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FOREWORD

The research reported herein was supported by the Office of Naval Research,
Power Branch, Code 473, with Dr. R. S, Miller as Scientific Officer. This
report covers the period 1 January 1976 through 31 December 1976. The
program has been directed by Dr. K. 0. Christe. The scientific effort was
carried out by Drs. K. 0. Christe, C. J. Schack, and Mr. R. D. Wilson. The
program was administered by Dr. L. Grant, Manager, Exploratory and Analytical
Chemistry, and Dr. K. 0. Christe, Program Engineer.
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INTRODUCTION

This report covers a 12-month period and describes Rocketdyne's research efforts
in the area of halogen chemistry. As in the past years, our research was kept
diverse and covered areas ranging from the exploration of new synthetic methods
and the syntheses of novel compounds to structural studies. However because of
the importance of NFZ salts as ingredients for solid propellant NF3-F2 gas
generators for chemical HF-DF lasers, our main efforts were concentrated in this
area. The existence of stable HFZ salts was originally discovered by one of us
in 1965 (Ref. 1) under ONR sponsorship, and much of the development in this field
has since been achieved at Rocketdyne under this ONR progran.

Particular progress in the field of solid propellant NF3-F2 gas+generators was
made by us during the current program year. Thus, the novel NF4 salts (NF4)2
SnF6, (NF4)2T1F6, and (NF4)2N1'F6 were discovered, and the concept of self-
clinkering formulations was developed, The nickel salt is of particular
importance since it constitutes the first known combination of an energetic
perfiuoro cation with an energetic perfluoro anion in the form of a stable salt.
In this manner, we have succeeded to boost within one year the theoretically
achieveable fluorine yield from 38,5 weight % (for clinkered NF4BF4) to 64.6%
for (NF4)2N1F6.

The results obtained under this program have been successfully applied to a
number of past and ongoing Navy, Army, and Air Force programs, thus demonstrating

the usefulness of goal-oriented basic research,

As in the past (Ref. 2), we have summarized completed pieces of work in manu-
script form suitable for publication. Thus, time spent for report and manuscript
writing is minimized, and widespread dissemination of our data is achieved.

During the past 12 months, the following papers were published, submitted for
publication, or presented at meetings. In addition, several patents were either
issued or filed. Al1 of these arose from work sponsored under this program,

R-77-112
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PUBLICATIGNS AND PATENTS DURING PAST CONTRACT YEAR

Papers Published

1.

3.

10.

11,

"On the PtF6-Xe0F4 Reaction System," K. 0., Christe and R. D. Wilson,

J. Fluor. Chem., 7, 356 (1976).

"Chlorine Oxyfluorides," by K. 0. Christe and C. J. Schack, Advanc. Inorg.
Chem, Radiochem,, 18, 319 (1976).

"Some Observations on the Reaction Chemistry of Dioxygenyl Salts and on
the Blue and Purple Compounds Believed to be C1F302," K. 0, Christe,
R. D. Wilson and I. B. Goldberg, J. Fluor.Chem., 7, 543 (1976).

“Titanium Tetraperchlorate and Chromyl Perchlorate," C. J. Schack,
D. Pilipovich and K. 0. Christe, J. Inorg. Nucl. Chem., Supplem., 207 (1976).

“Low-Temperature Ultraviolet Photolysis and its Application to the Synthesis
of Novel and Known NFZ Salts," K. 0. Christe, C. J. Schack and R, D. Wilson,
Inorg. Chem., 15, 1275 (1976).

"Vibrational Spectra of the Trigonal Bipyramidal Tetrafluorides SF4 and C]Fz,"

K. 0. Christe, E. C. Curtis and C, J, Schack, Spectrochim,Acta, 32A, 114}
(1976).

"Dioxygenyl Pentafluorogermanate (IV), OZGeF'," K. 0. Christe, R. D. Wilson
and I. B. Goldberg, Inorg. Chem., 15, 1271 (1976).

“Yibrational Spectrum and Force Constants of the XeF; Cation," K. 0. Christe,
E. C. Curtis and R. D. Wilson, J. Inorg, Nucl. Chem., Supplem., 159 (1976).

“Fluoride Crystal Structures. Part XXVI. Bis[di-fluorobromonium (II)]
Hexafluorogermanate (IV),'A. J. Edwards and K. 0. Christe, J. Chem. Soc.
Dalton, 175 (1976).

"trans-Dihydridotetrafluorophosphate (V) Anion, trans—HzPF'," K. 0. Christe,
C. J. Schack and €, C. Curtis, Inorg. Chem., 15, 843 (1976).

"Improved Syntheses of NF4BF4 and NF4SbF6," K. 0. Christe, C. J. Schack
and R, D. Wilson, J. Fluor, Chem., 8, 541 (1976).

R-77-112
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Papers in Press

12. "On the Synthesis and Characterization of NF4BiF6 and Some Properties of
NF4SbF6," K. 0. Christe, R. D. Wilson and C. J. Schack, Inorg. Chem.

13, “Synthesis and Characterization of (NF4)ZSnF6 and NF4SnF5,“ K. 0. Christe,
C. J. Schack and R. D. Wilson, Inorg. Chem.

14, "Synthesis and Characterization of (NF4)2T1’F6 and of Higher NFZ and Cs+
Polyperfluorotitanate (IV) Salts," K. 0. Christe and C. J. Schack,

Inorg. Chem,
15. "Synthesis and Characterization of (NF4)2N1F6," K. 0. Christe, Inorg. Chem.

16. "Vibrational Spectrum and Normal Coordinate Analysis of SFs
E. C. Curtis, C. J. Schack and A. Roland, Spectrochim.Acta,

Br," K, 0, Christe,

17. "Vibrational Spectra of Thionyl Tetrafluoride, SF40," K. 0. Christe, C. J. Schack
and E. C. Curtis, Spectrochim, Acta.

Papers Presented at Meetings

18. "NFZ Chemistry," K. O, Christe, C. J. Schack and R, D. Wilson, 8th
International Symposium on Fluorine Chemistry, Kyoto, Japan (August 1976).

19. "Recent Progress in the Chemistry of NFZ Salts," C. J. Schack, K. 0. Christe,
R. D. Wilson and R. I. Wagner, 172nd ACS National Meeting, San Francisco
(August 1976).

20. Invited seminars on "Energetic Halogen Chemistry" were given at Harvard-MIT,
University of Arizona, Tucson, and the Science Center of Rockwell International.

Issued Patents

21. "Stable Unsubstituted Sulfonium Salts," K, O, Christe, U.S.P. 3,987,152
(October 19, 1976).

Filed Patents
22. "Germanium Containing NFZ Salts and Process for Preparing Same," K. 0. Christe
and C. J. Schack.

R-77-112
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23.
24.
25.

26.

"Photolysis Method for Producing NF4PF6,“ K. 0. Christe and C. J. Schack,
"Displacement Reaction for Producing NF4PF6," K. 0. Christe and C. J. Schack.

"High Energy Solid Propellant Oxidizer and Method of Producing Same,"
K. 0. Christe.

"Self-Clinkering NFZ Compositions for NF3-F2 Gas Generators and Method
of Producing Same," K. 0. Christe, C. J. Schack and R, D, Wilson.

R-77-112
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DISCUSSION

NF, CHEMISTRY

+

4
NFZ salts, first discovered by one of us in 1965 under an ONR contract at
Stauffer Chemical (Ref. 1), are the most promising oxidizers for solid propellant
NF3-F2 gas generators., The concept of such a gas generator was conceived (Ref. 3)
and to a large extent (Ref. 4 through 8) developed at Rocketdyne. It offers

‘ significant logistics and safety advantages over cryogenic or storable liquid

oxidizers for use in chemical HF-DF lasers, for example. In a chemical HF-DF

laser, F atoms are generated by burning F2 in a precombustor with a fuel, such

as hydrogen:

Fy + H — HF + F°

The F atoms are subsequently reacted with a cavity fuel, such as 02, to produce
vibrationally excited DF as the active lasing species:

F* + Dy— DF* + D

In the original solid F atom generator concept (Ref. 3), the F atoms were directly
generated by burning the solid propellant grain, thus eliminating the need of a
precombustor. This concept is demonstrated for NF4BF4 with a small percentage of
Teflon serving both as a fuel and a binder. The heat of reaction (Q) is sufficient
to dissociate most of the NF3 and F2 to F atoms and N2:

NF4BF, + (CF,) ——# CF, + BFy + NFy + Q

2NF, + @ — N, + 6F

3 2

From a practical point of view, however, such a direct generation of F atoms is
not desirable, since it does not allow the necessary flow controls and flexibility
required for operation. Consequently, the concept was modified to that of an

NF3-F2 molecule generator, using a gas catch tank. Further modification of this

R-77-112
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concep% became necessary, when system analysis data revealed that gaseous
byproducts of high molecular weight and low Cp/Cv significantly degrade the
performance of a laser. Consequently, an NF3-F2 gas generator was desired
which would produce no gases other than NF3 and F2. The latter objective can
be achieved by a so-called clinker system in which the BF3 byproduct is
converted by an alkali metal fluoride to a nonvolatile BF& salt.

NFyBF, + KF —— e KBF, + NF, + F

4 3 2
Whereas the feasibility of such a clinker system approach has been well
demonstrated, the addition of KF lowers the NF3-F2 yield per pound of solid
propellant and the possibility always exists of having incomplete clinkering.

Realizing these lTimitations, we have searched during the past year for novel
NFZ salts containing anions that will yield a nonvolatile fluoride, such as
SnF4 (boiling point = 705 C), after thermal decomposition. No such salts had
previously been known, owing to the fact that nonvolatile fluorides are highly
polymeric and, therefore, do not behave like strong Lewis acids. This makes
the direct synthesis of such salts from NF3, F2, and the Lewis acid extremely
difficult. We found, however, that (NF4)ZSnF6 can be prepared by the following
metathetical reaction in HF solution:

Cs,SnFg + 2NF,SbFs — 1 SOL2CsShFd + (HF,),SnF g

This salt was thoroughly characterized and the results were summarized in
manuscript form (see Appendix B).

Further improvements were made by synthesizing novel NFZ salts derived from
T1'F4 (see Appendix C). Although the usable fluorine content of (NF4)2T1'F6

(see Table 1) is considerably higher than that of (NF4)ZSnF6, TiF4 (sublimation
pressure of 760 mm at 284 C) is more volatile than SnF4 (b.p. = 705 C) and may
require alkali metal fluoride based clinkering.

R-77-112
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Table 1: Comparison of the Fluorine Yjelds of Presently

Known NFB-E_2 Gas Generator Systems

Usable F (Weight %)

Rank System Before After Burning
1. (NF4)2N1'F6 64.6 58.6
2 (NF4)2TiF6* 55.6 49.6
3 (NF4)25nF6 46.0 40.0
4 (NF4)2T1F6-2.4KF 39.5 33.5
5 NF48F4-1.2KF 38.5 32.5
6 (NF4)2GeF6-2.4KF 37.6 31.6
7 NF4SnFR 31.3 25.3
8. NF4PF6-1.2KF 31.2 25.2
9. NF4GeF5-].2KF 29.0 23.0

10. NF4ASF6-].2KF 27.3 21.3
11. NF4SbF6~1.2KF 24.0 18.0
12. NF481F6-1.2KF 19.7 13.7

* ZNF4$2T1F6 might require clinkering with KF which would drop

its fluorine yield below that of (NF4)ZSnF6.

R-77-112
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The usable fluorine content was further increased by synthesizing a NFZ
salt of an oxidizing anion. This salt is (NF4)2N1'F6 (see Appendix D). It
has the advantages of containing a doubly charged anion which is "self-
clinkering", and an oxidizing anion, thus boosting its usable fluorine
content to 64.6 weight % (see Table 1). However, its thermal stability

is marginal (see Appendix D), which may 1imit its potential applications.

Since all of the top ranked NFZ salts are prepared by metathetical processes,
this process was studied in more detail and was significantly improved (see
Appendix G). A major breakthrough in the process development was achieved

by demonstrating that essentially pure NF4BF4 can be produced by metathesis.
Furthermore, the synthesis of the NF4SbF6 starting material was improved

(see Appendices A and G) and a novel alternate starting material, i.e.
NF4BiF6, was synthesized and characterized (see Appendix A).

Extensive efforts were undertaken to prepare other novel NFZ salts., Desired
compounds included (NF4)3A1F6,(NF4)3C0F6,(NF4)3FeF6,(NF4)3MnF6,NF4A1F4 and
(NF4)22rF6. Metatheses in either HF or BrF5 solution were chosen as synthetic
approaches. Unfortunately, efforts along these lines were frustrating owing
to the low solubilities of the starting materials in these solvents and

solvolysis of the triply charged anions according to:

MF%“ + 2X——>MF:1 + 2XF~

(X=HF or BrFS)

Efforts to prepare these compounds are being continued and will be summarized
in a future report.

In collaboration with Dr. I. Goldberg of Rockwell International's Science Center
(who also has an ONR Contract), a joint esr study was carried out to identify
some of the intermediates in the uv-photolytic NFZ salt process. For the

NF,-F -BF3 system, the formation of the novel BF& radical was established.

3°2
This radical is a key intermediate in the mechanism previously proposed by us

R-77-112
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(Ref. 9). A summary of this work will be given in manuscript form in next
year's report.

In collaboration with Dr. C. Christenson of Dow Chemical, the ESCA spectra
of NFZ and related salts are being studied, Preliminary results for NF48F4
: are summarized in Table 2. A comparison with data previously reported by
“ Rosolovskii (Ref. 10) shows that the latter values are indeed much too high.

L? With the exception of NF4BF4, no thermodynamic data are presently available
: for NFZ salts. These data are badly needed for performance calculations.

A collaborative effort with Prof. R, Peacock of the University of Leicester,
England, has been established to acquire such data.

Following the suggestion of Dr. R. Miller, the contract Scientific Officer,
I the usefulness of solid propellant NF3-F2 gas generators for the rapid
destruction of films or magnetic tapes was demonstrated (see Appendix H).

In summary, the following major breakthroughs in NFZ chemistry were achieved
during the past year:

1. Reduction to practice of the "self-clinkering" concept of NFZ

salts

2. The use of doubly charged anions

6
4, The synthesis and characterization of the novel (NF4)2NiF6,

(NF4)25nF6, (NF4)2T‘iF6 and NF4BiF6 salts

5. The synthesis of high purity NF4BF4 by metathesis

3. The use of energetic anions, such as NiF

6. The identification of the novel BF4 radical as a key intermediate

in the photolytic formation of NF_BF

474

These results clearly demonstrate the importance and usefulness of the work done
under this contract.

R-77-112
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HALOGEN FLUORIDES

Recently, Bougon reported (Ref. 11) the synthesis of the novel BrF40' anion
from Brog and BrFS. We have studied the analogous reaction of C]OE with C]F5
as a possible route to C1F40'. If possible, this reaction would provide a
new convenient synthesis for C1F30. However instead of the desired C1F40',
the following quartitative reaction occurred:

KC10, + CIF

3 5 —->KC'|F4 + FC10

3

Attempts were also undertaken to prepare the yet unknown BrF40£ anion from
Broa and BrFs. However instead of BrF405, only the known BrF4O' anion was
formed in high yield. Good vibrational spectra were obtained for BrF40' and
a normal coordinate analysis of this anion is under progress. The results
will be given in next year's report in manuscript form. Attempts to record
the Raman spectrum of CsBrF40 in HF solution resulted in a displacement
reaction accompanied by BrF30 formation.

In collaboration with Dr. Goldberg of Rockwell's Science Center, attempts
were undertaken to prepare the novel C]F40' radical by r-irradiation of
C]F3O in an SF6 matrix at -196 C. However, no esr signals attributable to
C1F40‘ could be detected. Control experiments with BrF5 in SF6 matrix
resulted in the well characterized (Ref, 12, 13) BrFé radical.

SULFUR COMPOUNDS

Normal coordinate analyses of SFSBr (see Appendix E) and SF 40 (see Appendix F)
vere carried out. The former is an important starting material for energetic
fluorocarbons, and the latter is of interest as a model compound for trigonal
bipyramidal halogen compounds. Our results for SFSBr are in good agreement
with those of an independent study recently published by Smardzewski and
coworkers (Ref. 14).

R-77-112
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PERCHLORATES

Attempts were made to synthesize the novel 0;C10; salt by metathesis in

anhydrous HF according to:
- HF -

+ +.. - +
0,SbFg + Cs C10, —r cSSbF6¢ + 0,010,

Although the expected CsSbF6 precipitate was formed, spontaneous decomposition
of 020104 with strong gas evolution occurred. This indicates that 02(3104 is
unstable under these conditions., This compound would have been extremely
interesting due to its very high oxygen content (73 weight %).

Anhydrous metal perchlorates are of interest as ingredients in explosives and
as burning rate modifiers for solid propellants. The reaction of wF6 with
chlorine perchlorate was carried out to examine whether all six chlorines on
tungsten could be replaced by perchlorate groups. A long term reaction at
-45 C showed that six equivalents of C12 were formed as expected for the
reaction:

WC1. + 6C10C10

5 3 —6C1, + W(CI0

4)6

However, some C1207 was also present indicating that the following decomposition
had occurred:

w{c10,),—» OW(C10 + C1,0

4)6 4)4 277

TRANSITION METAL FLUORIDES

The interaction of 0; salts with WF6 and MoF6 was studied to check whether

novel cations can be prepared according to:

6 *0

+. -
OZSbFG + MF6

25 o M ESHF )

R-77-112
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However, no interaction was observed in either case.

MICROWAVE STUDY OF 02F

The 02F radical is of great interest for chemical lasers. Since work in

our laboratory had indicated that this radical posseses appreciable stability

at room temperature, a structural study of the 02F radical in the gas phase
appeared feasible. Consequently, contact has been established with Prof. Godfrey
of the Monash University in Melbourne, Australia, who will study the 02F'

ﬁ radical by microwave spectroscopy. A sample of 02AsF6 was prepared by us and
will be subjected at Monash to slow vacuum pyrolysis for the 02F generation.

OXONIUM SALTS

The stable OH; salts, discovered recently under this contract, are of

] interest as polymerization catalysts. A sample of OH;Sng was prepared

and tested at Ciba-Geigy for the polymerizaticr of epoxy resins. The
compound was found to be too powerful for commercial applications, resulting
in spontaneous polymerization with high heat release. For practical purposes,

salts of weaker Lewis acids would have to be prepared and tested.

R-77-112
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Introduction

Perfluoroammonium salts are known! of the following anions: PFG—’ AsFG",
SbFG', SbF6-nSbF5', BF4', Ger', and GeF6". Very recently, the synthesis
and chemistry of NF4+ salts have received considerable attention owing to
their potential for solid propellant NFS-F2 gas generators for chemical

DF lasers. The concept of such a gas generator was conceived? and to a
large extent developed at Rocketdyne. Originally, the fluorine gas
generators were aimed at the direct generation of F atoms by burning a
highly overoxidized grain, consisting mainly of an NF4+ salt, with a small
amount of fuel, such as Teflon powder, according to:
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A o

NF,MF, + (CF)) ~—=CF, + NFy + MF, + Q

NF

+Q
MF NF, + F, + MF

4 5

+Q .
2NF; + F, N, + 8F

The heat of reaction (Q) generated in such a system is sufficient to

pyrolyze the remaining NF4MF6 and to dissociate most of the NF3

F atoms. For an NFS-—F2 gas generator, the underlying principle is quite

similar, except for keeping the burning temperature lower since dissociation
of NF3 and F

and F2 to

, to F atoms is not required.

In view of the above developments, we were interested in the synthesis of
+

new NFZ salts and in the characterization of new and known NF4 salts, In
this paper, we report on the synthesis of the new salt NF4BiF6 and on some
properties of the known NF4SbF6. Since these two salts can be readily
prepared in high yields, they are important starting materials for the

syntheses of other NF; salts used in NFz—F2 gas generator compositions.

Eerrimental

Materials and Apparatus. The equipment and handling procedures used in this

work were identical to those! recently described. The NF4BF4 starting material
1

was prepared by low-temperature uv-photolysis® and did not contain any detectable

impurities. The a-BiFS was purchased from Ozark Mahoning Co. and did not con-

tain any impurities detectable by Raman spectroscopy. The NFdssz11 was pre-

pared as described.3

Synthesis of NF Eife by Displacement Reaction without Solvent. Pure NF BF

4 474
{(10.1 mmol) and a-BiF5 (10.1 mmol) were powdered, mixed, and placed in a

prepassivated (with C1F3) 95 ml Monel cylinder. The cylinder was heated to
180° for 1.5 h. Products, volatile at 20°, were removed by pumping and

separated by fractional condensation. They consisted of 7.8 mmol of BF3
in addition to a small amount of material noncondensible at -196°. The
amount of BF3 evolution was confirmed by the weight loss of the solid con-

taining cylinder. The conversion of NF4BF4 to NF4BiF6 was further confirmed
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by Raman spettroscopy of the solid. The solid was removed from the
cylinder, finely powdered, returned to the cylinder, and heated to 175°
for an additional 18 hours. This resulted in the evolution of an addi-
tional 2.3 mmol of BFS’ in excellent agreement with the observed weight
4 to NF4BiF6
infrared and Raman spectroscopy and elemental analysis. Anal. Calcd for
NF BiF_: NF,, 17.15; BiFS, 64.49, Found: NFS’ 16.9; BiF_,, 60.0. An

47776 3
explanation for the low BiF, value is given below.

loss. The complete conversion of NF,BF was confirmed by

3’
3

Synthesis of NF4BiF5 by Displacement Reaction in HF. Dry HF (5 ml liquid)

was added at -78° to a Teflon FEP ampoule containing NF4BF4 and BiF5

(9.9 mmol of each). The mixture was agitated at 20° for several hours and
gas evolution was observed. The volatile products were pumped off at 20°
and the HF treatment was repeated. After removal of the volatile products
from the second HF treatment, 4.075 g of a white, stable solid (weight cal-
culated for 9.9 mmol of NF,BiF

476
by infrared and Raman spectroscopy to be identical to the analyzed product

= 4,089 g) was icft behind which was shown
obtained from the above described thermal displacement reaction.

Direct Synthesis of NF ‘nBiF_. In a typical experiment, a mixture of

(BLF g nBAF
NF3 (238 mmol), F2 {238 mmol), and BiF5 {(10.06 mmol) in a prepassivated

95 ml Monel cylinder was heated for 30 hours to 175° under an autogenous
pressure of 167 atm. Unreacted NF3 and F, (~463 mmol total) were pumped
off at 20° leaving behind 3.75 g of a white, stable solid (weight calcd for
6.29 mmol of NF BiF -O.6BiF5 = 3.745 g). Anal. Calcd for NF BiF6-O.GBiF

4776
NFS’ 11.92; BiF_,, 71.60. Found: NF3’ 11.9; BiFs, 69.00.

4 5

39

Pyrolysis of NF4§if6-nBiF5. A sample (3.29 mmol) of NF4BiF6-1.4bBiF

prepared as described above except for using a significantly shorter

S’

reaction time, was subjected to vacuum pyrolysis at 280° for 1.5 hours.
The white crystalline residue (1.13 g) was identified by vibrational
spectroscopy and its x-ray diffraction powder pattern to be mainly NF4BiF6
(weight calcd for 3.29 mmol of NF,BiF_ = 1,36 g) corresponding to a yield

4 6
of 83%.
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haci ian of -F - °
Synthesis of NF|SbF6. The thermal reaction™ of NF3 F2 SbF5 at 115°,

followed by vacuum pyrolysis at 200°, produces3 a product of the
approximate composition NF4Sb2F11. This product can be converted to
NF4SbF6 by vacuum pyrolysis at higher temperature, however, this SbF5
removal is accompanied by a competing reaction, i.e. the thermal decom-
position of some of the desired NF4SbF6. Pyrolysis at 250-260° for 1 to
1.5 hours in a dynamic vacuum resulted in complete conversion to NF4SbF6.
Measurement of the NF3 evolved during this pyrolysis showed that less than
3% of the NF4SbF6 had undergone decomposition. When the pyrolysis was
carried out at 275-300°, even for relatively short periods of time, signi-

ficantly higher losses of NF4SbF6 due to thermal decomposition occurred.

In a typical experiment, NF4Sb2F11 (31.0 mmol) in a 95 ml Monel cylinder
was pyrolyzed in a dynamic vacuum at 255° for 80 min. The evolved SbFS
was condensed in a Teflon-FEP U-trap kept at -196°. The white solid
residue consisted of 30.4 mmol of NF4SbF6 (98 mole % yield based on NF4+).
Anal. Calcd for NF4SbF6: NF3, 21.80; Sb, 37.38. Found: NF3, 21.72;

Sb, 37.41; Ni, 0.08; Cu, 0.03.

Elemental Analyses. For the elemental analyses, a weighed amount (several

mmol) of the NF4+ salt was placed in the bottom of a Teflon-FEP U-trap,
which was closed off by valves. The trap was cooled to ~196° and several
ml of distilled water was frozen out in the upper section of the U-trap.
The frozen water was shaken down into the cold bottom section of the U-tube
and the ice and the NF,* salt were mixed while being cold. This mixing

4

. : . X s o Y
procedure was found important to avoid violent reactions between solid NF

4

salts and isolated droplets of liquid water, which sometimes were encountered

when thawing the ice in the upper part of the tube and allowing the liquid

water to run down onto the NF4+ salt. The mixture of ice and NF4+ salt was

warmed to 20° for 30 min. Upon melting of the ice, gas evolution occurred.

The contents of the trap were cooled and the evolved 0, and NF, were distilled

3

off at -196° and -126°, respectively, and were measured volumetrically. For

NF4SbF6, the aqueous hydrolysate was analyzed for Sb by x-ray fluorescence
spectroscopy. For the BiFs salts, a white, water-insoluble precipitate
R-77-112
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formed on hydrolysis. This precipitate was filtered off at 0°, washed
with a small amount of cold distilled water, dried at 103°, and weighed.
It was identified by its x-ray powder diffraction pattern“ and by electron

microprobe x-ray analysis as BiF Anal. Calcd for BiF_ : Bi, 78.57;

3° 3
F, 21.43; 0, 0. Found: Bi, 78.6; F, 21.3; O, 0. Although 93 to 97%
1 of the BiF3 could be isolated in this manner, the solubility of BiFS,

particularly in the presence of HF, is not low enough® to permit a quan-

titative precipitation of BiFS.

Results and Discussion

+ . .
Syntheses. The new NF4 salt NF4BlF6 was prepared either from NF4BF4 and

BiFs by the following displacement reaction

NF BF, + BiF_ —= NF Bin + BF

474 5 4 3

ordirectlytnrtheelevatedtemperature-pressurenwthodsfollowedln/vacuumpyrolysis
175°

; NF3 + F2 + (n+1) BlFs NF4B1F6°nB1F5
: . . 280° : .
% NF4B1F6 nB1F5 NF4BlF6 + nBlF5

The displacement reaction can be carried out either at 25° in HF solution or

: in the absence of a solvent at elevated temperature.

The synthesis of NF4BiF6

fact that at ambient temperature a-BiF_ is a nonvolatile, polymeric, trans-
p 5 p

is more difficult than that of NF4SbF6 owing to the

fluorine bridged solid. Consequently, temperatures above the melting point
(151.4°) of BiFs
elevated temperature-pressure method. Since removal of excess BiF_ is

5
inconvenient, the displacement reactions are best carried out with stoichio-

are required for both the displacement reaction and the

metric amounts of starting materials. As for SbF5,6 the direct synthesis
of the NF4+ perfluorobismuthate salt at elevated temperature and pressure
tends to produce polyanions (mainly BizFll.).7 The feasibility of converting
these salts to NF BiF_ by vacuum pyrolysis was demonstrated, but no effort

4776
was made to maximize the reaction conditions.
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The pyrolysis of NF4Sb2F11 to NF4SbF6 and SbF5 was briefly investigated,

when we discovered that the reaction conditions (200°) previously re-
commended® for the pyrolysis were not suitable for obtaining pure NF4SbF6.
In our experience, a significantly higher pyrolysis temperature of about
250° was required for the production of essentially pure NF4SbF6. At this

temperature, little or no decomposition of the NF4SbF6 itself took place.

Based on the results obtained in our laboratory, the thermal reaction

between approximately equimolar amounts of NFS’ FZ’ and Sng at temperatures

ranging from 115 to 200° and autogenous pressures of about 200 atm produces

a product of the composition NF4SbF6'nSbF5 with n ranging from 2.1 to 3.2

depending on the exact reaction conditions. Vacuum pyrolysis of these pro-
ducts at 200° reduces n to a level ranging from 0.8 to 1.1. Pyrolysis at

260° reduces the value of n to zero.

+
Froperties. The composition of the NF4 salts was established by both the

observed material balances and elemental analyses. The NF4BiF6 salt is a

white crystalline solid melting in a sealed glass capillary at about 341°,
The x-ray powder diffraction pattern of the sample prepared by pyrolvsis of
NF BiF_e<nBiF
4 5
indexed for a tetragonal unit cell, analogous to those of NF

5 is given as supplementary material. It could readiiy be o
4PF, " NF ASE L
and NF4SbF6 (see Table I). Several weak lines were of variable intensity
could not be indexed for a tetragonal unit cell, and corresponding lines had
not been observed for the other isotypic NF4MF6 salts. Consequently, thesec
extra lines are attributed to impurities, such as polvanion salts, and have

not been included in the listing.

The NF4SbF6 salts melts at about 318°, 1Its x-ray powder diffraction pattern

is given as supplementary material. All the observed lines could be indexed for

a tetragonal unit cell, analogous to those observed for the other NF4MF6 salts

(see Table I). As expected, the unit cell dimensions and calculated densities

increase in the order: PF6<A5F6<SbF6<BlF6.
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The hydrolyses of NF4SbF6 and NF4BiF6 showed a distinct difference as far

as the amount of oxygen evolution is concerned. The NF4SbF6 behaved like
the previously studied! NF4+ salts and generated 02 according to:

+ - + 1
NF4 + HZO NF3 + HZF + 502

This reaction, however, is not quantitative owing to a competing reaction!

involving the formation of some H207' Thus, for NF4SbF6, only 0.45 mol of

02 was observed per mol of NFS' For NF4BiF6, however, 0.86 mol of O, was

obtained per mol of NF3. Furthermore, no evidence for the formation of
brown BiZO5 {(generated when BiF5

BiF3 was precipitated. This oxidation of ”20 by BiF

is hydrolyzed) was observed, but white

6

P . - 1
BlF6 + HZO —*"81F3¢ + HF2 + HF + 502

can account for the additional O, evolution, which by analogy! with NF

2
might not be quantitative owing to the formation of some H202.

according to

+
4

The oxygen evolution during the hydrolysis of the closely related O,+ salts

has recently been studied.!® 1In agreement with our findings for NF * salts,

4

the observed O2 evolution was generally lower than the calculated values.

2
was reported. Furthermore, the given explanation, i.e. that the low observed

However, for O BiF6, no evidence for the reduction of pentavalent bismuth

02 values are due to samples which had undergone partial decomposition according

to
—— 1
ZOZMF6 02M2F11 + 02 + 2F2 R
cannot account for the low 02 value found for salts, such as 02AsF6, which
contain a volatile Lewis acid and do not form a stable M_F..~ anion. Therefore,

2’1
some of the conclusions, such as "all dioxygenyl salts prepared so far are
intrinsically unstable at room temperature', which are based on the low
observed oxygen values, are open to question. Obviously, competing side
+

reactions, such as those observed for the NF, salts, might play an important

role and give rise to low oxygen values.
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Vibrational Spectra. The vibrational spectra of NF4BiF6, NF4BiF6-0.6BiFS,
and NF4SbF6 are shown in Figure 1. The observed frequencies and their
assignments are summarized in Table II, The spectra are in excellent

agreement with those previously reported for the NF * cation! and the

4
Bi}=6_7’“’12 and SbFE,-""lZ'15 anions, thus confirming the ionic nature of

i these adducts. By analogy with the previously studied! NF4+ salts, the
degeneracy of some of the modes is lifted and crystal field splittings are

observed. For example, the antisymmetric NF * stretching mode v3(F2) is

4
H split into three components, and the vs(Flu) and the vz(Eg) mode of SbFG'

show a splitting into three and two components, respectively. The presence
of polyanions, such as BizFll-,7 in the NF4BiF6-nBiF5 adducts is apparent
from the appearance of a medium intense infrared band at 452 cm-l, which is
attributed to the stretching mode of the Bi-F-Bi bridge. Furthermore,
additional bands were observed in the region of the BiF stretching and de-
formation modes. The maximum of the most intense BiF stretching infrared
band was found to vary somewhat from sample to sample and varied from 575
to 605 cmhl. In addition, some of the pyrolysis products showed weak
infrared bands at 475 and 400 cm-l. A comparison of the spectra of NF4B1F6

. . . : 1 s
and NF4B1F6 nBlF5 with those of NF4SbF6 and NF4Sb2F11 shows a similar

pattern for both when going from MF, ~ to M7F11_.

6
e =t . , . s s
Summary. The new NF4 salt NP4B1F6 was prepared by the reaction between

equimolar amounts of NF4BF4 and BiFS either at 180° without solvent or at

20° in HF solution. A salt of the composition NF4BiF6-nBiFs (n=0.6 to 1.5) was
prepared directly from NF3, F2, and BiF5 at elcvated temperature and pressure.
It was converted to NF4BiF6 by vacuum pyrolysis at 280°, The salts were
characterized by elemental analyses and vibrational spectroscopy, and their i
hydrolyses were studied. The pyrolysis of NF4SbF6-nSbF5 to NF4Sbe was briefly
investigated, and the vibrational spectrum and x-ray powder pattern of NFdst6

are reported.

Acknowledgement. We are indebted to Dr. L. R. Grant for helpful discussions
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Supplementary Material Available., Listings of the observed x-ray powder

diffraction patterns of NF4BiF6 and NF4SbF6 (2 pages). Ordering information is

given on any current masthead page.
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Table 1. Crystalographic Data of NF4SbFg and NF4BiFg
Compared to Those of NF4PFg and NF,AsFg

Tetragonal UnitOCell Dimeggions Volume (RS) Calcd Density
a(A) c(A) V(AT) Z per F (g/cmz)
NF4PFéa 7.577 5.653 324.53 2 16.23 2.41
NF4A5F6b 7.70 5.73 339.73 2 16.99 2.72
NF ,SbF 7.903 5.806 362.63 2 18.13 2.98
NF,BiF 8.006 5.821 373.10 2 18.66 3.68
(a) Ref. 1
(b) Ref. 7
R-77-112
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Diagram Caption

Figure 1. Vibrational Spectra of NF4BiF6, NF4BiF6-0.6BiF5, and NF4SbF6.
Traces A, C, and E: Infrared spectra of the solids in silver chloride
disks; the absorptions below 300 cm'1 (broken lines) are due to the AgCl
windows. Traces B, D, and F: Raman spectra of the solids recorded at
different sensitivities; the spectral slit width used at the lower

sensitivity levels was 2 em™ L.
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Supplementary Material:

"On the Synthesis and Characterization of NF4BiF6 and Same Properties of NF4SbF6",
by K. O. Christe, R, D. Wilson, and C. J. Schack.

Table 3. X-Ray Powder Data for NF4BiF6a

d obsd d calcd Int h k 1
5.62 5.66 s 1 1 0
4.67 4.71 mw 1 01
4.09 4.06 ] 1 1 1
4.00 4.00 Vs 2 0 0
3.30 3.30 mw 2 01
3.05 3.05 mw 2 1 1
2.832 2.831 mw 2 2 0
2.735 2.735 mw 1 0 2
2.589 2.588 W 1 1 2
2.547 2.546 mw 2 21
2.321 2.320 mw 3 1 1
2.257 2.258 w 2 1 2
2.076 2.075 vw 3 21
2.025 2.029 w 2 2 2

‘ 4 0 1
1.889 1.889 mw,br 3 3 0

l 1 0 3
1.848 1.842 w 4 1 1
1.832 1.835 VW 1 1 3
1.800 1.795 mw 3 31
1.772 1,765 W 3 2 2
1.706 1.706 w 2 13

o -]
(a) tetragonal, a=8.006A, c=5.82IA, Cu Ka radiation
Ni filter.
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Table 4. X-Ray Powder Data for NF4SbF6 a

d obsd

5.55
4.65

4.03

3.27

3.014
2.793
2.722
2.515
2.296
2.243
2.053
1.979
1.953
1.879
1.827
1.775

1.757

1.699
1.600
1.558
1.532
1.505
1.453
1.429
1.405
1.396
1.366

d calcd

5.59
4.68

4.03

3.27

3.018
2.793
2.724
2.517
2.295
2.243
2.050
1.975
1.950
1.879
1.828
1.773

1.757

1.697
1.599
1.559
1.530
1.509
1.451
1.427
1.404
1.397
1.366

(a) tetragonal, a=7.903R, c=5

Ni filter

Int h k
S 1 1
[ 1 0
vs, br 11

2 0
mw 2 0
[ 2 1
mw 2 2
m 1 0
m 2 2
m 3 1
m 2 1
VW 3 2
W 4 0
m 3 0
m 1 0
m 1 1
mw 3 3
. {4 2

3 2
ms 2 1
w 4 1
w 3 0
w 31
w 4 2
w 0 O
vw 1 0
vw 1 1
w 4 4
w 5 1

(]
.806A, Cu l(rl radiation
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Abstract !

+
\
The novel NF4 salt (NF4)anF6 6

and NF4SbF6 in HF solution. It isa white solid, stable to above 200°. Based

was prepared by mectathesis between Cs,SnF

on its x-ray powder data, it crystallizes in the tetragonal system and is
isotypic with (NF4)ZGeF6° Its composition was established by elemental analysis,
and the presence of tetrahedral NF * and octahedral SnF,”~ ions in the solid

4 6

state and in BrF5 solution was demonstrated by vibrational and 1gF nmr spectro-

scopy, respectively., The salt NF4SnF was obtained in quantitative yield

5

from the displacement reaction between equimolar amounts of NF4BF4 and SnF,

in HF solution., When a large excess of NF4BF4 was used, the main product was
again NF4SnFs and only a small amount of (NF4)ZSnF6 was formed. The NF4SnFg
salt was characterized by elemental analysis, vibrational and 19k nmr spectro-

scopy, and x-ray powder data. The vibrational spectra of the solid and the

19¢ nmr spectra of BrF. solutions show that SnFS' possesses a polymeric

5

structure of cis-fluorine bridged SnF_ octahedra, analogous to that observed

6

for GeFS' in NF4GeF5. The potential of (NF4),SnF
NF -

3-F, gas generator is briefly discussed.

6 for a "self-clinkering"

Introduction

Perfluoroammonium salts are of significant interest owing to their potential
for solid propellant NF3-F2 gas generators for chemical HF-DF lasers.! Salts

SbF SbF ‘-nSng, BiF, =

are known of the following anions: PF6', AsF 6-’ 6 6

6-)
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BiF6'-nBiF5, BF4',
Lewis acids which are volatile and either completely or at least partially

GeFS-, and GeF()".l’2 All these salts are derived from

monomeric at temperatures below the thermal decomposition temperature of

their NF4+ salts., Since these volatile Lewis acids are undesirable for

NF3—F2 gas generators, they must be removed by complexing (clinker forma-
tion) with a strong Lewis base, such as KF, Since the addition of a clinker
forming component degrades the performance of an NF3-F2 gas generator, the

synthesis of NF ¥ salts, derived from nonvolatile Lewis acids, became very ,

4
desirable. However, this objective presented a synthetic challenge, since !

nonvolatile Lewis acids are highly polymeric and already possess favorable
high coordination numbers., Consequently, these polymeric compounds are
quite unreactive and do not behave like strong Lewis acids, thus rendering

a direct synthesis® from NF FZ’ and the Lewis acid impossible. In this

3,
paper we report the synthesis of NF4+ salts derived from SnF
4,5

40 2 doubly

trans-fluorine bridged polymer subliming at 704°, using metathetical®>’

and displacement!s2 reactions.

Eerrimental

Materials and Apparatus. The equipment and handling procedures used in this

work were identical to those recently described.!s? The NF4BF41 and NFASbF62

starting materials were prepared as previously reported. The SnF4 (Ozark

Mahoning) and SnCl4 (Baker) were used as received. The NF3 and F, were pre-

pared at Rocketdyne, the HF (Matheson) was dried as previously described,®
and the BrFS (Matheson) was purified by fractional condensation prior to use.
The CsF was fused in a platinum crucible and powdered in the dry box.

Synthesis of C52§2f Dry CsF (10.45 mmol) and SnCl4 (5.22 mmol) were com-

6°
bined in a passivated Teflon FEP ampoule. Anhydrous HF (10 ml liquid) was

added, and the mixture was agitated at 20° for several hours until HCl
evolution had ceased and a clear solution was obtained. The volatile materials

were pumped off at 50°, The white solid residue (2.604 g, weight calcd for

5.22 mmol of Cs,SnF, = 2,600 g) was shown by infrared and Raman spectroscopy 10

2776
and its x-ray diffraction powder pattern!! to be of excellent purity.
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If SnF4 is readily available, the following synthesis of Cs SnF6 was found

2
to be somewhat more convenient, A mixture of CsF and SnF4 (2:1 mol ratio)
was fused in a covered platinum crucible until a clear melt was obtained.
Alternately, CsF and SnF4 (2:1 mol ratio) was agitated in anhydrous HF

until a clear solution was obtained (SnF, is only very sparingly soluble

4
in HF). 1In both cases the resulting products were shown by spectroscopic

techniques to be undistinguishable from that obtained by the above method.

Synthesis of (NF412§EE6. The small-scale metathetical reactions were
carried out in the apparatus depicted in Figure 1. It consisted of three
Teflon FEP U-traps interconnected by Monel unions (Swagelok) and closed off
at both ends by a Monel valve. The union between trap II and trap 1II
contained a Teflon filter (porous Teflon sheet, 1/16" thickness from Russel
Assoc. Inc.) and was held in place by a press fit. The passivated apparatus
was taken to the dry box and CSZSnF6 and NF4SbF6 (in a 1:2 mole ratio) were
placed into traps I and II, respectively. The apparatus was connected to
the vacuum line through flexible corrugated Teflon FEP tubing. Anhvdrous
HF, in an amount sufficient to just dissolve the starting materials, was
added to traps I and II. Trap I was flexed to allow the CSDSan solution to

run into trap II containing the NF Sbe solution. Upon contact of the two

4
solutions, copious amounts of a white precipitate (CsSbFG) formed. The con-

tents of trap II were agitated for several minutes to obtain good mixing.

Then the apparatus was inverted to allow the solution to run onto the filter.

To gencrate a pressure differential across the filter, trap III was cooled to

-80°. After completion of the filtration step, trap III was warmed to ambient
temperature and the HF solvent was pumped off. The solid residue on top of

the filter consisted mainly of CsSbF_ , whereas the solid collected in trap III

6’
was mainly the desired (NF4),SnF6.

The following example gives a typical product distribution obtainable with

the above procedure and apparatus. Starting materials: NF4SbF (9.72 mmol),

6

CSZSnF6 (4.86 mmol); weight of solid on filter = 4.24 g; weight of solid in

trap III = 1.36 g (weight calcd for 4.86 mmol of (NFd),San = 2,01 g).

Elemental analysis for solid from trap III. Found: NFS’ 31.5; Sn, 25.1;

Sb, 5.9; Cs, 1.3. Calcd for a mixture (mol %) of 82.8 (NF4)7SnF6, 12.9
NF4SbF6, and 4.3 CsSbF6: NFS’ 31.72; Sn, 24.60; Sb, 5.24; (s, 1.43.
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Synthesis of NF SnF A mixture of NF BF, and SnF4 (9.82 mmol each) was

4—5° 47 4
placed into a passivated Teflon-FEP ampoule containing a Teflon coated

magnetic stirring bar. Anhydrous HF (10 ml liquid) was added at -78°, and
the resulting suspension was stirred at 25° for 2 hours. The volatile
material was pumped off at 35° leaving behind a white stable solid which,

on the basis of its weight (3.094 g) and Raman spectrum, consisted of 83 mol

percent NF4SnF and 17 mol percent unreacted starting materials. The HF

5
treatment was repeated (again for 2 hours) and the nonvolatile residue

(2.980 g, weight calcd for 9.82 mmol of NF SnF5 = 2.982 g) was shown by

4
infrared, Raman, andlgF nmr spectroscopy to be essentially pure NF4SnF5.
Anal. Calcd for NF4SnF5: NFS’ 23.38; Sn, 39.08. Found: NFS, 23.6; Sn, 38.7.

When a mixture of NF4BF4 and SnF4 in a mol ratio of 2:1 was treated 8 times,

as described above, with liquid HF for a total of 35 days, the resulting

nonvolatile residue consisted mainly of NF ,SnF_, unreacted NF

4 5 BF4, and a

4

small amount of (NF4)ZSnF6.

Results and Discussion

Syntheses. As pointed out in the introduction, SnF, is polymeric with Sn

4

being hexacoordinated. Consequently, solid SnF, does not act as a strong

4
Lewis acid. This was experimentally confirmed by demonstrating that mixtures
of NFS’

pressures of about 150 atm, did not show any evidence for NF4+ formation.

FZ’ and SnF4, when heated to temperatures of up to 300° at autogenous

Since a direct synthesis of an NF4+ salt derived from SnF4 was not possible,

we have studied metathetical and displacement reactions. Because it has
previously been shownl? that San-' salts are stable in anhydrous HF, the
metathetical and displacement reactions were carried out in this solvent.
Based on the reported solubilities of CsSbF6 (5.6 g/100 g HF)®, NFASth
(280 g/100 g HF)G,CSZSnF6 (~250 g/100 g HF)12, and the predicted high

solubility of (NF4)anF6 (the analogous (NF,),CeF_ is very soluble in 1F)?,

4)2 6
the following methathetical reaction
HF solution

2 NF4SbF6 + CszsnF6 2 CSSbF6¢ + (NF4)ZSnP6
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should be capable of producing (NF4)anF6 in a purity of about 93 mol percent.
The soundness of these predictions was experimentally verified. A product
was obtained which based on its elemental analysis had the composition

(mel %): (NF4)ZSnF6, 82.8; NF4SbF6, 12.9; CsSbFé, 4.3, Whereas the amount
of CsSbF6 found in the product approximates that predicted, the presence of

about 13 percent NF4SbF indicates the loss of some CSZSnF This was

6 6"
probably caused by the hold up of some of the CSZSnF6 solution in trap I (see

Figure 1) during its transfer to trap II. It should be possible to eliminate

most of the NF4SbF6 from the product by either minimizing the relative loss of

CSZSnF6 during transfer by scaling up the reaction or by recrystallization of

the product. However, both approaches were beyond the scope of the present

study.

Whereas SnF4 is quite insoluble in anhydrous HF (contrary to a previous

literature report!3), it dissolves reasonably fast in HF solutions containing
an excess of an alkali metal fluoride with formation of the corresponding

alkali metal SnF6-- salt. SnF4 has also been reported to act as a relatively
strong acid in HF solution.!3
in NF4BF4,
of the periodic system with increasing atomic weight of the central atom.

Furthermore, GeF, is capable of displacing BF4-

4
2 and the strength of a Lewis acid generally increases within a group

Consequently, SnF, in HF might be expected to also be capable of displacing

4
BF4 in NF4BF4.
When equimolar mixtures of NF4BF4 and SnF4 were stirred in anhydrous HF, the
following quantitative reaction occurred:
HF .
NF4BF4 + SnF4 N}<4SnF5 + BF3
However, BF3 interacts with HF and the above reaction appears to be an

equilibrium reaction. Consequently, it was found advantageous to pump off
the volatile products and to repeat the HF treatment at least once to obtain
complete conversion to NF,SnF.. No evidence for SnF, formation was observed

475 6
under these conditions. The quantitative formation of SnF

5
since for the alkali metal fluoride - SnF, systems exclusive San-_ formation

was surprising,

was observed during our study. We could not find any previous literature

- 1
reports on SnF. , except for a recent low-temperature 9F nmr study by Deanl®
which demonstrated the presence of polyanions in SO, solutions of mixtures

of SnF6 and SnF4.
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P 5 v
4)25nF6 from a 2:1 mixture of Y\F4BF4 and

SnF4 was examined. However, even after 8 HF treatments for a total of 35

The possibility of preparing (NF

days only a small amount of SnFé" had formed. The main products were

NF4SnF5 and unreacted NF48F4. These results indicate that the Lewis acid

strength of SnFS' in HF is insufficient to displace most of the BF4 from

. + . . .
its NF4 salt and that, in agreement with Dean's observations for SO2 solu-

tions,!" the equilibrium is shifted far to the right.

SnF6 + SnF4 =2 SnFS

Properties. Both salts, (NF4),SnF6 and NFJSnFS, are white, stable,

crystallinic, moisture sensitive solids. As previously pointed out,* the

onset of thermal decomposition is 1lifficult to define for NF * salts owing

4

to the absence of a sharp decomposition point. For the SnF4 salts, one of

the decomposition products is nonvolatile solid SnF. and, therefore, no

4
melting point could be observed. Visual observation for (NF4),SnF in sealed

glass capillaries indicated the tiist signs of decomposition at abgut 240°.
The occurrence of decomposition in this temperature range was contirmed by a
DSC study which showed the onse¢: of an irreversible endotherm at about 225°
which was accompanied by F, evclution. Furthermore, sealed glass capillaries,
when heated ubove 300°, ex;loded due to pressure build up from the gaseous
decomposition products. For NFJSnFS in a sealed glass capillary, slight
shrinkage of the solid was observed at about 120°, The DSC curve did not

show any evidence for a sharp change in slope up to a temperature of about
270°, where a large exotherm started. It should be kept in mind, however,

. . +
that tor powerful oxidizers, such as NF salts, exotherms can be caused by

4
reaction of the oxidizer with the aluminum sample container.

The hydrolyses of (I\F4)2SnF6 and NF4

+ . . ! - . .
for other NF4 salts,?*1> with quantitative NFS evolution. This reaction was

also used for the elemental analyses. In anhydrous HF, the (NF4)anF6 salt

SnF5 proceeds, as previously established

is highly soluble, whereas NFdsnF5 is of moderate solubility. Both salts are

however the solubilities are considerably lower than

“-

also soluble in BrFs,

those in HF,
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X-Ray Powder Data. The powder pattern of (NF4)ZSnF6 is given as supplementary

material. The observed pattern, after correction for several weak lines due to
the presence of the metathesis by-products NF4SbFé and CsSbFé6, is very similar
to that® of (NF,),

pattern was indexed for a tetragonal unit cell, and the rsulting crystallographic

GeF6, indicating that the two compounds are isotypic. The

parameters of (NF4)ZSnF are compared in Table I with those of other NF+ salts.

As can be seen, the agrgement is excelleng. Since (NF4)ZGeF6 has been prepared
in high purity and is well characterized,” the x-ray powder data establish
beyond doubt that the major crystalline product from the NF4SbF6 + CSZSnF6
metathesis is indeed (NF4)2SnF6.
The powder pattern of NF4SnF5 was also recorded and is given as supplementary
material. It did not contain any lines which could be attributed to either
NF4BF4,2 SnF4, or (NF4)ZSnF6' Reliable indexing of the pattern was not possible
owing to the large number of observed lines, but it somewhat resembles that

previously observed2 for NF4GeF5.

19
NMR Spectra. The ""F nmr spectra were recorded for both (NF4)25nF6 and
NF SnF_ in BrF_ solution. In spite of its higher melting point (-60.5°)

475 5
and lower solubilities, this solvent was preferred over HF, because it was

found difficult? to suppress rapid fluoride exchange between HF and the

anions. In BrFS solution, no such problems were encountered. Well resolved

+ . . .
spectra were observed for both the NF, <cation and the corresponding anions,

4
in addition to the sharp quintet (@ = -272) and doublet (P = -136) with JFF =
74.7 Hz characteristic for BrF§.2’17 For both the (NFd)anFG and the NFJSnFS
solution a triplet of equal intensity with @ = -220, J . = 229.6 Hz, and a

NF ~
line width at half height of about 5 Hz was observed which is characteristic

for tetrahedral NF4+.2’15'18 The (NF4),SnF solution showed in addition to

6
these resonances a narrow singlet at @ = 149 with the appropriate l17/“95n

satellites (average JSnF = 1549 Hz). These values are in good agreement with

those previously reported!“»!% for octahedral SnFé—' in different solvents.

This assignment was further confirmed by recording the spectrum of Cs,San in

BrF5 solution.
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Two resonances were observed for SnFS_ of NF4SnF5 at @ = 145.4 and 162.4,
respectively, with an area ratio of 1:4. At -20° the resonances consisted
of broad lines, but at lower temperatures the § = 162.4 signal showed
splittings. These splittings exhibited a pronounced temperature dependence
(see Figure 2). The observed spectrum can be interpreted by comparison with
the data previously reported!“ by Dean for (SnFS):— in SO2 solution. Fer
this ion, Dean observed a singlet at 140.4 ppm and two approximately 1:2:1
triplets at 154.2 and 158.1 ppm, respectively, with area ratios of 1:1:2,

The lower field triplet was broader than the higher field triplet and the
coupling constant was 58 Hz. These data unambigously showed!“ that (SnFS)E—
must have a polymeric structure consisting of cis fluorine bridged SnF6
octahedrons. Our data for (SnF5)2_ in NF4SnFs are quite similar with the
only exception that the difference in chemical shift between the two triplets
has decreased and decreases further with decreasing temperature, Thus the
resonance at 164.2 ppm (area 4) can be interpreted as an AZBZ system strongly

distorted by second order effects.??

The singlet at 145.4 ppm (area 1)} must
then be due to the bridging fluorines. The 4:1 area ratio results from the
fact that only the two bridging fluorines are shared by two octahedrons. As
found by Dean, the coupling between the axial and the terminal equatorial
fluorines is much larger (about 40-60 Hz) than that bhetween the terminal and
the bridging fluorines. Furthermore, the lower field half of the 162.4 ppm
resonance shows a greater line width than the upper half, indicating weak,
but differing, coupling between the bridging and the two types of tcrminal

fluorines.

Our observations for NF4SnF5 are in excellent agreement with the data of
14

Dean'” and demonstrate the polymeric cis fluorine bridged nature of Snrg_.

However, we are less confident than Dean that in (SnFS)E', n equals 2.

Higher values of n can certainly not be excluded and n might vary within
and from sample to sample, as indicated by varying solubilities observed
for different samples during this study. Attempts were unsuccessful to

observe the spectrum of a 1:1 mol ratio mixture of Cs,SnF6 and San in Bng

solution owing to its low solubility. Only a signal due to SnF6 was

observed.
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Vibrational Spectra. The infrared and Raman spectra of (NF

4)ZSnF6 and

NF4SnFS were recorded and are shown in Figures 3 and 4, respectively. The

observed frequencies and their assignments are listed in Tables II and III.

. ] +
Comparison with the known spectral’2 of other NF4 salts clearly demonstrates

4+ cations, and the bands due to NF4+ can be

easily assigned. The observation of small splittings for the degenerate

the presence of tetrahedral NF

modes of NF4+ and the observation of the ideally infrared inactive »l(Al)

mode as a very weak band in the infrared spectra indicate that the site

+ : . . . . . .
symmetry of NF4 in these solids is lower than Td' This is not surprising
in view of the above given x-ray powder data, and has previously been also

observed!:2 for other NF4+ salts.

The assignments for the anion bands in (NF4)OSnF are also straightforward.

6
The vibrational spectra of octahedral SnF6" are well knownl2,2172% 4pqg
~ in (NF SnF, (see Table 11).

establish the presence of SnF6

4)2

The anion spectrum in NF SnF_ shows a pattern very similar to that of the

475
anion in NF4GeF5. Furthermore, the general appearance of these anion spectra
closely resembles the spectrum previously reported?® for solid TaFS. The

structure of the latter has been established by x-ray diffraction data’® as

a cis fluorine bridged tetramer. Consequently, the observed vibrational
spectra indicate a value of 4 for n in these (MFS)E- polyanions. A thorough
vibrational analysis has been carried out?® for tetrameric NbF5 and TaF5 by
Beattie and coworkers. Using their data, we have made tentative assignments
for the stretching modes of SnFS- and GeFS— based on tetrameric anions, which
are given in Table V. The assumption of a low degree of polymerization, such
as a cyclic tetramer, for the anions in these NF4MFS salts is not unreasonable
in view of their appreciable solubility in solvents, such as HF or BrFS. h
However, a crystal structure determination is desirable to confirm the above

conclusions.

Summary. The successful syn:heses of NI-4SnFS and (NFA)anF6 demonstrate the
possibility of preparing NF4 salts derived from nonvolatile and unreactive
polymeric Lewis acids. Such salts are important for solid propellant NF3-F2

gas generators for chemical HF-DF lasers, because they do not require the
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addition of a clinker forming reagent. The synthesis of NF4SnF5 was achieved

by depolymerizing SnF, in anhydrous HF and displacing BF4' from NF BF,K as

47 4
a metathetical process was required.

4

BF3 gas. For the synthesis of (NF4)2SnF6

Both NF4+ salts were characterized by material balance, elemental analysis,

infrared, Raman, and 19F nmr spectroscopy, x-ray powder diffraction data, and

DSC. Whereas (NF4)ZSnF6 contains monomeric SnFé" anions, NF4SnF5 contains

polymeric, cis fluorine bridged, hexacoordinated anions. The vibrational

spectra indicate that in solid NF4SnF the anion is probably present as a

)
cyclic tetramer,
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Diagram Captions

Figure 1. Apparatus for small-scale metathetical reactions consisting of

three interconnected Teflon-FEP U-traps.

. 19 n-
Figure 2. Temperature dependence of the F nmr spectrum of the (SnFS)n

part of NF4SnF5 in BrF5 solution, recorded at 56.4 MHz using CFCI% as

external standard.

Figure 3. Vibrational spectra of solid (NF4)ZSnF Trace A: Infrared

6
spectrum of the dry powder in a silver chloride disk; the absorption below
400 (:m—1 (broken line) is due to the AgCl windows. Trace B: Raman spectrum

1

recorded at a spectral slit width of 3 cm™~. Weak bands due to SbF6— were

deleted from the spectra.

Figure 4. Vibrational spectra of solid NF4SnF5, recorded under the same

conditions as those of Figure 3.
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Higher NF4+ and Cs’ Polyperfluorotitanate (IV) Salts
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Abstract

Metathesis between Cs TiF6 and NF4SbF6 in HF solution was used to prepare

the novel perfluoroamionium salt (NF4)2TiF6. The compound is a white
crystalline solid, stable to about 200°. It was characterized by elemental
analysis and infrared, Raman and 19F nmr spectroscopy. X-ray powder data
show that the compound (tetragonal, a = 10.715&, c = 11.1143) is isotypic
with (NF4)2GeF6 and (NFA)ZSnFé.
between NF BF, and TiF4 produced the polyperfluorotitanate (IV) salts NF4T12F9

474

and NF4T13F13. Heating of NF3, F,, and TiF4 to 190° at an autogenous pressure

of 160 atm produced a salt of the approximate composition NF4Ti6F25. For

Thermal or HF solution displacement reacticns

comparison, TiF, and the salts Cs,TiF Cs,Ti F and CsTi,F, were synthesized

4 6’ 2710 29
and characterized by vibrational spectroscopy.

Introduction

Although the nonexistence of an NF5 parent molecule and the high ionization

+

potentials of NF, and fluorine made the original synthesis of NF4 salts

3
difficult,! their surprisingly high thermal stability permits the syntheses

of salts of relatively weak Lewis acids. Thus, the preparation of stable
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NF4 salts 2»3 containing GeF_ , GeF6 , SnFS ; and SnF6 anions has been

recently reported. Since NF4+ salts are of significant interest for solid
propellant NF3-F2 gas generators * for chemical HF-DF lasers, the synthesis

of novel higher performing NF ¥ salts is desirable. In this paper, we

4

report on the syntheses and properties of NF4+ salts derived from TiF4.

ExBerimental

Materials and Apparatus. The equipment and handling procedures used in this
2-4

work were identical to those previously described. The CsF was fused in

a platinum crucible and powdered in the dry box. The NF3 and F2 were pre-

pared at Rocketdyne, the HF (Matheson) was dried as previously described, E

and the BrF5 (Matheson) was purified by fractional condensation prior to use.
Pure NF BF  was prepared from NF

474 30
and the NF4SbF6 was synthesized as previously described. * A 10 year old

F,, and BF; by uv-photolysis 2 at -196°

sample of commercial TiF4 (Allied) had undergone partial hydrolysis, but was
converted back to pure TiF4 by fluorinating it in a Monel cylinder for 2 days
at 250° with FZ at 70 atm pressure. Both, treated and untreated, samples of
TiF, were used in the displacement reactions with NF4BF4. In some cases the

4
course of the reactions was influenced by the choice of the TiF4°

Synthesis of CsZIif Dry CsF (40.3 mmol) and TiF4 (20.15 mmol) were combined

in a passivated Tef?on FEP ampule, Anhydrous HF (3 ml liquid) was added at
-78°. The mixture was warmed to 24° and stirred for 1 hour until all solid
material had dissolved. The volatile materials were pumped off at 70° for

2 hours, The white solid residue (8.621 g, weight calcd for 20.15 mmol of
CszTiF6 = 8.619 g) was shown by infrared and Raman spectroscopy to be CszTin
of excellent purity. The products obtained from both, untreated and pre-
fluorinated TiF4, were undistinguishable. The solubility of Cs:TiF6 in

anhydrous HF at 24° was found to be about 4 g per g of HF.

Synthesis of Cszlig This salt was synthesized from equimolar amounts of

F. ..
—10
CszTiF6 and prefluorinated TiF4 by either heating in a Monel cylinder to 180°

for 7 days or by stirring the mixture in liquid anhydrous HF for 4 days at

R-77-112
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25° and pumping off the volatile material at 50° for 3 hours. The observed
weights closely corresponded to those expected for CSZTiZFlo' Vibrational

spectroscopy showed only small amounts of TiF6 " and Tiqu' for the product

of the thermal reaction and of TiF4, Ting-, TiF6", and a higher polyanion
(Ra band at 778 cm"l) for the HF displacement reaction.

Synthesis of CsTi

This salt was prepared as described above for CS’T17F10’

in a 1:3 mole ratio. Vibrational spectroscopy

2Ey-

except for using CszTiF6 and TiF4
showed that the product from the HF reaction contained mainly Ting with
traces of TiF4 and TiZF10 " being present. The product from the thermal
reaction was a mixture of approximately 4TiF4, 4CsTi2F9, and 2C52Ti2F10.

The synthesis of higher polyperfluorotitanate (IV) anions was attempted by

heating a 1:5 mol ratio mixture of Cs,TiF6 and TiF, to 180° for 7 days.

4

Vibrational spectroscopy, however, showed the presence of only Ti?rlo-—’

T12F9 , and unreacted T1F4.

Synthesis of (NF4192156° The metathetical synthesis of (NF4)7Tin from

saturated HF solutions of NF4SbF6 (10.00 mmol) and C52T1F6 (5.00 mmol) was
carried out in the apparatus previously described ? for the synthesis of
(NF4)ZSnF6. After combination of the solutions of the two starting materials
at room temperature and formation of a CsSbe precipitate, the mixture was
cooled to -78° and filtered. The volatile materials were pumped off at 50°
for 1 hour, The filter cake (3.85 g) was shown by its x-ray powder diffraction
pattern and vibrational spectroscopy to be mainly CsSbF6 containing, due to
the hold up of some mother liquor, a small amount of (NF4)3TiF6‘ The filtrate
residue (1.55 g, weight calcd for 5 mmol of (NF4)2T1F6 = 1.71 g) had the
composition (mol %): 88.5 (NF4)2Tin and 11,5 CsSbe. Found: NF3, 8.77;

Ti, 12.21; Sb, 4.11; Cs, 4.4, Calcd for a mixture of 88,5 (NF4)2TiF6 and

11.5 CsSbFO: NFS’ 8.72; Ti, 12.29; Sb, 4.06; Cs, 4.43, Based on the

observed Raman spectrum, the composition of the filtrate residue was esti-

mated to be 90 (NF TiF6 and 10 CsSbe, in good agreement with the above

4)2
elemental analysis.
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Displacement Reactions between NF4§f4 and TiF4. These displacement reactions

were carried out either in HF solution at room temperature or by heating the

starting materials in the absence of a solvent in a Monel cylinder: For the
HF solution reactions, the solid starting materials (6 mmol of NF4BF4 in
each experiment) were placed in a passivated Teflon FEP ampoule and 15 mi

of liquid anhydrous HF was added. The mixture was stirred with a Teflon
coated magnetic stirring bar at room temperature for a given time period.
The volatile products were pumped off at 50° for 3 hours and the composition
of the solid residue was determined by elemental and spectroscopic analyses

and from the observed material balances.

The thermal displacement reactions were carried out in a prepassivated 90 ml
Monel cylinder which was heated in an electric oven for a specified time period,
The volatile products were separated by fractional condensation in a vacuum
line, measured by PVT, and identified by infrared spectroscopy. The solid
residues were weighed and characterized by elemental and spectroscopic analyses.

The results of these experiments are summarized in Table 1.

Direct Synthesis of NFA+ Polyperfluorotitanates (IV). Prefluorinated TiF4

(11.3 mmol), NF3 (200 mmol), and F2 (200 mmol) were heated in a passivated

90 ml Monel cylinder to various temperatures for different time periods.

After each heating cycle, the volatile products were temporarily removed and

the progress of the reaction was followed by determining the weight gain of

the solid and recording its vibrational spectra. Heating to 200° for 3 days

resulted in a weight gain of 8 mg and the vibrational spectra showed mainly
unreacted TiF4 in addition to a small amount of NF4+ and a polyperfluoro-
titanate (IV) anion (probably Ti6F25', see below) having its strongest Raman
line at 784 cmcl. During the next two heating cycles (190-195° for 14 days
and 180° for 35 days) the solid gained 149 and 41 mg, respectively, in
weight. The vibrational spectra did not show any evidence of unreacted TiF,,

and the relative intensities of the bands due to NF * had significantly

4
increased. Furthermore, the 784 cm"1 Raman line had become¢ by far the most
intense Raman line. Additional heating to 230° for 3 days did not result
in significant changes in either the weight or the vibrational spectra of

the solid. Based on the observed weight increase and on the lack of spectro-
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scopic evidence for the presence of lower polyperfluorotitanate (IV) anions,

the solid product appears to have the approximate composition NF Ti F__ (calcd

476 25
welght increase, 205 mg; obsd weight increase 198 mg).

Results and Discussion

were prepared by

Syntheses of NFA+ Salts. Perfluoroammonium salts of TiF4

the following methods.
(1) Metathesis:

s o HF solution .
. ” . . . .
L52Y1F6 + ‘NF4bbF6 ZLSSbfb* + (NF4)211F

G

The yield of (NF4)2TiF6 in this reaction is practically quantitative, except
for material losses caused by the retention of a certain amount of mother
liquor Ly the filter cake. The purity of the material obtained in this
manner was approximately 88.5 mol percent, the remainder bheing CsSth.

(2) Direct synthesis from NFS’ F,, and TiF,:

2° 4
NF, + F_ + 6TiF —ﬂlggi—’ NF . Ti F
3 2 4 160 atm 4 76 25

tleating of TiF, with a large excess of NFS and F, to 180-195° for 50 days

4
under an autogenous pressure of about 160 atm produced a solid of the appro-
ximate composition NF4Ti6F75. Significant increases or decreases of the

. T . - et
reaction temperature resulted in lower conversions of NPS to kFt .

(3) Displacement reactions:

NF4BF4 + nTiF4 - NF4TiF;'(n-l)TiF4 + BF;

These reactions were carried out either in anhydrous HF solution at room
temperature or by heating the solid starting materials in a Monel cylinder
to 160-190°. The composition of the products was influenced by both the

reaction conditions and the choice of the TiF, starting material (sec

i
Table 1). For the HF solution displacement reactions, the use of pre-
fluorinated TiF4 (see bclow) resulted in the following approximate

stoichiometry, independent of the mol ratio of the starting materials:

i . HE, 24° .. :
NE,BF, + 3TiF, ——— NF,Tijl 3

R-77-112
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When untreated TiF4 was used, the reaction stoichiometry changed from 1:3 to

1:2, again independent of the mol ratio of the starting materials:

. HE, 24° )
NF BF, + 2TiF, —* "« NF,Ti,Fg + BF,

In the thermal displacement reactions, the use of prefluorinated TiF4 at

170° resulted in a clean 1:2 reaction between NF4BF and TiF, according to:

4 4
. 170° . .
NF4BF4 + 2T1F4 —— NF4T12F9 + BF3
When an excess of NF4BF4 was used, the reaction was complete in 20 hours,
producing a mixture of NF4T12F9 and unreacted NF4BF4. Using a 1:2 mol ratio
of NF4BF4 and TiF4, however, longer heating periods were required to avoid
the formation of some NF4T13F13 as a by-product.

With untreated TiF4, some of the NF4+ salt was used up for the fluorination

of the partially hydrolyzed TiF
4T12F9.

main product was NF4T13F13.

4° however, the main product formed at 190°

was again NF When the reaction temperature was lowered to 160°, the

The above results are not surprising in view of our present understanding of

NF4+ chemistry. It appears that the nature of the Lewis acid determines the
possible synthetic routes towards their NF4+ salts. If a sufficiently strong

Lewis acid is monomeric at the recaction temperature, a direct synthesis from

NFS’ F,, and the Lewis acid is possible. The initial step in this direct
synthesis is the generation of F atoms ! €7

1,.,8 4,9

from F, by either discharge,

radiation, or heating. These F atoms then react with the monomeric
Lewis acid to form a Lewis acid'F radical,'> a species which might he
capable L1 of supplying the energy (ionization potential of NFg minus the
energy released by the formation of the ion pair) required for the oxidation
of NF3 to NF3+. The latter cation can then be readily fluorinated by cither
, to NE",

uv photolysis of the NF_-F

F* or F A typical example for this schemne is the low temperature

. I D
2 BF3 system:

R-77-112
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On the other hand, if the Lewis acid is polymeric at temperatures above the

. . . + . .
thermal decomposition point of its NF, salt, indirect synthetic methods

4
must be used, A typical example is SnF4 (sublimation point 704°), where
metathesis
o HF solution .

Cszan6 + 2NF4SbF6 2CsSbF6+ + (NF4)ZSnF6

and the displacement reaction
. HF solution 5

2NF BF, + 2SnF, (NF,),Sn,F, ;) + 2BF,

have successfully been applied 3 to the syntheses of its NF4+ salts.

The physical properties of TiF4 (polymeric solid at room temperature with

a vapor pressure of 1 atm at 284°) are intermediate between those of BFS

4 (b.p. 705°).
Consequently, the successful, although slow, direct thermal synthesis of an
NF," salt of TiF

4 4 4
are not unexpected. However, the actual composition of the polyanions was

2,3

(b.p. -101°) or GeF4 (1 atm vapor pressure at -36°) and SnF

and the pronounced tendency of TiF, to form polyanions

surprising, Whereas both GeF4 and SnF, in their displacement reactions

4

with NF4BF4 form exclusively the GCZFIO and Sn2}~10

no evidence was obtained for the formation of Ti7F10—_ in the corresponding

reactions of TiF4. Instead, only the polymeric anions Ti,Fg_ and TiZFIS-
12

were observed. Since TiFe-- is known to associate with Tin_ or TiF
to form TizFlls- and TizFlog', respectively, the failure to observe the

two latter anions in the NF4BF4-T1F4 displacement reactions suggests that

TiFé-- is not formed as an intermediate in appreciable quantities. Further-

more, the absence of observable amounts of Ti“FIO-- indicates either that
TiFS— preferentially associates with TiF4 rather than with itself, or that

units present which will accept a fluoride ion, are dimers.

anions, respectively,

4

the smallest TiF4

Unfortunately, the structures of both solid TiF, and of the species present

4
in its HF solutions are unknown. Consequently, it is at present inappro-
priate to rationalize the different bchavior of TiF4 and of the two main

group tetrafluorides,

R-77-112
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The fact that the displacement reaction in HF solution resulted for untreated

TiF4 in a lower polyanion (Ting-) than for prefluorinated TiF,, is consistent

with previous reports 13 on the solubility of TiF4 in HF. Thuz TiF4 is only
sparingly soluble in anhydrous HF, but its solubility is significantly in-
creased by the addition of a Lewis base, such as an alkali metal fluoride

or water. Apparently, the base, i.e. F ions, helps to depolymerize the
TiF4. Since the untreated TiF4 was partially hydrolyzed, it probably gener-
ated upon addition to the HF solution some H,0, which in the presence of HF

and TiF, would be protonated to yield OHS+ and a polytitanate anion, No

4
chemical interaction between OH3+ and NF4+ is expected, since it has pre-
viously been demonstrated that OH3+SbF6- and NF4+SbF6- can coexist in HF
solution, 1"

13

A previous study on the relative strength of fluoroacids in HF solution

had placed BFS’ SnFa, and TiF4 in categories 2, 3, and 5, respectively, where

the acid strength decreased with increasing category number. The results from

our studies, i.e. the fact that both SnF4 and TiF4 are capable of quantita-

tively displacing BF4 from NF4BF4 in HF solution, indicate that this acid

classification is not generally valid.

Syntheses of Cs Salts. For the characterization of the polyperfluorotitanate (IV)

anions in their NF4+ salts, a better knowledge of these anions was required.
Very little information on polyperfluorotitanates (IV) has previously been
published. Except for a recent DSC study on NOTiFS, which was shown to decompose

at 225° to NO’I‘izF9 and FNO, 13 the only detailed study on polyperfluoroti-
tanates was carried out by Dean.!?

Studying the TiF, - (Pr?Nnﬁ)jTiFﬁ system

4

in SO, solution by lgF nmr spectroscopy, he established the presence of the
. 3- -- . - . . s . .

’I‘12Fll , F12 10 ° and T12F9 anions, in addition to other unidentified

polymeric anions,

Our study in anhydrous HF as a solvent showed that pure quTin is formed
from stoichiometric amounts of CsF and either untreated or prefluorinated
T1F4: "

2CsF + TiF4 ———— Csﬂ/TiFh

R=-77-112
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The compound CszTizF10 can be produced from an equimolar mixture of CszTiF6

and TiF4 by either HF treatment at room temperature or heating of the solids
to 180°:
180° or

C52T1F6 + T1F4 —H-}—:T-—Z—ST— CS2T12F10

Vibrational spectroscopy showed only traces of TiF4, TiF6'", and TiZFg',

indicating that under these conditions TizF10 is clearly the favored species.

When the mol ratio of CszTiF6 to TiF4 was changed to 1:3, the reaction in HF

solution produced almost exclusively Ti Fg' according to:

2
. . HF, 25° e
C52T1F6 + 3T1F4 — 2(,sT12F9
Only traces of TiF, and Ti,F. .~ were present. The thermal reaction, however,

4 210

produced a mixture of approximately 4TiF 4CsTi,F9, and 2C52T17F

4° 10°

A further increase of the TiF4 ratio in the thermal reactions did not produce

any evidence for the formation ~f polyanions higher than Ti,F ”, but resulted

<

in unreacted TiF4. The HF solution study was not extended beyond the 1:3

Cp s .
C52T1.6.11F4 mol ratio.

Properties. The most interesting one of the novel salts prepared during this
study 1is (NF4)2T1F6, since it has the highest usable fluorine content of any

presently known NF,  salt. All the NF4+ perfluorotitanates (IV) are white

4
crystalline solids. Based on observations of their thermal decompositions in

sealed glass capillaries and on the results of the direct thermal synthesis
. +
and of the thermal displacement reactions, these NF ~ salts are stable to at

4

least 200°. By analogy with the other known NF ¥ salts, it is difficult to

a
obtain meaningful decomposition temperatures from either m.p. determinations

or DSC data. 2»3 All salts are hygroscopic and hydrolyze in water with

quantitative NF, and less than quantitative O, evolution, in agreement with

3
previous findings.? The hydrolysate shows the yellow color characteristic

for titanyl salts. The (NF4)2TiF salt is highly soluble in HF and moderately

6

soluble in BrFSn For the polyanion salts, the solubility decrcases with

increasing anion size.




V'-—-——-——'———————-j

The Cs® salts are also stable, white, crystallinic solids. The CszTiFﬁ

salt is very soluble in HF (about 4 g/g of HF), but the solubility sharply
decreases for the polyanion salts. The hydrolysis of the cesium perfluoro-
polytitanates (IV) was followed by Raman spectroscopy. The spectra obtained
for the solid phase in equilibrium with the aqueous phase showed that the
bands due to TiF4 and the higher polyanion impurities disappeared first,

accompanied by a simultaneous growth of the TiF6- bands. The aqueous phase

showed TiFé—- as the main constituent.

X-Ray Powder Data. The powder pattern of (NF4)2T1F6 is listed in Table 2.

After correction for weak lines due to CsSbF6 and NF Sbe, all obscrved lines

4
could be indexed for a tetragonal unit cell., The resulting crystallographic

+ 1
4 salts, The :
L. . . - 3 . . S
similarity of the patterns of (NF4)2T1F6, (nr4)2SnF6, and (NF4)ZGelb indi-

parameters are compared in Table 3 to those of similar NF
cates that the three compounds are isotypic,
NMR Spectra. Since in HF solution rapid exchange between the solvent and the

. . . 19
anion prevents observation of well resolved anion spectra, the F nmr spectrum i

of (NF4)7TiF6 was recorded in BrF_ solution. In addition to the solvent

lines, - the spectrum showed the iharacteristic 3,16 triplet (@ = -220.8,

JNF = 229 Hz) for NF4+ and the characteristic %17 Tin—_ signal at @ = -81.7,
: The solubility of the NF4+ polytitanate salts in BrFs was too low to permit

the observation of useful spectra. Since the 19F nm; spectra of TiﬂF]ls_,

TiZFIU--’ and Ting- in SO, solution have previously been studied and

12

assigned in detail by Dean, no further work in this direction was undertaken.

Vibrational Spectra. The infrared and Raman spectrum of solid (NFJ)\TiFh is

shown in Figure 1. The observed frequencies are listed in Table 4. Comparison
. - .
with the previously reported 27%+8,16,18 spectra of other NF," salts demon-
+ . :
strates beyond doubt the presence of the NF4 cation, The remaining bands

are due to the anion and are in excellent agreement with those previously
" in Cs,TiF, 17219 and (HgD),TiF .?% The observation of

6
small splittings for some of the degenerate modes of NF4+ indicate that the

reported for TiF

site symmetry of NF * in the solid is lower than Td. The same effect has

4
previously been observed 3 for isotypic (NFJ),SnFG.
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The vibrational spectra of NF4T12F9, NF4T13F13, and NF4T16F25 are shown in
Figures 1 and 2, respectively, and the observed frequencies are listed in

Table 5. Again, the presence of NF4+ is clearly established.

For a better characterization of the anion bands, the vibrational spectra of
several cesium salts and of solid TiF4 were also recorded (see Figures 3 and
4, and Tables 4-6). Since CszTiF6 can be prepared in high purity and since
higher polytitanate impurities preferentially underwent hydrolysis, no problems
were encountered with defining the principal bands belonging to each anion.
The single most useful band for the identification of a polyperfluorotitanate
(IV) anion is the symmetric, in phase, terminal TiF stretching modc. This
mode results in a narrow and very intense Raman band, the frequencies of
which have been denoted in Figures 1-3. As can be seen, the frequency of this
band increases with increasing TiF4 content and decreasing negative charge of
the anion, i.e, TiF6 <TiZF10 <T12F9 <T13F13 <Ti6F25 <(TiF4)n.

-- . 9
The structure of TizF10 has been well established 2 by ! F nmr spectroscopy

as the cis~fluorine bridged dimer and a thorough vibrational analysis has pre-

B F F B
!
| P
/F ! 1 77
1 ! /'/
L '
4 —
F I F i F
L F I J
viously been carried 21272 out for the isostructural wolecule Nb,Cl Con-

270
sequently, sufficient information was available to allow some tentative assign-

ments for Ti7F10 ", These assignments are summarized in Table 6 and are based

1

on the symmetry coordinates defined for Nb,Cl,. by Beattic and coworkers.-

27710

No attempts were made to assign the spectra of the remaining polyperfluoro-

titanate (IV) anions and TiF4 itself, although some data are available for

- C -
Ting . Dean suggested 12 on the basis of 1“)F nnr data for Ti F

oy the triply
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fluorine bridged structure and Beattie has analyzed 2! the vibrational spectrum

\/\/
/\/\

of the isostructural T1 Cl 3- anion, Our spectra of prefluorinated TiF

279 4
(see Figures 3 and 4) significantly differ from those of untreated TiF4 and
those 23725 previously reported in the literaturc.

. +
Summary. The synthesis of NF4 salts has successfully been extended to a

subgroup element. The results of this study show that TiF4 can act as a
much stronger Lewis acid than predicted on the basis of previous literature

data.l3 Thus, stable NF4+ salts derived from TiF4 can be prepared ecither

directly or indirectly. Of all the presently known NF4+ salts, (NF4)w1in

contains the highest percentage of usable fluorine and, therefore, is an

excellent candidate for a solid propellant NF,-F, gas generator.

3
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Diagram Cagtions

4)2T1F6 and NF4T12F9.

TiFé, respectively. Traces C and

Figure 1. Vibrational spectra of solid (NF Traces A

and B, infrared and Raman spectra of (NF4)2
D, corresponding spectra of NF4Ti2F9, prepared by the thermal (170°) dis=-
placement reaction between NF4BF4 and TiF4 (1:2). The absorptions below
400 cm-1 in the infrared spectra (broken lines) are due to the AgCl windows.

Weak bands, due to impurities, were deleted from the spectra. Raman spectra
were recorded with a spectral slit width of 3 cm_lo The insert was recorded

at a higher recorder gain.

41“13F13 and NF4T16F25, recorded

under the same conditions as those of Figure 1. The samples of NF4Ti3F13

and NF Ti F,. were prepared by the displacement reaction between NF4BF. and

476 25
prefluorinated TiF, in HF and by direct synthesis from NFS’ FZ’ and TiF4

Figure 2. Vibrational spectra of sclid NF

4
at 190°, respectively.

Figure 3. Raman spectra of solid CszTiF CszTi F CsTi and pre-

6’ 2 10° 29’
fluorinated TiF4.

Figure 4. Infrared spectra of solid CszTin, CszTi F CsTiZF , and pre-

27 10°

9

fluorinated TiF4 as dry powders in Ag(Cl disks.
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Table 2. X-Ray Powder Data for (NF4AQIEEG a
d obsd d calcd Int hkl
6.23 6,26 VW 111
5.57 5.56 Vs 002
4.93 4,93 w 102
3.49 3.50 s 103
3.39 3.39 S 310
2.94 2.93 ms 213
2.782 2,778 m 004
2.465 2,463 w 331
2.315 2.318 mw 323
2,201 2.200 S 4 22
2.100 2.101 w 510

2

1.990 1.990 VW > 20

502

1,892 1.894 n 440

1.789 1.789 i f6 oo
442

1.663 1,664 mw 226
1.641 1.644 mw 30606
(a) tetragonal, a = 10.715R, ¢ = 11.114A, Cu K_

radiation Ni filter
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Synthesis and Characterization of (NF4)7§i}6
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Abstract

+ . . . .- Rl
The NF4 cation has successfully been coupled with the cnergetic NlPh

[ anion in the form of the stable (NF4)7N1F6 salt. The salt was prepared

from Cs,Nin and NF ShF6 by metathesis in HF, It was characterized hy

4
elemental analysis, vibrational spectroscopy, and its x-ray powder

diftfraction pattern. Its hydrolysis and thermal decomposition were

studied,

Introduction

A large number of strongly oxidizing complex fluoro cations and
anions are known. However, their potential application as energetic oxidizers
had been handicapped by the fact that they formed stable salts only with
. . 1-3 . +
nonenergetic counter ions. The recent syntheses of several stable xrz
. . . .4*
salts, derived from relatively weak Lewis acids, indicated that the xl1

cation might possess the necessary stability required tor its successtul

combination with energetic anions,

R=77-112
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In this paper we report the synthesis and properties of (;\'F‘i)ﬂr\iF6
-~
which, to our knowledge, is the first known example of a stable salt containing
both a4 strongly oxidizing complex fluoro cation and anion. The NiF;_ anion
. _ 4-19 . . .
1s well known and 1s a strong oxidizer owirg tu the fact that the parent
molecule NiFJ is unstable and decomposes to lower nickel trlucrides and

. . 17
elemental fluorine. 7518

Experimentul

Mlaterials and Apparatus. The equipment and handling procedures used

-

in this work were identical to those previously described.™”” The NFlShn

Y

. 20 . . :
was prepared as previously reported. The HF (Matheson) was dried by F|

2Rl

treatment”™” and was stored over KQNiFG (Ozark Mahoning) prior to use, The
CSZNin was prepared by heating a finely ground 2:1 molar mixture of dried
CsF and Kitll (Alfa) with 15 mol of FQ per mol of NiCl, in a nickel
cylinder to 250°C for 1o hours. The volatile products were pumped off at

room temper.ture. The solid product was finely powdered in the dry box and

the fluorination step was repeated as described above, The weilght and the

vibrational spectru of the resulting crimson red solid were in excellent

9,15,16

agreement with those cxpected for Cstirbv

In the infrared spectrum of CstiF( several relatively intensc
o A}

. : . -1 .
previously unreported combination bands (em ) were observed, These were

Vit (1205 w, 1187 mw), v2+\3 (1164 mv, 1144 m), Vatve (954 sh, 936 w),

v1+\4 (884 vw), and w7+21 (842 vw). From thesc combination hands a splitting

R-77-112
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of Vs into two components with frequencies of 660 and 641 cm“1 can be
deduced. lhe observed frequencies (cm"l) and relative intensities of the

fundamentals were: infrared, v (045 vs, br), -y (351 s); Raman, Fers(10)],

v, [503(7.5)1, v, [294(4)].

Synthesis of (NF4),§if6. In the glove box a mixture of Cs,NiF,

(13,50 mmol) and NF4Sbe 27.94 mmol) was placed in a 3/4 inch o.d  leflon
FEP U-trap which was connected through a 180° coupling to a sccond l-trap,
This coupling contained a porous Teflon filter (Pall Corporation). 'lhe free
ends of both U-traps were closed off by valves., Both valves were connected
through flexible, corrugated Teflon FLP tubing to a vacuum manitold. [Dry HF
(16 ml ligquid) was added at -78°C to the trap containing the reactants. The
mixture was warmed to 25°C and stirred with a Tetflon coated magnetic stirring
bar for 30 minutes. The U-tubc and filter coupling were cooled to -78%C

and the trap was inverted, The receiving trap was also cooled te =77 and
the solution above the filter was pressurized by 2 atm of dry nitrogen to
accelerate the filtration, After completion of the filtration, the Il solven:t
was removed by pumping for 12 hours at 25°C. The filter cake consisted of
10.15 g of a light brown solid (weight calced for 27.0 mmol of CsShib RUSNES
which was identified by analysis and vibrational spectroscopy as nainly

CsSbF6 containing a small amount of NED

. and XiF:_ salts, The filtrate residue
.. Al

consisted of 4,36 g of a deep red solid (weight caled for 13,5 mmol of (NFJ)ﬁ

NiF6 4,70 g) which on the basis of clemental and spectroscopic analvses had

the composition (weight %): (NFJ),Nij, 82.35; NF1S“Fh’ 15,98 CsShFO, 3.50,

R-77-112
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Anal, Calcd: Ni, 13,71; Sb, 6.40; Cs, 1.28; NF;, 36,20, Found: Ni, 13.70;

Sb, 6.44; Cs, 1.31; NF 36.,19. The method for purifving this material by

3’

recrystallization from anhydrous HF at ambient temperature has previously

2
been describcd”o for NF4BF4.

Hydrolysis of (NF4)2§EF6. Caution! The reaction of (NF4)2NiF6 with
water is very violent and can result in explosions. About 5 ml of distilled
water wus frozen out at -196° in the upper section of a Teflon FEP U-trap
containing about one mmol of (NF4)2N1F0. The frozen water was knocked down
into the bottom section of the tube containing the sample and the ice and
sample were mixed by agitation at low temperature., After good mixing was
achieved, the mixture was carefully warmed towards room temperuature and
as soon us interaction was noticeable, the mixture was chilled again by
liquid N,. This procedure was repeated until the color of the sample had
completely changed from red to the green color characteristic for divalent
nickel. The products volatile at -78°C consisted of 03, NFS’ and OFJ. The
oxygen was separated from the NF3 and OF2 at -210°C, and the NFS:OF: ratio
was determined by infrared spectroscopy. The hydrolysate was analyzed for
N1, Us, and Sb by both x-ray fluorescense and atomic absorption spectroscopy.
The mol ratio of 02 to OF2 was found to vary somewhat from experiment to
experiment, but approached 2:1 with the total amount being close to that

exnected for the reduction of N(+V) and Ni(+IV) to N(+III) and Ni(+I1),

respectively., Control experiments on the hydrolysis of Cs,Nin under identical

conditions resulted in the cvolution of O, only in amounts corresponding

to the reduction of Ni(+IV) to Ni(+I1).

R-77-112
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Pyrolysis of (NF ) _NiF . A sample of (NF4)7NiF6 (296 mg) was placed

4)2 ©

into a prepassivated (with ClF_, followed by F, at 130°C) 1/4" o.d. stainless

3’
steel U-tube (volume 10,46 cc) closed off on both ends by Hoke valves
(3132M25)., One side of the U was connected to a pressure transducer (Validyne,
Model AP10) and the other side to the vacuum line, The U-tube was kept at a
constunt temperature with an oil bLath and the pressurc build up was measured

as a function of time, Teriodic evacuation ¢t the system revealed that the
decomposition rate was nct influenced by the pressure of the gascous de-
composition products., 'The decomposition rates of (NFJ):NiFo were determined
over thc temperature range 80-128°C. All mecasurements were carried out on

one sample starting at the lowest temperature. At the highest temperaturce
(128°C), an exhaustive pyrolysis of the remaining undecomposed 82% of the
original sample was carried out until pas evolution practically ceased.

The evolved gas was showr by infrared and mass spectroscopy to e a mixture

of NF$ and F: in a mole ratio of about 2:3. Bascd on its weight loss and
vibrational spectrum, the solid residue from the exhaustive pyrolysis was

shown to consist of the thermally more stable NFJShFO and CsShFh impuritics

-

. . 9,17 - . . - .
and the previously described ? nonstoichiometric brown nichel fluoride

2.x.
The thermal decomposition was also visually followed by heating a

sample of (NF NiFO in a scaled glass capillary. At 130°C the color of the

4)2
sample changed from dask red to brown (NiF, A) which at higher temperaturcs
changed to grey. Vibrational spectra of these decomposition products and those

obtained from the yellow pyrolysis product of Cs,NiFh showed that in all cases

the main product was NiF,(Ra, 520 vs, 425 s, IR, 520 sh, 425 s, br),

R-77-112
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Results and Discussion

Synthesis and Properties. Since the NiF;- anion is stable in

9,12,17

x anhydrous HF solution , the synthesis of (NF4)ﬁNiF0 by metathesis

appeared feasible, Both NF4SbF and C57N1F0 are highly soluble in HF,

6
whereas CsSbe is of relatively low solubility, particularly at lower
temperature, Consequently, the following reaction was used to prepare
(NF4)ZH1FO:
2NF SbF,. + Cs_NiF ————EE———~—4— 2CsShF + (NF ) NiF
4 6 2 0 78° ) 6 4°2 6
-78" filtr,

The optimization of a NF4SbF6 - cesium salt based metathetical process
and the possible product p.orification have previously been discussed in detail

. 20 . .
for the corresponding NF4BF process , and hence are not being reiterated.

4
The resulting (NF4)2NiF6 is a deep red hyvgroscopic solid, stable at
room temperature, It crystallizes in the tetragonal system (see Table I)
and is isotypic with the other known (NF1)7MF( (M=Ge, Sn, Ti)l's salts
= < )

(see Table Il). As expected, the size of the unit cell decreases from

(NF4)7TiF6 to (NFA)jNiF6 owing to the transition metal contraction and

then increases again when going from Ni to tlie muin group elements,

The vibrational spectra of (NF1)7N1F0 are shown in Figure 1 and the
observed frequencics and their assignments are summarized in Table Ill. The

observed frequencies and itensities are in excellent agreement with those

. + -3 C s 9,15 . -
previously reported for other NF4 salts1 and k,Nlrb’l’ and Ls,Nlrb (see

Experimental), thus establishing the ionic nature of (Nrd),NiFo.

R-77=-112
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Thermal Decomposition, The thermal decomposition of (NF4)2NiF

6
was investigated by DSC and visual observation of samples sealed in glass

melting point capillaries. The DSC curves of samples sealed in aluminum
pans indicated the onset of very slow endothermic decomposition between
110 and 120°C, which increased with increasing temperature and became

rapid between 200 and 210°C. The fact that (NF4)jNiﬁ undergoes appreciable

6
decomposition well below 200°C was confirmed by visual observation of samples
sealed in glass melting point capillaries. leating to 130°C resulted in

9,17

the formation of the brown nonstoichiometric NiF, x (see Lxperimental).

. . 1- . .
As previously discussed, 3 these data are only qualitative,

Since the thermal stability ot a powerful oxidizer, such as (NF4)2N1F6,
is of great practical importance, its rate of decomposition was quantitatively
studied by total pressure measurements over the temperature range 80 to 128°C,
The decomposition follows the equation:

(NF) NiF ———= 2NF, + (3= DF, + NiF,

The decomposition rate was found to be independent of the gas pressure,
as expected for an irreversible reaction involving the decomposition of the
thermodynamically unstable NiF4 to NiFZ.x° Owing to the limited amount of
sample available, all measurements were carried out on the same sample. From
80 to 110°C the decomposition rates were mcasured only for low u (fraction of
material decomposed) values. At 128°C an exhaustive decomposition was carried
out (see Figure 2) for the a range 0,18 to 1. Plots of « as a function of time

t resulted in straight lines for the ~ range 0-0.18 from 80 to 110°C and for «

0.18-0.6 at 128°C., From these straight lines, rate constants, k, were

R-77-112
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X

calculated for each temperature (see Table IV). An Arrhenius plot of log
k versus % resulted in a straight line. The fact that this plot included
the data points obtained for both low and high o values strongly suggests
that the decomposition rates are independent of a« at o < 0,6, From the
Arrhenius plot, the following expressions can be derived for the specific
reaction rate constant (sec_l) and activation energy of the (NF4)2N1FO
decomposition:
35161

14 " RT(°K)

k = 4,840 ° 10 and AH1=35.161 kecal/mol

A detailed study of the exact decomposition mechanism was beyond the scope
of this study. However, the failure to observe significant sigmoid character

for the dccomposition curves indicates that the decomposition is not

autocatalytic, Furthermore, the fact that the decomposition rates were

independent of « over a large range of « suggests that the decomposition

y

occurs at active sites and that the number of these sites is fixed, ™~

The thermal decomposition of (NFJ)jxiFh strongly differs trom thuat

previously reported‘” for NF4A5F6. Contrary to our findings tor (NFI),Ri}h,

the decomposition of NF4ASF6 was found to he pressure dependent indicating

the equilibrium:

I : ) ——————— N AL
mrs + 12 + AS]S*——“———'NIAA‘Ih

Becuause of the irreversibility of the (NF4)3NiFh decomposition, the
heat of dissociation and therchy the heat of formation of solid (KF1):N1¥0
cannot be computed. llowever, in view of its importance fer performance
calculations, the heat of formation of solid (NF4):NiFh was estimated to be

about -230 kcal/mol based on the following scquence:

R-"7-112
h-R




(NE ) NiF, , . _ ~105 2Nl-?62.8 « 2F . rEI?O)
4’2777 6(s) 3(g) 2(g) 4(g)
=20

.2 . ) .25 .
The values for the heat of formation 4 and heat of sublimation of solid

hl
. : et .
N1F2 and for the heat of formation of gaseous xr;‘ are literature values,
The heats of decomposition of gaseous NiF4 and solid (NFJ],NiF( arce estinutes,

. 27 . 25 ., .
The latter estimate is based on the known value of -34.6 kcul/mol ot

the reaction NF,BF

'F N : A v v he hes:
47 4(s) ———————.-“rg(g) * ':(g) * BIS(g)J A value for the heat

of formation of (NF4)7Nin being slightly rore nepative than =222 keal/nol

o

o
(AHf NiF + ZAHfNF3(g)) is supported by our DSC measurements which showed

2(s)
the decomposition of (NF4)7NiF6 to be mildly c¢ndothermic,
Hydrolysis. The hydrolysis of (NF4)7N1F( can he approximately described

by the following equation:

Z(NF4)2N1F6 + SHZO-———>4NF3 + INHE + 20, + OF, + 2NiF,

Whercas the NFg evolution and formation of+ 11 Niwere quantitative, the ratio

ST T TR TR R R R R R

of 0,:0F, varied from experiment to experiment. The observation of significant
2002

! +

amounts of OF, was quite unexpected since neither NI1 nor NiF( alone produce
- bl

x 0F2 during hydrolysis. This was verificed by studying the hydrolysis of Vu'\xrh

R-77-112
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which, in agreement with a previous reportg, produced only 02 according
to:

2N1F6 + ZHZO———————-4HF2 + 2N1F2 + 02

The hydrolysis of NFZ salts containing nonoxidizing anions have previously

been studied. Although 02 evolution had not always been quantitative, H,0,

and not OF, had been the only observed by—products. It thus appears that

. . + - . R
the combination of NF4 and N1F6 are required to produce significant amounts

of OFZ' A plausible explanation for the ‘ormation of OF2 is the fluorination
of HOF, a likely intermediate in thec rapid hydrolysis of NFZ,3 bv the hydroly-

tically more stable NiF;— according to:

NFZ + 2HOH ———=-FOH + 1130+ + NF,

FOH + NiF;_—>FOF + HF + NiF;-

Summary.  The successful synthesis of (NF4)2NiF is significant since,

6

to our knowledge, it is the first combination of a strongly oxidizing complex
fluoro cation with a strongly oxidizing complex fluoro anion in the form of

4 stablc salt. Its potential as an oxidizer becomes evident from the
following comparison. On thermal decomposition, one cm3 of solid (NFJ)zxin
is capable of producing 1.5 times as much useful fluorine, i,e. in the form of
F2 and NFS’ as liquid F2 at -187°C. Furthermore, (NFA)ZNiFﬁ is a stable solid
at ambient temperature which can be safely stored without requiring cryopenic
cooling. The physical and spectroscopic properties of (NFA)ZNiFG are in

+

excellent agreement with those predicted for a solid containing Nr4 and

NiF)~

6 ions. The only unexpected property was the observation of significant

R-77-112
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amounts of OF2 during hydrolysis.
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Diagram Captions

Figure 1. - Vibrational spectra of solid (NF4)2N1F6. Trace A, infrared
spectrum of the dry powder in a silver chloride disk, the

L absorption below 400 cm_1 (broken line) being due to the

AgCl windows. Trace B, Raman spectrum, reccorded on a Cary

Model 83 using the 64712 line of a Kr ion laser and a spectral

slitwidth of 2 cn™}

°

Figure 2, - Thermal decomposition curve of (NF4))N1F6 measured at 128°C.

R-77-112
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Table 1. X-Ray Powder Data for (NF4)ﬂ§if2

d obsd d caled Int h k1
5.46 5.49 Vs 00?2
3.42 3.45 ns 103
3.31 3.31 s 310
2,880 2.878 ms 213
2.742 2,738 mw 004
2.407 2.405 W 531
2.150 2,150 s 4202
1,954 1.954 w {5 U2

4032
1.846 1.849 m 4 40

o o}
(a) tetragonal, a = 10.457A, C = 10.9534, CuKl radiation Ni filter
ul

Table 2. Crystallographic bata of (NF,) NiF

ompared
to Those of Other (NF4)7NFh Saltsd

6 (

o
Tetragonal Unit Cell Dimensions Volume (A Calced Density
a (A) C (A) VoA per I {g/cm™
. ... b - . -~ v oa-
(NF4)ﬂT1P6 10.715 11,114 1276.0 17.048 2.3
(NF4)ﬂNiF6 10,457 10,953 1107 7 le .04 N
(NFA)ZGng 10.627 11,114 125501 1o, 81 SR
(NF4)7SnF2 10,828 11.406 1337, 17,91 PR

(a) For all compounds Z = 16/3
(b) Ref. 1
{(¢c) Ref. 3
(d) Ref. 2




Table 3, Vibrztional Spectra of Solid (NFA)Zﬂif !

6

— obsd freq (cm'l) and rel intens®— —— assignments (point group)b—ﬂ

IR Yor 1
RA NF, (T NiFg ()
23
01l vw 2v3(A1+E+F2)
1998 w v1+v3(F2)
1756 vw v3+v4(A2+E+F2)
1460 vw vl+v4(F2)
1218 m 2v, (A +E+F,)
1156 vs 1157 (0.1) v, (F.) :
3\ |
1055 vw v2+v4(F1+F2) ?
854 vw 854 (1) v, (&)
648 Vs v (F 1)
609 m 609 (0.5) V")
604 sh <
556 vw 555 (10) v (A
512 vw 512 (7) v, (E )
457 (0.5) £
454 (0.5) v (E)
443 vw
332 mw V4(F1u)
307 (1.5)
298 (4) } V5 (Fag)
90 (0.1) .
60 (0) } LATTICE VIBRATIONS

(a) uncorrected Raman intensities

(b) the actual site symmetries of NF; and NiF;' in this salt are probably lower
than Td and Oh, respectively, as indicated by the large unit cell (2 = 16/3) ,
and the observed slight deviations from the selection rules and the lifting
of the degeneracy for some of the modes; however, since the actual site
symmetries are unknown, the assignments are given for the idealized point

groups. R-77-112
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Table 4. Rate Constants Observed for the Thermal Decomposition
of (NF4)2N1F6

° -1

T (°C) k (sec 7)
-8

80 8.279 + 10
90 2.739 - 1077
a9 1.165 * 107°
[ 110 4.197 - 1078
128 3.012 * 107°
R-77-112
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Vibrational spectrum and normal courdinate analysis of SF.Br

Kart O. CHriste, Eart C. Curils, and Cart J. ScHACK

Rocketdyne, a Division of Rockwell International. Canoga Park, Calitornia 91304
and
AcrHim Ros ann

Departiment of Chemistry, University of California, and Molecular and Matenals Rescarch Diviion ot the Lawiciia
Berkeley Laboratory, Berkeley. Calite tina 14720

(Recewed 11 March 1976)

Abstwast—The L.r. spectrum of gascous and the Raman spectrum of iquid SE.Br are reported. Ten
out of 11 fundamentals expected for symmetry O, were observed and assigned. A normal coordinate
analysis was carried out and thermodynamic properties in the range 0-2000 K were computed.

INTRODUCTION

Whereas the vibrational spectra and force fields of
SF,Cl {1-3), SeF,Cl [4], and TeFC! [5]) have been
well characterized, similar data on the correspond-
ing bromine compounds are lacking. Since SF.Br is
an important intermediate for the synthesis of SF,
substituted compounds, a thorough characterization
of this molecule was desired. In this paper, we
report its vibrational spectrum and the results of a
normal coordinate analysis.

EXPERMANTAL

The SFBr was prepared by the interaction of
BrF with SF, in the presence of CsF in a stainless
steel reactor at 90° for 24 hr. The reaction products
were separated by repeated fractional condensation
through a series of traps maintained at -95 and
—-112°. The SF,Br was retained in the —112° trap.
It was found difficult 1o obtain a colorless product,
free of traces of Br,, owing to its tendency to de-
compose 10 S;F,, and Br, under the influence of
light.

The i.f. specira were recorded at Rocketdyne on
both a Perkin—Elmer Model 457 and a Beckman
Model 4250 spectrophotometer, calibrated by
comparison with standard calibration points [6].
Stainless steel cells of S and 10-cra path length
fitted with AgCl or high density polyethylene win-
dows (seasoned with CIF,) were used as sample
containers. The Ramun spectrum of liquid SF,Br
was recorded at UC Berkeley on a Spex Model
1400 double monochromator, using the 6764 A
exciting line for a Kr ion laser and quartz capillaries
as sample containers.

RESULTS AND DISCUSSION

Vibrational spectra of SF,Br.

The i.r. spectrum of SFBr is shown in Fig. 1.
Three very weak bands at 945, 820 and S4Scm '
were deleted from the figure, since their relative
intensities varied from sample to sample and bands
of similar frequencies have previously been re-
ported [7] for S;F,,, the photoiytic decomposition
produ.t of SF,Br. The frequencics observed for the
i.r. spectium of the gas and the Raman spectrum of
the liquid, together with their assignments for point
group C,,, are given in Table 1. The agreement
between the frequencies of the gas and the liquid is
good indicating very little or no association in the
liquid phase.

Since SF;Br can be considered s a monosubsti-
tuted derivative of octahedral SF,. it should belong
to point group C,,. The 11 fundamentals of SF.Br
of symmetry C,, can be classified as 44, +2B, +
B, +4E. Of thes:, all 11 modes should be Raman
active, whereas only the A, and E modes should be
i.r. active. Of the Raman lines, only the four A,
modes should be polarized.

The observed spectrum agrees with these predic-
tions. The assignment of the bands to the individual
modes was done by analogy with the known spectra
of closely related SF,Q1 [1-3), SeF.Cl [4], and
SF,O (8] (sce Table 2) and, therefore, requires
only little discussion. For SF,CI the revised assign-
ment (4] was used. The frequencies of SF.Br, which
mainly involve motions of the SF, part of the
molecule, deviate by less than 24 cm™' from those
previously reported for SF,Cl [ {-3]. The vibrations
involving mainly an S-Br motion show the ex-
pected pronounced mass effcct. The frequency of

R-77-112
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Scm pathlength coli wih Agl) windows, trace 1. 700mm i a J0em pathiength wll with
polycthylene windows

275¢m ' assigned to the S-Br stretch in SF . Bras in
goud agreement with the value of 305 cm ' found
for this mode in BrSO,F (Y]

The above assignments are further supported by
the observed i.r. band contours (PQR structure for
the A, modes), the Raman polarization dutd, and
the fact that all the observed combination bands
(s¢e Table [) can be assigned without violation of

the €, selecuon rules. The taldure o deweet o,
the Raman spectrum is 0o surprise smice $or tis
type ol molecules this mode 1> genereally of very low
intensity and also was not observed {or the related
molecules SF.Cl {1-3] and SeF.Cl [5]. By analogy
with SF.Cl[3), v,, of SF.Br is of very low intensity
in the ir. spectrum, but 15 readily observed in the
Raman spectrum.

Table 1. Vibrational spectra of Sk Br and their assigament i paosnt group C,

Obud freq. cm ', and intensity®

Intrared Raman
[T hquud Assignment
1745 vw vt v 1743040
1696 w 2v, - 1ous A
1558 w vyt e = 1886 (KD
1540 vw v+ = 15411A )
1514w vt vy~ ISI4LE)
1349 vw Vit g - 148S (k)
1443 vw Vit e 1440 0A )
1280 vw vy teos 2R3 (A
1268 vw bty 12670E)01 v v wy = 1267 (E)
1193 vw vor v, - 1I9S(E)
1175 vww 2uy=1IR21A))
1120 vw vt - 11200A )
H9d vy 98 (). 2) dp v lE)
BdOwa PO R 80U p v, (A))
692m P.Q. R 691 (76)p v (A
620 (0. N1 dp v (B))
91ImP.Q.K 586 (0. 2)p v (A}
$75m ST 0.0 dp v (E)
S00 (G.2) dp v-(B;)
477 vw vy, v -4T0E)
418 mw 4194 dp vinlE)
271 mw 272(1nyp v, (A}
222(C.0)dp v (E)
® Uncorrected Raman int nuities
R-77=112
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Vibrational spectrum and normal coordingte analyss of SF.Br
Table 2. Vibratwnal spectrum of SE, Br compared w thuse of SE.CL SELO and S¢F.C1
Obed freq, cm ', and 1ntensity
SF,Br SF,C1(1-4) Sk, [8) Sk, Cl{4) Assignment Approaunate
s — ———— -——— — - m——e- o~ ———-— 10 pUHIL desernipuon of
(XY Ra hguid Lr e Rabguad e Ra e gas  Raliqud  group O, vibrauon
BA9vs BN (VO2)p ¥SSvs K33 L2p 135w T2 129me 72140 K)p A, vXE)
692m 6917 6)p 707s 704 lp 97 m 697 (1) 654w oo (lp [ vye (ko)
Wim Ss6Llp 602s oS3 2ip Sué » Sue (1) 440y 32 00p v & sym out of planc INF,
271 mw 272¢(101p W2s  WIup 184 wn 11830 3Bd mw 38508 Sip 1, ¢ (XY
620(U. ) dp 625 1.7 dp R INE T 630 (1 6) dp By + sy out of phase (XFL)
472102 io O asyin out of planc Mo
SUL W 2) Ip sus w Drdp 82wy KO dp B, 8 sym 1n planc (Xt
Hydvs  BYBIO2)dp WM V2T (V.2;dp TS w TRO 1) 745 745 T0 Lgp [ s eyt (NFg
$75m  S7SWULdp STYmw S840 Lidp  S3ush S 421 424t ddp vy & (Fak )
$fame 41904 dp 4lm 4208 dp 325 mw 33¢m 3361 rdp Vi & awrynit i plane (Xt
22(06)dp  28Twvw 271106)dp  6ULS oU7(22) METTETED v BYREL

Force consianis

A normal-coordinate analysis was carried out to
aid the spectral assignment. The kinetic and poten-
tial encrgy metrics were computed by a machine
method [10], assuming the following geometry and
woordinate definitions: Ry, =r, = 1.6C A, Dy, =
227A (11}, a=<FSF=%", B = <FS$-=90" and
vy = <BISF = 9°, where F refers to the axial (uni-
gue) fluorine ligand. The symmetry coordinates
used were identical with those previously reported
[12] for IF,0. The deformation coordinates were
weighied by unit (1 A) distance.

The force constants were calculated by triai and
error with the aid of a conmputer 1o give an exact fit
between the vbserved and computed frequencies
using the simplest posaible moditied valence force

ficld. Unique force constants could not be com-
puted since the general valence torce ficld has 24
symmetry force constants and there are only 11
frequencies. {t was found that in both the A, and £
block off-diagonal force constants are required to
fit the observed frequencies. In the A, block, the
F,., F., and F,, terms may be neglected [13] since
their corresponding G matrix elements are zero. In
the E block, however, all G maumix elements are
nunero. Based on our experience with related
molecules. the most plausible interaction constants
were selected and their values were hept as small a»
possible. Additiona) criteria for sclecing the of-
diagonal F teims were a plausible potential encryy
distiibution and the condition o mabe F,, -1, -1,
The resulung force constants are histed 1 Tables 3
and 4. Uncertainty estunates are dithicult to maie

Table 3. Symuetry force constauts of SE Br*®

A, v, 849 Fi=fu = 4.50
v, 692 Fo=f 22, +f,' = 530
' 91 F..‘ilh*”,y'f.y’*'.’0,.‘/"'
BRI TS PR PR - 28
Ve 271 Fu=fo - 2.3
Fl [t J:‘,u, - ,.,) = .dX
Fio~fun - 067
".!4‘\“2‘“»' 'f“v’ =030
. B, v, 620 Foo~f 2.t - -~ 330
Ve [47”" F‘-h;!‘!ﬁ’ Z’Bt‘ ”u“’» 2’v~ "n’
Mg, My 2 - Ve
B, v, SO Fyaf, 2.t fa « 179
E v 494 [ VR = 374
vy 5§78 Foo=fy  tus' - 262
[4T) 418 Fiow=te  fo. = 1.90
v, 22 Foo=f, 1, = 126
Fow =ty " = 060
i =y fy = 045

* Seretching constants in mdyn/A, deformation constants m mdya
/-adian’, and stretch-bend interaction constants in mdyn/tadian.

t estimaied value.

R-77-112
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Table 4. Ilnsernal force constants of SFsB:*t

fn=4.50 fuu' = 0.596

fo=223 7, =1479

f,=4.283 frr=-0.128

1. =0.263 f=0.219

o= 0,848 frow =0.34
I.»=0.67 ,u" =0.212

1. = 1.953 fp=—fy =033
foo = —f = 0.035 [ = ~fon=0.225

7, =321

!” =-0.277

* Suretching constanss in mdyn/A, deformation con-
stams in mdyn A/radian’, and stretch-bend interaction
constanis in mdyn/radian.

1 Only the values of the stretching force constants can
be uniquely determined (rom the symmetry force con-
stants; for the computation of the remaining constants,
the following assumplions were made:

’h = IDVI = ,’y. -,ly -ID‘ =0, fl’ = -!rﬂ'v

fo= 1" and fo Jou_fuw

f‘y fYYszY'

owing to the underdetermined nature of the force
field. However, numerical experiments and com-
parisons with rclated molecules (see Table 5) wndi-
cate that the listed principal force constants might
be expected to be a reasonable approximation of
the general valeace force field values.

Comparison of the SF;Br stretching force con-
stants with those of SF, (14], SF,Cl1 [§, 15], SF.O
(8] and ScF(Cl [4] (sce Table 5) shows the expected
trends. The SF stretching force coastant values
decrease in the order: SF,>SF,Cl>SF,Br ~
SF,O . This may be explained [4] by the decreasing
¢lectronegativity from F towards Br and the forinal
negative charge in SF,O  which all tend 1o relcase
electron density to the remaining fluorine ligands.
This results 1 an increased polarity (8°° —F* ) ot
these S—F bonds and, consequently, a lowering of
the SF strewching force constants. The stretch-
stretch interaction constants also show continuous
trends, although it is difficult to rationalice why in

Table 5. Suetching force constants (in mdyn/A) of SF.Br compared w those
of SF;O , SF¢Cl, SF,, Sel;Cl and SeF,

SF,Cl
SF,(14] (18] (5] SF.Br SF;O (8] ScF,*  ScFsCl{4]

fa 483 462 450 3.75 4.42
fo 526 <294 275 2.23 6.46 st 278
A 451 459 429 360 431
I 0341 030 026 027 0.54 012 0.07
1 0.002 047 035 055 0.7§ 014 0.3
fxo 0.44 04 0.67 V.66

* Abramowitz and 1. W. Levia, Inorg. Chem., 6, 538 (1967).,

SF, (for which a GVFF is known [14]) the value of
f.' becomes smalier than that of f,. Generally, the
interaction between linear bonds (f,') is larger than
that between bones at right angies (f,,).

*  The posential energy distribution [ 16§ for SF,Br
is given in Table 6. As can be seen, most funda-
mentals are reasonably characteristic, thus support-
ing the above assignments. The mixing of the axial
SF suetch (»,) with the equatorial SF, umbrella

Table 6. Pussuuial energy distribution for Sk Br*

A, #8490 T2F, +SAF, + 11F,,- 18F, - 12F,,
” 092 |00Fu
” SYL  J6F,, +40F,, + 124,
ve 271 92F,,
B, v 620 100F,
¥ 470  100F,,
81 [ o S0 len
E v 894 WSFu+14F,, +19F, ,~ 14F,,
ve 575 18F.+11F,,
vio 418 4F+71F 0
L4YY 222 '9.3".".“

Table 7. Compuicd thermodynamic properucs of Sk Br*

T.K ¢’ H°-H% ~(F-Ho)/T §°
] (4] ] 0 [

100 9916 U844 51.584 60,420
200 15.763 2121 S8.033 68.637
298.15 20527 39l 62.744 75 883
. 300 20.598 3.956 62823 76.010
400 23019 6.179 66 938 82.386
500 25459 8.640 70.59%0 87 870
600 26019 11.248 73.875 92.622
) 27382 13951 76.857 96.787
800 27909 16.717 79.583 OO 480
900 28.284  19.528 ¥2.092 103 790
1K 28559 223N 84.414 106 785
[RI%Y 28 767 25237 8¥6.574 toy §17
1200 28928 24,122 B¥.592 112,027
1300 29 054 31.022 90,455 114.348
1400 29155 33932 92.267 116.508
1500 29238 36.852 93,98 118519
1600 29308 39779 95.546 120 408
1700 29302 42713 97.06; 122,187
18G0 29409 45651 98504 123 8606
1900 29,450 48.594 99 681 125.457
2000 29 484 51.541 101.198 126.969

® Per cent contributi Coutrib
10% 10 the PED are not listed.

of less thun

*Units for ¢,° S° and F° are calories, moles, and
degrees Kelvin: tor HC units are kidocalories and moles
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deformation (v;) 8 no surprise in view of their
similar motions and frequencies.

Thermodynamic properties

The thermodynamic properties of SF;Br were
computed with the molecular geometry and vibra-
tional frequencies given above assuming an ideal
gas at 1 aim pressure and using the harmonic-
oscillator rigid-rotor approximation [17]. These
properties are given for the range 0-2000K in
Table 7.
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Abstract—The i.r. spectia of gaseous, solid, and matrix-isolated SF,O and the Raman specua of
gascous, liquid and solid SF,O are reported. It is shown that several bands previously attributed to
SF,O belong o impurities, and 8 of the 12 fundamentals of SF,O were reassigned. A normal
coordinate analysis was carricd out and indicates for SF,O a structural model with signiticantly longes
axial than equatorial S—F bonds, in disagreement with Gundersen and Hedberg's favored Model A.
Thermodynamic propertics are also reported for SF,O.

INTRODUCTION

During a study of the vibrational spectra of SF,[1],
we became also interested in those of SF,O. The
molecular structures of these two molecules [2-6]
are closely related and can both be derived from a
trigonal bipyramid. The main difference between
them is that in SE, one of the equatorial positions is
occupied by a sterically active free valence electron
pair, whereas in SF,O it is occupied by a doubly
bonded oxygen atom.

. F
"
I \g
F

A closer examination of the available literature
data {7-9) un the vibrational spectra of SF,O re-
vealed many discrepancies and indicated the need
for a thorough reinvestigation. Our experimental
data, which are rcported in this paper, showed that
several bands, previously attributed [7-9] to SF,O,
actually belong to impurities, and resulted in the
reassignmeat of 8 of the 12 fundamentals of SF,O.

F
| F
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—_ O=
1=+
¥

EXPERIMENTAL

Pure SF,O was puepared by vacuum pyrolysis of
CsSFO [10]). “The compleaing of crude SFO with CsF
{10} was found necessary in order to completely remove
any SO.F; present. The latter does not form a stable
adduct with CsF and can therclore be readily removed
from CsS1°,0 by pumping.

Volatile compounds were manipulated in & well passi-
vated (with CIF,) stainless stee) vacuum line equipped
with Teflon FEP U-traps and 316 stainless stecl beliows-
seal valves. '

The ir. spectra were recorded on a Perkin-Elmer
Model 457 spectrophotomcter in the, range of 4000-
250cm”'. The instrument was calibrated by comparison
with standard gas valibiation points [11). The gas cells
were made of stainless stecl with path lengths of either 5
or Juan. The windows weie made of either AgCl, AgBr,

__R=77-112
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or high density polyethylene seasoned by CIF,. The ap-
paratus, materials, and technique used for the matrix-
isolation study have previously been described {12, 13}

The Ruman' spectra were recorded on a Cary Mode! 83
specuophotometer using the 4380 A exciting line. A
Claassen tiltcr was used to climinate plasma lines [14].
Polarization measurements wete carried out by method
VHI as described by Craassen et al [14]. For the low-
tewiperdture spectra an apparatus was used similar to that
described by MuLer and Harney {15]). A stainless steel
cell with Teflon O-riogs and sapphire windows [16] was
used to obtain the specirum of the gas. The sample
containers fur hiquid and solid SF,O werte cither 3 mm
0.d. quartz tubes or Teflc.~-FEP capillaries used in tuc
transverse ercitation-transverse viewing mode.

The 'F NMR spcctra were recorded at 56.4 Milzon a
Vanan Model DA-60 high resolution NMR spectrometer,
equipped with a variable temperature prote. Chenncal
shifts were determined by the side-band techmique refa-
tive to the external standard CFCly. Teflon FEP tubes
(Wilmad Glass Co.) were used as sanple containcrs
Samiples of neat SF,0, of SF,O over NaF (for removal of
anv HF pussibly present), and of SF,O-FClO, mixtures
(1:3 mole ratio) over NaF showed only a single signal for

SF.O over the entire liquid range (mp of FClO,- _

147.75°C).

RESULTS AND DISCUSSION

Vibrational specira. Figute 1 shows the ir.
spectra of gascous, solid and N,-matrix-isoluted
SF,O. Figure 2 shows the Raman spectra of gase-

e

ous, liquid, and solid SF,O. For the liquid phase, -

some variation in the spectra was observed. The
spectra generally observed over a fairly wide temp-
erature range arc shown by traces D-F in Fig. 2.
During one occasion, however, a spectrum was
observed at —80°C which more closcly resembled
that of gas.vus SF,O. It is shown as trace G in Fig,
2. Auttempis to reproduce the spectrum with the
same or other samples were unsuccessful, and the
reason for its deviation could not be established.

Figure 3 shows the most intense i.r. bands of gase-

vus and matrix-isolated SF,O at higher rcsol;nion
~

..
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Fig. 1. Infrared spectra of SF,O. Traces A-D, spectra of the gas at dificrent pressures in a S-cm path
length cell. Trace A, 10 mm (AgBr windows): trace B, 75 mm (AgCl windows); trace C, 500 mm
{AgBr windows); trace D, 1500 mm (polyethylene windows). Trace E, spectrum of SF,O in a N,

niatrix (mole ratio 1: 1000) at 4 K. Traces F and G, spectra of neat solid SF,O st two different sample

thicknesses at 4 K

and scale expansion, allowing some conclusions
about the band contours.and the determination of
the **S—*S isotopic shifts. The observed frequencies
are listed in Table 1.

Comparison of the spectra of the gas, the liquid,
and the solid shows osly minor frequency shifts,
indicating little association in the liquid and solid
phase. This is in good agreement with its relatively
low boiling point (—35.1°C) and Trouton constant
(21.9) [7) and with the observatious made for the
similar molecule ClF,O; [17]

The trigonal-bipyramidal structure of SF,O has
been csiablished by electron diffraction [3-5] and
mictowave [6] studics. However, four different
models of symmi-tsy C,, were found [5] which were

. all in excelient agreement with the experimental
electron diffraction data. No distinction between
the four models was possible, but fortunately all of
them are very similar as far as the vibrational
assignments are concerned. Consequently, know-

R-77-
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(Csl windows).

ledge of the exact model is not necessary for mak-
ing the assignments for SF,O.

The 12 fundamentals expected for an XY.Z
molecule of symmetry C,, can be classified as
SA.+A;+3B, +3B, Al of these should be active
in both the i.r. and Raman spectra, except for the
A; mode which should be only Raman active.

Assignment of the streiching modes. The assign-
ment of the stretching modes of SF,O is relatively
easy, Thete aro three suretching modes in species
A, ie., the S=0 stretch and the symmetric axial
SF; and the symmetric equatorial SF; stretch. Of
these, the SO double bond stretch, »,, should have
the highest frequency, should result in an intense
i.r. and a polarized Raman band, and should occur
above 1000cm™. Obviously, this fundamental
must be assigned to the bands in the 1350-
1390 cm™' region. The splitting into four compo-
nents in the matrix-isolation spectrum and the com-
plex band contour in the i.r. spectrum of the gas are

112
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Fig. 2. Ramaun spectsa of SF,O. Traces A~C, spectra of
the gas at 10 atm pressure in a siainiess steef cell with
sapphire windows recorded at three differeat sensitivities.
Traces D and E, characieristic spectrum of the liquid in a
quartz capillary at ~80° with the incident polarization
perpendicular and paratlef, respectively. The broad band
between 300 and $00«m™' is mainly due to quartz, as
shown by trace F which was recorded for & sample
contained in a TeBon-FEP capillary. Traces G and H,
irreproducibic spectrum of the liquid in a quartz capillary
at ~80° with the incident polarization perpendicular and
parallel, respectively. Trace |, specuum of solid SF,O in »
quartz tube at ~130°C.

caused by Fermi resonance between », and several
A, combination bands (see Table 1).

The symmetric equatorial SF; and axial SF,
stretching modes v, and v, should give risc 10 two
strong polarized Raman bands in the frequency

R-77-112
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range 500-1000cm ‘. Since the equatorial SF,
group is strongly bteat, its symametric suetching
mode should result io an intease i.r. band, whereas
for the almost linear axial SF, group the symmetric
stretch should be of low i.r. intensity. Furthermore,
by comparison with similar pseudo-trigonal
bipyramidal molecules {1,17), the symmetric
equatorial stretch should have a sigaificantly higher
frequency than the axial one. Accordingly, the sym-
metsic equatorial SF, and the symmetric axial SF,
stretching modes are readily assigned to the bands
at about 796 and 588cm ', respectively. For the
observation of v, and »; to the i.r. specurs, the
matnx isolation data (sce Fig. 3) were helpful since
v, almost coincides with », (B,), and v, occurs in
the vicinity of two i.r. bands of higher intensity.

There are two aatisymmetric SF, streiching
modes, the equatoriad oae, v, (B,), and the axial
one, v,(B,). Both should occur in the frequency
range 7001000 cm ™' and be very intense in the ir.
spectrum. lo the Raman spectra, v, should be
coasiderably more intease than », because of the
large diffcrence in the equatorial and axial SF,
bond angles. Consequently, v, (B;) and », (B,) can
be assigned with confidence to the bands at about
926 and 319 cm™*, respectively. The i.r. band con-
tour of v, (see Fig. 3) is complicated by »,(A,)
which has a similar frequency (see above) and by
Fermi resonance with wy+ v, (B,).

Assignment of the deformation modes. The as-
signmeat of the remaining bands to the seven de-
formation modes is more difficult, since only five
intense bands (at about 639, 567, 560, 265 and
174 cm™') were observed with the possibility of a
sixth weak fundamental at about 455 cm *. A simi-
lar situation was encountered for SF, {1]. It is very
difficult to decide if the lack of observation of a
fundamental is caused either by its low intensity or
by a coincidence of two fundanentals. Teatative
assignments for the SF,O deformation modes can
be made based on the following arguments.

The 639 cm™' band has too high a frequency for
an SF, deformation and, thercfore, should be due
t,o the $=0 wajging made, v, (8B,). Additional
support for this assignment comes from the i.r. gas
phase band contour which is simrilar to », (B,) (see
Fig. 3). Furthermore, there is some evidence in the
i.r. spectrum of the gas for Fermi resonance be-
tween », (B;) and the 174+ 639 cm™' combination
band. Since the 174 cm ™' band belongs to species
A, (see below), the 639 cm ™' mode must belong to
specics B,.

The lowest frequency mode (174 cn™') should be
the one involved in an intramolecular Berry-type
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been shightly shaficd relative to cach other to allow betier comparison.

exchange mechanism (1], Conscquently, the Ignoring for the time being the A; torsional

174 cm™* Raman band is assigned 0 v, (A,) by
analogy with SF, [1]. The relative ease of in-
tramolecular exchange in SF,O was confirmed by
our failure to abserve separate '*F NMR signals for
the equatorial and axial fluorines in SF,O at temp-
cratures as low as ~145°C. Polarization measure-
ments on the liquid provided no direct evidence for
the 174 cm™* fundamental being polarized. Simi-
larly, all the other deformation modes also bad a
depolarization ratio of 0.75. However, a polarized
combination band (588+174) in Fermi resonance
with v, (A,) was observed. Since the 588 cm ™' band
has been csiablished (sec above) as an A, mode,
the 174 cm™' band must aiso belong 10 species A,

By comparison with the closely related PF, (18]
and SF, [1] molecules, the equatorial SF; wagging
deformation v, (B;) of SF,O should be of high
Ramasn and of medium ir. intensity and have a
frequency between 500 and 600 cm™. It is there-
fore assigned to the higher frequency cqmponcent of
the two bands observed in the 550-570cm™
region. .
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mode, we still need assignments for the antisym-
metric equatorial OSF, in plane deformation
¥, (B,), the equatorial SF, scissoring mode v, (A,}),
and 1he axisl SF, out of planc scissoring mode
v:2 (B;). The following bands are still unassigned:
(i) a band at about 560 cm ™' of medium intensity in
both the i.r. and Ramaan spectrum; (ii) 2 band at
about 270 cm ™' of medium strong Raman and of
low i.r. intensity; (iii) a band at sbout 450 cm™" of
fow intensity in both the i.r. and Raman spectrum.
By comparison with the known spectrum of planar
OCF, {19}, v,, of SF,O is expected to have a
higher frequency and Raman intensity thew v,.
Furthermore, the frequency of »,; (B;) should be
lower than those of »,, and v, and by comparison
with other similar molecules {1, 17, 18, 20] might
be expected to be cither degencrate with or closc to
that of the in plane axial SF; scissoring mode v,
(174 am™"). Consequently, the 560 cm™ baad of
SF,O should be duc to v,, (B,).

For the assignment of the 270cm ' band of
SF,O, two alternatives remain, v, (A,) and vy, (8,).
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We prefer its assignment to v,, (B,) for the follow-
ing reasons: (i) its relatively low frequency value is
more in line with our expectations for v,; (>ce
above); (ii) its relative 1.r. and Raman intensitics do
not correspond well to those observed for the CF,
scissoring in planar OCF, [19]; (iii) for CIF,0, two
intense low-frequency Raman bands were observed
[17) at 222 and 285 cm™’, respectively, which re-
semble those at 185 and 268 cm ' observed for
S¥,0O. Therefore, these two Raman bands should
belong to a structural clement common to both
CIF,;0, and SF,O. Since CIF,0, contains only one
equatorial F atom [17,21], this common stiuctural
cfement must be the axial ¥ XF group, and the two
modes should be due to the axial in plane and out
of plane scissoring modes. The assignments previ-
ously made [17] for these two modes in CIF,0,
should be reversed.

All the observed tands are now assigned, except
for a very weak ir. and Raman band at about
450 cm™'. This band could either be due to the still
unassigned », (A,) fundamental or the 174 +265=
439cm™' combination band. Its assignment to the
vs(A;) torsional mode is unlikely based on its
activity in the i.r. spectrum of gascous SF,O. Since
the observed frequency (~450cm™') does not
agree 100 well with that of 439 cm ', caleulated for
vy + ¥, We tentatively asugn the 450 cm ' band to
v (A)). However, the relatively low ir. inteasity of
the 450 ¢cm ' hand is disturbing for this assignment,
and the possibility cannot be ruled out that v, (A))
might occur in the 560 cm ™' region, but is difficult
10 detect owing to the prescnce of three other
nearby fundamentals.

Except for the A; torsional mode, all fundamen-
tals of SF,O have thus been assigned. The assign-
ments for all strewhing modes and most of the
deformations can be considered firm. The A, tor-
sional mode which should be only Raman active
could not be positively identified. 1t is expected to
occur in the region $00-550c¢m™ ' in which several
extremely weak and therefore questionable Raman
features were observed,

Combination bands. A further point in support
of the above assignments are the combination
bands. All observed combination bands could be
assigned (see Table 1) without violation of the
selection rules for C,, (B, +B;= A, and A, + A=
A; combinations arc i.r. forbidden). Furthermore,
for cases involving Fermi resonance, the courres-
ponding fundamentals and combination bands be-
longed always to the same symmetry species.

Band contours. The i.r. gas phase bhod contours
were also examined. Based on the published mic-
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rowave data (A =0.13663, B=0.11204, (-
0.10808 cm ') [6]. the band coatouss of SF,O
should approximate those of set 39 in the tables of
Utpa and SHiManoucw {22] Since the B and C
values are quite similar, the B and C type bands
should be simifar under our resolution coaditions,
and the A 1ype bands should show a narrower Q
branch. Since the A axis (smaliest moment of iner-
tia) obviously must lie in the ditecton of the F,, —
S—F,. bonds, the B, modes should exhibit a nar-
rower Q branch. The observed band contours of v,
and », (ste Fig. 3) agree well with thes predictioa.
The largest moment of incrtis should be along the
$=Q axis. Therelore, the A, modes should eximbit
C type band coatours, and the B, modes should
show a 8 type conwour with a2 doublc Q branch.
Based on these arguments, we prefer to attribute
the complex structure observed for the Q branch of
the 926 cm™' v,,(B;) band to hot bands. Unfortu-
nately, most of the band contours obscrved for
SF,O are complicated by effects, such as coinci-
dence of several fundamentals, Ferm: resonance,
26— S isotopic splittings, and possibly hot bands
The only band having a relatively undisturbed con-
tour ts v, (B,) at 639 cm .

Isvtopsc splutings. The natural abundances of the
sulfur isotopes are: ’$=95.06, *S$=0.74 and
S = 4.18% . For some of the tundamentals spist-
tings due to these isotopes were observed in the
matrix isolation i.1. spectra and are listed in Table 1
and Fig. 3.

Comparison with related molecules. A compar.-
son of the assignments for SF,O to those previously
made for the related molecules SF, [1), CIF, [20],
and CIF,0, {17] is given in Table 2. For CIF, and
CIF,0, only the modes associated with the F,,—
Ci—F,, group are listed ta avoid confusion. The
gencral agreement is relatively good, if the follow-
ing potnts are kept in mind: (i) In the chlonne
tluorides, the ceatral atom is more electronegative
than oxygen. Consequently, oxygen addition results
in an clectron relcase to chlorine and weakens the
Cl—F bonds by increasing their polarity. For sultur
fluorides, the effect is reverse because oxygen is
more electronegative than the sulfur atom. (ii) In
SF.O, coupling between v, and v, increases their

. frequency difference and results in a frequency

value for », which is surprisingly low by compari-
son with that found for SF,.

As can be seen fromi Table 2, the problems
associated with the assignment of the deformaton
modes in these pscudo-trigonal bipyramidal
molccules are not trivial and more informaton
s required before these assignments should be
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Vibrational spectra of thionyl tetrafiuonde, SF.O

Table 2. Vibrational specira of SF,O compared 10 those of SF,, CIF; and Cl¥,0,

Assignmenrt
for S¥,0in Approx. description
ik, [20) CIF,0,(17 SF.[1] SF,0 point group of mode for SF,O
ir Ra ir Ra (%4 Ra LT Ra "2
1380vs  1380(0.7)p A,v, S$S==() stretch
892s 893(9.2)p 796m 795(10)p vy \sym cquat SF; stretch
S30m  S529vs,p  487vw A376)p SS8m  S5S8(1M)p  S¥8mw  SB7(1.T)p vy sym axial SF; streich
. 353 356(0+) 44T vww  455(0+) Ve equat SF; scissor
328 9w, p 201 226w 229103 1740 .4) vs axial SF, saissor in F,, SO plane
47440.7) Asve torswn
702 vs 695 vs T8 vs  7300.5) 819 vs K18 sh B, aotnym axal SF; suetch
639 ms 640 sh vy S$=0 wagging
532ms 535(35) S6Tms  Sooul.] py cquat SF; wagguig
867s  865sh 926 92402} B.vy, satbym equal SF; sucich
< 560 ms 566 iy wat SF» rockin
328y 329w 287w 2850y oo ms 356(0%) {27va 2650.7) vs atial S, scaseor ut of b, SO

planc

considered as being well established. A large
number of suitable molecules, such as SF,, SF,O,
CIF,, CIF,0, CIF,0,, PF,, PF,X and PF;X;, are
available and are ideally suited for a systematic
study. Unfortunately, such a systematic study i
beyond the scope of the present investigation.

Force constanis. A normal coordinate analysis
was carried-out for SF,O to support the above
assignments. The potential and kinetic energy ract-
rics were computed by a machine method {23). The
geometry used for the computation was model D of
GunperseN and Hepsera [5] since it agrees best
with the microwave data [6]. The symmetry coordi-
nates used were analogous to those previously
given for CIF,0, [17], except for exchanging the
equatorial oxygen atoms for fluorines and vice
versa (see Fig. 4). As in that work, the r<dundant
coordinate in the A, block was found from the
numcrical B matrix, and the deformation ocoordi-
nates were made orthogonal to the redundancy by
the Gram-Schmidt process. The bending coordi-
nates were weighted by unit (1 A) distance. The G
matrix and Z transformation were found numeri-
cally by the computer and, hence, only the coeffi-
cients for the more important force constants are
given in Table 3.

The force constants were adjusted by trial and
error with the aid of a computer to give an exact fit
between the observed and computed frequencies.
The observed >2$—**S isotopic shifts were used as
additional constraints (see Table 3). For example,
for the A, block a diagonal vaience force field
(DVFF) results in an isotopic shift of 17.4 m™' for
», and an unreasonsbly (scc below) low value of
11.05 mdyn/A for the SO stretching force constant.
Based on intensity arguments, », (**S) is best as-

!

cribed to the shoulder on the 1363.4am ‘ band
(see trace A of Fig. 3) indicating an isotopic shift of
t5cm ' tor v,. With this constraint, a force field
{MVEF 1) 15 obtained which results in a more plaus-
ible value for F,, (see below) and s more charac-
teristic potential energy distribution (see Table 3)

For the B, block two solutions were found (sce
Table 3) which were capable of duplicating the
observed isotopic shafts. Their main diflerence is
the sign of fuu. Since a value of 0.28 mdywA for
fan agrees much betier with the values found for
related molccules (sec Table 4), we prefer set | of
Tabie 3 over set 11, sithough the PED of sct 1l
more characicristic. Strong mixing of the modes 1o
B, would pot be surpnang in view of thew simular
frequencies and ther ease of cuuplhag As exact
duplication of the observed matrix molatwon
isotopic shifts could be schieved by usiag for », the
observed matrix isolation frequeocy value
(803cm™') in place of the gas phasc value
(819cm™'). The resulting force field was almost
identical to MVFF | (see Table 3) and. therefore, is
not separately listed. Cootrary to the fndings for
the B, block, the potential energy distribution for
the A, and B; blocks is highly characteristic.

A comparison of the stretching forcs constants of
SF,O with those previously reported for similar
molecules [24-35] is given in Table 4 and shows
the expected trends. The equstorisl SF boands in
SF,O are significantly stronger than the axia! ones
(even if MVFF Il is chosen), thus supporting our

- choice of an electron diffraction data model (5] in

which rSF,, is significantly shorter thaa rSF,,. By
analogy with the other related pscudotrigonal-
bipyramidal sulfur or chlorine fluorides or ox-
yfluorides, the bonding in SF,O might be described

R~77-112
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FCIO[35)
4.19
2.70

6.85
2.59

9.07
2.53

2.34

CIF.0(32] FCIO,{33] CIF,[34]
0.26

A g,

9.4
39

9.23
3.35
2.70

8.12
-0.04

4.78
0.39

10.42

11.22
4.07

5.51

Table 4. Stretching force constants (mdyn. A) of SF,O compared to those of similar molecules
10.61

11.63
5.29
0.26

11.99
5.68
3.54
0.27
0.28

5.26

SF.[24] SF,0 SF,0,[25] SO,{26] SF,[1] SF,0[27] SO,(28] SF.{29] SO(30] CIF,0,{17] FCiO,{31]
0.38

fieo
fleq)
I._m)
fant

Vibrational spectra of thiony | tetrativonue NF,O

Table 5. Thermodynamic propeiuics of SFO

-(F -h%y
Cp®,  H-HS, T, al $°, calf
T.K cal/mol kcal/mol (moldeg) (moldeg)
0 0 0 ] 0

106 10.185 0.861 50.332  58.946
200 15.546 2138 56890  67.580
298.15 20314 3910 61611 14.726
300 20.388 3948 61.692 74852
400  23.683 6163 65794 81202
50U 25.849 8.647 69442 86736
oU0  27.301 11309 72737 91585
700 28303 14092 75742 958673
800 29.016 16960 78502  99.712
900 29538 19.889  81.052 103.151
1000 29.929 22863  #3.421 100.285
1100 30229 25872 85632 109.152
1200  30.463 28907  87.703 111.792
1300 30.650 31.963 89651 114238
1400 30800 35.036 91.490 116516
1500 30923  38.122 93230 18.645
1600  31.025 41.220 94882 120.644
1700 31110 44327  96.453  122.527
1800  31.182 47441 97951 124.308
1900 31.243 50563  99.383 125.995
2000 31296 $3.690 100.754¢ 127.599
2100 31341 50.821 102.069 129.127
2200 31.381 59958 103.333 130.586
2300 31415  63.097 104.548 131982
2400 31446 66241 105719 133.320
2500 31473 69.386 106.849 134.604
2660 31497 72535 107.941 135839
2700 31518 75.686 108996 137.02%
2800 31.538  78.839 110018 138.174
2900 31555 81993 111.008 139.281
3000 31571 85150 111.968 140.351
3100 31.585 88.307 112901 141.387
3200 31598 91466 113807 142390
3300 31.609 94627 114688 143.362
3400 31620 97.788 115.545 144.306
3500 31.630 100951 116.380 145.223
3600 31639 104.114 117.193 146.114
3700 31647 107.279 117,987 146.98)
3800  31.655 110444 118.761 147.825
3900 31662 113.609 119517 148.647
4000 31669 116.776 120.255 149449
4100  31.675 119943 120977 150.231
4200  31.680 123.111 121682 150.995
4300 31686 126279 122373 151.740
4400 31691 129448 123.049 152.469
4500 31.695 132617 123710 153.181
4600 31.699 135787 124.359 153.878
4700 31704 138957 124.994 154.559
4800 31707 142,128 125.617 155.227
4900 31711 145299 126.228 -155.881
5000 31714 148470 126827 156.521
5100 31.717 151642 127416 137.149
5200 31.720 154813 127993 157.76S
5300 31723 157986 128.561 158.370
5400 31726 161.158 129118 158963
5500 31.728 164331 129.666 159545
5600 31731 167504 130.205 160.116
5700 31733 170677 130735 160.678
" 5800 21.735 173850 131.256 161.230
5900 31.737 177.024¢ 131768 161.772
6000 31739 180.198 132273  162.306
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by the following model. The bonding of the three

cquatorial ligands, ignoring the sccond bond of the

$=0 double boad, 1s mainly due to an sp’ hybrid,
whereas the bondivg of the two axial SF bonds

" involves one delocatized p-electron pair of the sul-
fur atom for the formaton of a semi-ionic three-
center four-clectron po bond [36-38). The incor-
rectness of the assignments previously made [9] by
Cieveland and coworkers is also reflected by their
ferce field which resulted in significantly stconger
axial (fx =5.54 mdyn/A) than equatorial (f, ~
4.40 mdyn/A) SF bonds, contrary to the clectron
diffraction data [3-5].

The S—O stretching force constant increascs
with both increasing oxidation state of the central
atom and increasing fluorine substitution. The
equatorial S—F stretching force constants also tend
to increase for the same sulfur oxidation state with
increasing fluorine substitution, except for SF,0 —
SF,. Provided the given force constants differences
are meaningful, the latter eflect might be explained
by the higher s-character of the equatorial SF
bonds in SF,O (sp®) when compared to those in SF,
(sp’d®). Comparison between the stretching force
constants of SF,O and SF, shows good agreement,
the slight increase from SF, to SF,O being attribut-

" able to the increase of the sulfur oxidation state.

Thermeodynamic propensies. In view of the ab-
sence of thermodynamic data for SF,O in the liter-
ature and of their interest for chemical lasers, we
have computed thermodynamic properties for
SF,O (see Table 5). The molecular geometry and
frequencies from the above force ficld computation
were adopted assuming v, =475 cm ™' and an ideal
gas at ! atm pressure and using the harmoaic-
oscillator rigid-rotor approximation (39). It should
be kept in mind, however, that the frequencies of
two fundamentals (v, and »,) are uncertain and
that the sum of the frequencies may therefore be in
error by as much as 200cm '

SUMMARY

The vibrational spectra of pure SF,O have been
recorded. Out of the 12 fundamentals expected for
symmetry C,,, 10 have been observed and the
previous sssignments (9] were revised for 8 of the
fundamentals. As for SF,, the assignments for the
A, cquatorial SF, scissoring and the A, torsional
mode present difficulties. A systematic study of the
vibrational spectra of the presently knowan pseudo-
trigonal bipyramidal fluorides and oxyfluorides is
desirable to support the assignments tqr the defor-
mation modes. The results ol & nonnal courdinate

.
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analysis indicate th.: the proposcd assignmoents 1o
SF,O are plausible. The siretching force constant:
of SF,O are 1n good agrecimzal with thaw oo
for SF, and sunilar molecudes. The turye difter
in the values of the equatonial and the asial S0,
stretching force constants indicatvs toet modri
{or possible C) of Gunprraer tnd Hio

aic more crovahic han thed proden od vl

L Acknovledonent--The authors are inceha s b, ]

Grant {o- bedptul disussions 8n 0 @ the O 0 ot ¢
Research, Power tranch for finanmal suppon

REPLANNCES
[1] K. O. Cunisre, E. C. Cukrs, € ) ScHacw, A !

Cyvin, JoBrRUNVOLE 30d W Saweins, Spectoch,
Acia, 32A, 1141 (1970), and refercnce: oired
therewn.

[2] W M. Totrks and W. D. Gwink, J Chem. Phvs
36, 1119 (1962).

{3] K Kimuga and $ H. Baver, / Chem Pave 3@
1172 (1963)

(4] 1. L. HeNcHeR, D W 3 CRGiCRsiank and S {4
Batiw. J. Chem. Phy.., 48, 518 (1908

[5] G OunppaseN 808 K. HiDBERG, J Chem Fins
51, 2500 (1909).

f6] K S. R. MurTy, Bull. Nat. Inst. Sci. India, 30, 73
(1965). XK. §. R. MukTYy and A. K. MoHANTY, in-
dian J. Phys., 48, 535 (1971).

[77 ¢ B Duptey, G. H. Caby and U F Fooens, J
Amer Chem. Soc., 78, 1553 1194}

{8] P. L. GowaiN, H. L. ROBERTS and I A Wena
wARD, Trans. Faraday Soc., 87, 1877 {iGol).

[9] K SATHIANANDAN, K. RaMAaswAMY, & SUnbial ard
and F F. CLeveLanp, J. Mol Spectrose.. 13 214
11964).

[10] K. O. Cuxisrik, C. 3. SCHACKR, DL Fuapovion, <
Cerls and W, SawoDNy, Tnorg. Chem, 12, 6.0
(1973

[11] E. K. PLyizr, A. Danti, . R, Buawne and F D,
TwweLL, J. Res Nat. Bur Siund.. 64, E41 (1960)

{12] K. O. Curiste and D. Piirovicn J. Amer. (hem.
Soc . 93, 51 (1971)

[13] K. O. Chraste, Specirochim. Acta, Bari A, 27, 611
(1971

[14) H H. Curaassen, H. Seuic and J. Snamik, Appl.
Spectrosc., 23, 8 (1969).

[15] ¥ A. Miier and B. M. Harniey, Appl Specirose .
24, 271 (1970).

[16] E L. Gasner and H. H. Craassen, Inorg. Chene., 6,
1937 (1967).

[171 XK. O Curiste: snd E. C Conus, Inorg Chem 12,
2235 (1973,

(18] T Stimanouchl, J. Phys. Chem. Ref Duia, 2,137
1973

[19] T Suwmanotonr, J. Phvs. Chem Ref. Data, 2, 130
(1971

{200 H Senic. H H Ciraassex and 1 H Hottow ay, /
Chem. Phys., 82, 3517 (1970),

[21] K O. Curiste and R D. Witson, fnorg Chem ¥2,
1356 (1973}

[22] T. Urva and T Stimanocacrn, J Mol Speciny . 28,
0 (1968)




Vibrativnal spectra of thwoayl tetratiuoide, SkO

[23) b € Custis. Spectrucnim. Acia, TTA, 1989 (1971
[24] A Ruorr. J Mol Structure. 4, 332 11909)
)

versity Stultgart. W Germany, 1964

120) A J Dosnty, A K. Hovy and 1 M My, J Mol
Spectry., 48, 253 (1973

[27) N J D Lucas and 3 G SMmutsi, J Mol Speciry . 43,
327 (1972)

|28) A Bamse and P Juuve, J. Mol Spearry., 38, 273
(1971).

[29] W. H. Kircrinors, 1. R Jounsos and FoX Pow
vit, J. Mol Speciry., 48, 157 (1973).

[39) A. G, Hoeking and C. W. Brown, J. Chem. Phys..
62, 2511 (1975,

{31) K. O. Cugiste and C. ). SCHACK, Advances i Inorg
Chem. Radiochen-.. in press.

[32] K. O CHrisie and & C Cukais, tnorg Chens . 3
2196 11972).

[33) D F. Smitn, G. M. Beotn, and W H Fueicme s,
Spectrochim. Acta, 20, 1763 (190641

(34] R A Fxey. R L. REDINGTON and AL 1 Kk
Atsisury, J. Chem Phys., 54, 343 (1971}

{35] L. Anurews Fo KT CHi and A Axaeit, J. Awcr
Chem. Soc., 96, 1997 (1974)

{36] G C Pimentit, J. Chem. Phys., 30, 446 (193]

137] R ). Hach and R. E. Runbie, J. Amer. Chem. Soc
73, 4321 (19Sh.

[38] R E Ruspte, . Amer. Chem Soc., 85,112 (1903).

{39] J. £ Maytr and M G Mayix, “Saustical
Mcechames,” Wiley, New York, N.Y., 1940,

Fig. 4. Definition of internal coordinates.

‘R=77-112
F-11




Joumal of Fluorine Chemistry, 811976) 341 544
© Llsevier Sequoia S.A.. Lausanne - Printed in the Nothertands

Received: July 22, 1976

SHURT COMMUNICATION

Improved Syntheses of NF4254 and NFAEEfb

Karl O. Christe, Carl J. Schack, and Richard D. Wilson

Rocketdyne, a Division of Rockwell International,
Canoga Park, California 91304

In view of the importance of NF4’ salts for solid propellant NFS'FZ
gas gencrators {1], improved syntheses of NF48F4 and NF4SbF6 were required,
Two methods have previously been reported for the synthesis of NFASbe-
beFS involving the use of either high pressure and temperature [2,3] or uv-
irradiation [4]. Of these, the thermal method is more convenient for larger

scale production. According to Tolberg et al. [2,3) the most favorable reac-
tion conditions are:

: , 3000 psi o
NFy ¢ Fy + SBF, —lmgs—r. NE,SbF ) o
2 days

, vacuum ,
NF45b3F16 ——30—07-—-. hF“SbF6 . ZSbFS
2-3 days

The resulting product contained an appreciable amount of Monel salts and was
removed from the reactor by cutting it open with a hacksaw and scraping out
the hard clinkered product. Based on recent work done in our laboratory (1],
temperatures (250-260°), higher than those reported by Tolberg, are required
for the vacuum pyrolysis of NF‘SbF(,-beFs to NF‘Sbe within & reasonable
time period.

We have now found that most of the drawbacks of the above procedure
can be avoided by directly synthesizing NP‘Sbe. For this purpose, NFJ' F2,
and SbFs in & 2:2:1 mol ratio are heated in & Monel cylinder to 250° for 72
hours. The size of the cylinder is chosen in such manner that at the comple-
tion of the reaction the autogenous pressure is about 70 atm. The excess of
NF3 and F2 is removed under vacuum at room temperature and the desired NF4ShF6

R-77-112
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product is extracted from the Monel cylinder with anhydrous HF using about

50 ml of liquid HF per 100 g of NF4SbF6. Since, contrary to a previous report

(3], the formed Monel salt impurities (about 5%) are quite inscluble in

anhydrous HF, they can be easily removed from the product by incorporating

a porous Teflon filter (Pall Corporation) into the HF solution transfer line.

Based on elemental and spectroscopic analyses and the observed material

balances, the resulting product was shown to be essentially pure NF4SbF6.
Several methods have previously been reported for the synthesis of

2 and BF3

glow discharge [5,6], bremsstrahlung [7] or ultraviolet radiation [4,8], or

NF4BF4. This salt can be prepared either directly from NFX, F using
indirectly from NF,SbF, using a metathetical process [3,9]. Of these, the
metathetical process is most amenable to the larger scale production of
NF4BF4 utilizing existing technology. The original metathetical NF,BF

4
process [3] involved the following steps:

csF + HF —PE. coHF

2
NE,SbF, + CsHF, =¥+ CsSbF [ + NF_HF
4>%Fg 2 6 472
HF
NF HF, + BF,—— NF,BF, + HF

Since the crude product, thus obtained, contained much CsSbF6, its NFABF4
content was increased by extraction with BrFS. The use of BrFS resulted in

the following side reaction:

BrF5
NF,BF, + CsSbF, —— CsBFAI + NF,SbF
The composition of the final product was reported [3] to be: 91,5% N BF,
and 8.5% NF4ShF6. In addition to the requirement of BrFS as a recrystalli-

zation solvent, this process suffers from the following disadvantage. Highly
concentrated solutions of NFAHF2 in HF are unstable decomposing to NF3, FZ’
and HF. This can cause a pressure build up in the metathesis apparatus
which in turn can render filtration steps more difficult.

This process was somewhat improved upon [9] by substituting CsF by AgF.
This modification eliminated the BrF5 extraction step and resulted in a pro-
duct of the composition (mol %): NF48F4 (89), NF45b2F11 (7.9), AgBF4 3.1).
However, the process still involved the handling of concentrated NF4HF2

solutions. Furthermore, the cost of silver salts is rather high and therefore
requires their recycling in high yields.

We have now found that NF,BF, of at least 97 mol % purity can be pre-
pared by a simpler process using anhydrous HF at different temperatures as

the only solvent. Furthermore, we have shown that the purity of the NF ,BF,
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can be raised to above 99 mol % by a single recry:.allization from BrFs.
The cesium content in both products was shown to be less than 0.1 mol %, the
principal impurity being NF4SbF6.

Our improved process consists of the following steps:

: HF
CsBF4 + 1.1 hF4SbF6 ~78° Fiice. CsSbF6l + NF4BF4 + 0.1 NF4SbF6
recryst. from HF .
NFdBF4 + 0.1 NF4SbF6 558 NFABFAI + mother liquor

(97 m %)

NF4BF4 recryst. from BrF

75 5 NF48F4I + mother liquor

(99+ m %)

The important features of our process are:

(i) The use of CsBF4 instead of CsHF2 eliminates one step and avoids
the complications caused by NFAHFZ'

(ii) The use of a 10 mol % excess of NFastG decreases the solubility of
CsSbF6 by the common ion effect.

(iii) Carrying out the CsSbF6 filtration step at -78° decreases the Sng
concentration since the solubilities of SbF; salts in anhydrous HF
decrease with decreasing temperature much more rapidly than those of
BF; salts. Furthermore, the amount of NFABFJ, retained in the CsSbF6
filter cake by absorption of a certain volume of mother liquor, is
minimized owing to the decreased solubilities.

(iv) Since NF4BF4 and NFdst6 have comparable solubilities in HF at room
temperature, the 10% excess of NF4SbF6 used in the CsSbF6 precipi-
tation step can be removed as mother liquor by recrystallization
from HF at room temperature. Unfortunately, the solubilities in
HF at room temperature are so high that a significant percentage of
the mother liquor is retained by the NF4BF4 precipitate. This pro-
blem can be minimized by using for this recrystallization a solvent
in which these NF; salts are less souble, Thus, a single re-
crystallization from BrFs raised the product purity above the
99 mol % level. Other suitable solvents could be used to
replace BrF5 in this step, The mother liquors of the recrystalli-
zation steps can be easily recycled into the CsSbF6 precipitation
step, thus avoiding the loss of any NF; values.

In summary, the combination of the two improved processes for the

syntheses of NF4SbF6 and NF4BF4, respectively, results in a relatively

R-77-112
G-3




simple and economical process for the pryluction of NF4BF4 in a purity of
about 97 mol %, Furthermore, it was demonstrated for the first time that
high purity (99+ mol %) NF48F4 can be prepared by metathesis.

We are indebted to Drs. L. R. Grant and R. I, Wagner for helpful dis-
cussions. This work was in part supported by the Office of Naval Research,

Power Branch.
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IGNITION TEST - GASEQUS FZ-NF3 ON MAGNETIC RICORDING TArE

A sample of standard 1" wide, 6" lonqg, 1-mil thick polyester
magnetic recording tape {Ampex Cataloq "o. 787-57G11A-GS
FSN5835-168-9522 per specification W1NMN1553) was subiected to

a short burst of qaseous F,/NF., to deteraine the hypergolicity
(ignition) characteristics of the syster., The reacticn was
spontaneous and rapid with the tape bursting intn flame
immediately. The tape sample was placed in a windowed combustion
chamber (as shown in Fig. 1). The F,/NF o nases were those gener-
ated from hurning NF‘BFQ/KF/HQ graing ang contained in a 1-qcallon
Hoke cylinder at app#oxlmately 500 psi. The actual gas compo-
sition is presented in Table I. The test system was plumbed as
shown in Fig. 1 using 1/2" diameter stainless steel lines and
air-oprrated 1/2" diameter Worthington Model 9120 control valves
with GN2 operators. Test procedure was as follows:

1) Tape sample was inserted into the window bomb and held in
place with a standard strand sample holder.

2) After closing the bomb assembly and checkina frr leaks with

GN, (by backfilling thru the vent valve) the vent valve was
c1gsed.

3) The hand valve on the Hoke cylinder was opened and the test
cell closed.

4) The fill valve was remotely opened while viewing the window
bomb thru the test cell window. The fill valve was cycled on
and off as quickly as possible. Imnediately after onening the
fi1l valve, visible flames were apparent in the window bomb.

5) Visible flame died out in a few seconds and the vent valve was
opened, initiating more visible flame in the window bomb as
gaseous flow out of the window bomb occurred. These flames
soon died out.

6) The vent valve was closed and the fill valve again cycled
quickly on and off. Visible flame was aqgain spontaneous and
immediate, only this time the gasket (Teflon) on the window
also burned, causing visible flame to spew out around the
window,
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IGNITION TEST - GASEOUS FZ-NF2 ON MAGNETIC RECORDING TAPE

7) The vent valve was opened and left open to permit venting of the
bomb to ambient pressure.

8) After approximately one hour, the hand valve on the Hoke cylinder
was closed and the top of the window bomb was removed. The tape
sample was completely consumed. The window gasket was badly
burned, ruining the gasket and the window. (Replacements are
available.)

Surprisingly enough, a magnesium-Teflon ignition pellet placed in a
nickel crucible in the bottom of the window bomb was not burned during
these tests. The pellet was removed from the bomb after the test,
slightly scorched, but it obviously did not ignite.

No pressure measuring device was utilized in these tests. However, the
estimated pressure in the window bomb was less than 100 psi since the
fill valve was open a very short time and pressure equilibrium with the
Hoke cylinder reservoir almost certainly did not occur.

This test data indicates that utilization of gases aenerated from tF,BF
containing grains is a viable method of rapidly destroying magnetic
tape and probably almost any other stored data housed in a suitable
container so that gas flow across the material is ensured.

TABLE I. GAS ANALYSIS OF GASES IN HOKE CYLINDER

Gas Mole
NF 47.3
F 38.3
HB 8. 3*
N 2.8
333 2.1
HF 0.4
CF, 0.2
crloF 0.3
co?2 0.1
0 0.1
U%known 0.1

*The He value is probably too high as a result of the gas sampling
procedure.
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