug the type of 

interaction observed.  In several experiments the CsF was pre- 

treated with excess GF„COCF.. However, no significant activation 

effect was observed. On this basis, the direct reaction of GIF 

with the corresponding alkali metal fluoride seems to be the pre- 

ferred method for preparing the difluorochlorate(I) salts. 

The difluorochlorates(I) of lithium and calcium could not 

be prepared at 25 and 150° even using high autogenous GIF pressures 

(f2000 p.s.l.). No weight increase of the starting material was 

observed and the X-ray diffraction pattern nhowed no new products. 

Similarly, the reaction of NaF with GIF 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 

starring material. However, analysis indicated no chlorine in the 

product. From similar observations, SrF» and BaF* reacted with 

a mixture of C1F end NOf at 25 and 150* to an equa-ly §m&Xi  •j»c«ft(e 

Again, no chlorine was found in the product. The greater tendency 

of CsF, SbF, and KF to form stable complex salts compared with 

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



- 53 - 

6-8 
served in the case of tetrafluorochlorate8(III)   and sales 

containing the CF-O* aniou . 

Properties of cesium, rubidium, and potassium difluorochlox" 

ates(I)  . - The compounds are white solids having good thermal 

stability. Differential thermal analysis indicated exothermic 

decompositions at 262, 248, and 237°, respectively. This stability 

order, CsClF« )>  RbClF« ^> KC1F , follow?? the same sequence found 
/ L L 
- 8       - 16 

for the GIF,   and CFo0    alkali salts. The decrease in cation 
4        3 

+    + 18 
size and the increase in polarizing power from Cs to Li    (ir 

Group la of the periodic table of elements) probably accounts for 

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

(16) D. C. Bradley, M. E. Redwood, and G. J. Willis, Proc, Chem, 

Soc, 416 (1964). 

(17) These compounds were not obtained pure. They invariably con- 

tained a certain percentage of the corresponding fluoride due 

to incomplete conversion of the starting material. Therefore, 

the properties given refer to mixtures of metal fluoride and 

metal difluorochlorates(I). 

(18) I. G. Ryss, "The Chemistry of Flucrine and its Inorganic Com- 

pounds", State Publishing House tnt  Seieneiili, fiatHfiiial, still 

Chemical Literature, Moscow ''igsö), English translation^ Vol. 

1, 1960, p. 217. 

i 

; 

w^wimi III »ill—■■iMin m ■ 
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have lower oxidizing power and are somewhct less stable than the 

corresponding tetrafluorochlorates(III)  . This is in agreement 

with the reported scabilities of N0+C1F " and N0+C1F,' ll. 

Structure of cesium, rubidium, and potassium difluorochlor- 

ates(I). - The infrared spectrum of CsClF-, in the range 4000 to 

-1 -1 420 cmo ' showed its strongest absorption at 636 cnu ' in agree- 

-1 
ment with the 635 cm.  value found for the asymmetric stretching 

+   - 11 of the GIF« anion in NO CIF2   »  Based on the suggested linearity 

of the CIF2" anion in NO C1F2~, a similar structure is assumed for 

the C1F? anion in the alkali metal difluorochlorates(l), 

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

intensity and resembled strongly those reported for the &( -modi» 

19 20 fications of the corresponding alkali metal bifluorides 

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 jjior mixtures of metal fluoride 

and metal difUiorochlorate(I)j indicated that the observed patterns 

(19) R. Kruh, K. Fuwa, and T. E. McEver, J. Am. Chera. 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 Co small amounts of the corresponding bifluor^de 

as impurity, the difluorochlorate(I) salts being either amorphous 

or exhibiting only very low»intensity X-ray patterns. 

The linear configuration of the GIF«" snion, supported by infra- 

red analysis, may be explained by either of the following modelss 

21 3 
(i) a hybridization model  , assuming mainly sp d-hybridization 

of the orbitale 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 more probably 

(ii) a semi-empirical molecula orbital model  involving 

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, 

(21) J. G. Malm, H. Selig, J. Jortner, and S. A. Rice, Chenu Rev 

199 (1965), 
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Oa ehe Structure of the 

Tetrafluorochlorate(III) Anlon, CIF^ 

Abstract 

Infrared and conductivity measurements show that MG1F, (where 

M is NO, Rb, or Cs)  '. ioni^ in the solid state and in solution, 

respectivelyo A square-planar structure (point group D,, ) is 

assigned to the CIF,"' anion in Rb ClF^, ° and Cs GIF,'. For the 

C1F," anion in NO GIF,", the low-temperature infrared measurement 

indicates a lower symmetry« 

Introduction 

Whi le the exigence of MG1F, (where M is NO, K, Rb, or Cs) is 

well known " , no reports on the ionic character of the NOF-GIF« 

(1) L, B, Asprey, J. L. Margrave, and M„ E,  Silverthorn, J. Am. 

Ghem, Soc, 83, 2955 (1961), 

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

(3) E. Whitney, Ro MacLaren, G. Fogle, and T. Hurley, ibid., 86, 

2583 (A964). 

(4) E. Whitney, R. MacLaren5 T, Hurley, and C. Fogle, ibid., 86, 

4340 (1964). 
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adcuct and on ehe structure cf the C1F," anion have been published. 

Asprwy" at al. obtaln«d tho infrered spectrum of ^^A*   however, 

the absorptions repotted by them occur at much higher frequencies 

than expected for the fundamental vibrations of the GIF,  anion« 

Therefore, they could have obtained only overtones and combination 

frequencies. 

The structure of the C1F, anion can be expected to be similar 

2        5 
to that of the BrF,  anion, since both KC1F,  and KBrF^ crystallize 

in the tetragonal system and have similar unit cell dimensions. 

Siegel interpreted the X-ray diffraction pattern of KBrF, in terms 

of a tetrahedral configuration of the BrF," anion. However, the 
c   7 

pattern can be interpreted in terms of a planar BrF,  anion ' as 

well. The tetrafluoroiodates(III) of potassium, rubidium, and 

g 
cesium have been prepared , but the structure of the anion has not 

g 
been investigated. However, it was reported that the X-ray powder 

diagrams are complex and that the IF,° compounds are probably not 

isostructural with the corresponding BrF," compounds. Therefore, 

the evidence reported previously in the literature is insufficient 

(5) S. Siegel, Acta Cryst., 9, 493 (1956). 

(6) W» Ci §ly  and A. S. Ma^ih, iÜU,t  iß.« 37R (1-957), 

(7} S. Siegel, ibid., 10, 380 (1957), 

(8) G. B, Hargro.aves and R. D. Peacock, J. Chem. Sc;,, 2373 (1960), 
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to prove ehe structure of any of the tetrafluorohalogenate(IH) 

anions. How«v«r, based on th« known «quira-planar «trustu?« of the 

»9 10 ■, 
IC1.  anion and of the isoelectronic XeF^ , 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 modelso  If, for example, 

the tetrafluorochlorate(III) anion were tetrahedral, the semi- 

ionic bond model  would be incorrect. 

Experimental 

The compounds examined were prepared as described in the 

literature3,4« The infrared spectra of RbClF4, CsClF4, and N0C1F4 

were taken with a Beckman IR~9 spectrophotometer in the range 

4000 - 400 cm/'1» The spectrum of RbClF^ was also recorded on a 

Beckman IR-11 spectrophotometer in the range 800 - 33 cm.  „ Nujol 

mulls or dry powder between AgCl or polyethylene disks were em- 

ployed. The low-temperature spectrum of NOCIF^ was taken using 

(9) R. C. L, Moonay, Z. Krtst. %&,  377 (1938). 

(10) J. G. Malm, H, Selig, J. Jortner, and S. A, Rice, Chem. Rev., 

65, 199 (1965). 
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ehe same technique described earlier for NO^CIF,/ ll  and CIF^AsF^"   . 
2 2   6 

Th« conductivity m«a«uretn«nt8 w«ra dona uting th« möthod raported 

11 
earlier . 

Results 

Conductivity, - The solubility of N0C1F, in liquid C1.F3 at 

-23* was quite low. Table I shows the results obtained for a satur- 

ated solution of N0C1F4 in liquid ClF^ 

Table I 

Conductivity of NOCiF, in liquid GIF, 

Compound Tempoj "C Specific conductance, cr 
ohm   cm."-1- 

GIF. =23 9.2 x 10"9 

NOF =79 5.4 x lO"5 

Saturated solution of 
N0C1F4 in liquid C1F3 -23 2.1 x 10"7 

Assuming complete solubility cf the NOCIF, in GIF, (not actually 

the case) the solution would have had a molarity of 0,079 mole 1.  , 

and thus a minimum equivalent conductance, -A. « 3.69 x 10  ohm" cm , 

(11) K, 0. Chrtste and J. f, ßuertin, Inawg*  ehem., 4, 835 (1965). 

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

210 (1965). 
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jjlfeag.6^ Spectra, - Table II shows ehe absorption frequencies 

of N0C1F4> RbClF4, And CsClF4.  The fraquftneies of th« pure solid 

11       1° 
starting materials, NOF  and GIF,,  , have previously been reported. 

The NOCIF^ sample was prepared directly on a cold AgCl wiadow using 

excess NOF or excess C1F3.  It was found siore convenient to remove 

unreacted NOF from NOCIF^, due to its greater volatility» Figure 

1 shows the low-temperature infrared spectrum of solid N0C1F,. 

Table II 

»1 Infrared absorption frequencies (cm. ) of MC1F, 

and vibrational assignments for RbClF, and 

CsClF, in the point group D,, 

RbClF,        CsClF,     assignment for NOCIF, 4 v.o^x^4 

RbClF4 and CsClF4 
in the point group D,, 

4 

1242 raw ^6 + hJ
1 2298 m ^N0+ 

745 vs      742 vs K, (E ) 676 ms 
541 vs 

486 s       478 s P2 (A2u) 498 m 

430 m       425 m H-, (E ) 434 s 
7 v u' 

118 m lattice vibration 
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Discussion 

NOCIF^i Ionic Character. - Thtta raaeonabl» structurae for 

the complex ares  coordination complex, üiFo-NOFCI); C1F2 NOF2 (11); 

+ 
NO CIF^ (III)o Structure I should show no significant conductivity 

increase in GIF« solution and would require an infrared spectrum 

similar to that of GIF- superimposed on NOF with perhaps some 

shifting of absorption bands. The NO bond in structures I and II 

-1 11 
has double bond character and should absorb at 2000-1800 cm. 

In structure III the NO bond has triple bond character and should 

-1 13 
absorb at 2350°2100 cm.    „ The solution containing the complex 

has an increased conductivity and the infrared spectrum shows the 

"1 T 
NO absorption at 2298 cm, ' 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 GIF,  ardon, - Table III shows the point groups 

taken into consideration as structural possibilities for the GIF," 

anion and the infrared-active fundamental vibrations expected for 

each group. 

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

Inorg. Ghem, 1, 661 (1962), 
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RbClF^ and CsClF^ -  Since NO^CIF," and the alkali metal 

tecra£luorochloi'ata«(IXI) do not show the «am« number of absorp- 

tion bands and do have somewhat different frequency positions, these 

compounds will be treated separately. The specrra of the alkali- 

metal tecrafluorochlorates(III) show only three infrared-active 

fundcunental vibrations. The absorption at 118 cm." in RbClF, is 

too low to be a fundamental vibration^ and therefore, is assigned 

to a lattice vibration, in agreement with values found for K2PtCl, 

14 -1 
and similar compounds . The band at, 1242 cm, " occurs at too high 

a frequency to be a GIF fundamental and consequently, is assigned 

to a combination vibration. Therefore, since only three infrared 

accive-fundamentals were found, a square-planar structure can be 

assigned to the ClF,  anion and the other structural possibilities 

can or, ruled out, 

A square°plarar molecule of the type XY, has D,, symmetry. 

The nine normal modes of vibration are classified as (A, + A0 + 
lg   2u 

B. + B,  + B- + 2 S ), Of these, only the E and A« modes will 
lg   lu   2g    u' '   ^     u     2u 

be infrared active in the isolated molecule, assuming that the 

selection rules in ths solid are the same as they would be for the 

free gaseous 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 

spaccrun cf RbCIF,, occur ac 745, 436, and 430 cm.* . The band at 

745 cm." is undoubtedly the Cl^F E stretching mode. Out of the 

two expected infrared^active deformation vibrations the in-plane 

vibration likely has a lower frequency than ^he out-of-plane vibra- 

»l -1 
cion. Therefore, the bands at 486 cm.  and 430 cm. ' are assigned 

to the vibration of the A« species an'' the E species, respectively. 

Sabatini et al.  preferred the opposite assignment for the two 

deformation vibrations in PtCl,0 and similar square-planar anions. 

Our assignment, however, is in agreement with the assignments for 

other square^planar AB, type molecules *  , ClFc'L , and the iso- 

18 
electronic XeF,  , In addition, it can be assumed that the repul- 

sion between the fluorine atoms in the CIF," 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) B. B. Wilson, J. Chem. Phys,, 3, 59 (1935). 

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

42, 2?36 (1965). 

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

85, 1927 (1963). 
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For CsClF^, slightly lower frequencies were obtained for these 

modes. Tf.ble II contains the vlbratlonsl assignments of the ob- 

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

NO GIF, . - The low-temperature infrared spectrum of NO GIF, 

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

metal tetrafluorochlorates^II).  In addition, the positions of the 

higher frequency band differ somewhat« The number of observed 

bands rules out the tetrahedr^l (T, point group) structure, "he 

square-planar (D^u point group) structure should show onr  ^ration 

less. However, since we are dealing with spectra of solids at low 

temperature, in which the anion does not necessarily behave ideally, 

it is possible that the symmetric stretching vibration of ClF^ 

might have become infrared active. Then the assignments could be 

made in analogy to the vibrations of the square-planar GIF, pare 

17 
of the GIF, molecule  . However, the found intensities do not 

agree so well with thi^ assignment. The planar trans-XYoZ„ structure 

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

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

•f 
and most infrared spectra of NO GIF,  showed a very weak shoulder 

at 570 cm.~ . Based on this, and the fact that the position of the 

band at 4fe ata.  «toas not  exclude lea lntes*p¥tfE*6i0fl «s * i»iir»«eHi>ng 

vibration, the possibility of assigning the GIF.  anion in NO GIF, 

to the point group C2 can not be eliminated. Regardlessly, the 



- 69 - 

symmetry of ehe C1F,  anion in NO ClF, at low temp -rature appears 

co be lower than 0,^ (found for RbniF, and C«C1F,). 

Conclusion, — 

(i) The ionic structure, NO GIF, , is assigned to the 1:1 adduct 
*>• 

formed from NOF and ClF.,» 

(ii) The tetrafluorochloratedll) anion in RbCIF, and CsCIF, is 

square-planar (symmetry D,,). 

(iii) The tetrafluorochlorate(III) anion in N0C1F, at low temperature 

has lower symmetry than D,. . 

(iv) The square-planar structure found for the GIF," anion in RbClF, 

and CsCIF, is in agreement with either the semi-empirical 

molecular orbital model, assuming semi-ionic bones, or the 

3 2 
sp d ^hybridization modelo 

(v) Since KC1F, and KBrF, are isostructural according to their 

x°ray data, the interpretation of KBrF, in terms of a planar 

rather than t.  tetrahedral BrF," anion see us more likely» 
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