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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 March 1979 through

29 February 1980. The program has been directed

by Dr. K. O. Christe. The scientific effort was
carried out by Drs. K. 0. Christe, C. J. Schack,
W. W, Wilson, and Mr. R. D. Wilson.
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INTRODUCTION

This report covers the period from 1 March 1979 through 29 February 1980 and
describes Rocketdyne's research efforts in the area of energetic inorganic
halogen oxidizers. As in the past years (Ref, 1), 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. Although the program is
directed toward basic research, applications of the results are continuously
considered. A typical example of the usefulness of such goal-oriented basic

research is the application of NF4+ chemistry to solid propellant NF gas

1752
generators for chemical HF-DF lasers.

Only completed pieces of research are included in this report. As in the past
(Ref. 1), completed work has been summarized in manuscript 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 issued.

All of these arose from work sponsored under this program.

RI/RD80-134
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PUBLICATIONS AND PATENTS DURING PAST CONTRACT YEAR

PAPERS PUBLISHED

1.

2.

3.

“"Formation and Decomposition Mechanism of NF4+ Salts,'" by K. 0. Christe,

R. D. Wilson and I. B. Goldberg, Inorg. Chem. 18, 2572 (1979).

"Sulfur Tetrafluoride. Assignment of Vibrational Spectra and Force

Field," by K. O. Christe, H, Willner, and W. Sawodny, Spectrochim Acta,

35a, 1347 (1979).

“"Novel Onium Salts. Synthesis and Characterization of the Peroxonium

Cation, H
(1979).
"Cis- and Trans-lodine (VII) Oxytetrafluoride Hypofluorite, OIF

2

4

OOH+, by K. 0. Christe, W. W. Wilson, Inorg. Chem., 18, 2578

OF," by

K. 0. Christe and R. D. Wilson, Inorg. Nucl. Chem. Letters, 15, 375

(1979).

"Reactions of Fluorine Perchlorate with Fluorocarbons and the Polarity

of the O-F Bond in Covalent Hypofluorites," by C. J. Schack and K. O.

Christe, Inorg. Chem., 18, 2619 (1979).

PAPERS IN PRESS

6.

i0.

“Synthesis and Properties of NF4+UFSO—," by W. W. Wilson, R. D.

and K. O, Christe, J. Inorg. Nucl. Chem.

"Synthesis and Properties of NF4+SO3F-, by K. 0. Christe, R. D.
and C. J. Schack, Inorg. Chem.

"The General Valence Force Field of Perchloryl Fluoride,” by K.

and E. C., Curtis, Inorg. Chem.

Wilson,

Wilson

0. Christe

"Synthesis and Properties of NF +ClO " and NF +HF ".nHF and Some Reaction

o+ 4 4 4 2
4
Wilson, Inorg. Chem.

Chemistry of NF

Salts," by K. 0. Christe, W. W. Wilsor, and R. D.” *"°°

"Evidence for the Existence of Directional Repulsion Effects by Lone

Valence Electron Pairs and m-Bonds in Trigonal Bipyramidal Molecules,"

by K. 0. Christe and H. Oberhammer, Inorg. Chem.

R1/RD80-134
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PAPERS PRESENTED AT MEETINGS

11.

12,

13.

14.

15-16.

17.

"0On the Mechanism of the Formation and Decomposition of NF4+ Salts," by
K. 0. Christe, R. D. Wilson and I. B. Goldberg, 4th Winter Fluorine
Conference, Daytona Beach, Florida (January 1979).

"The Use of Anhydrous HF as a Solvent for the Syntheses of Novel NF[‘+
and Onium Salts,”" by K. 0. Christe, C. J. Schack, W. W. Wilson, and
R. D. Wilson, ACS/CSJ Chemical Congress, Honolulu, April 1979,
"Fluorine Perchlorate, Synthesis, Properties and Reaction Chemistry,"
by K. O. Christe, C. J. Schack and E. C. Curtis, ACS/CSJ Congress,
Honolulu, April 1979.

"Solid Propellant NFB/F2 Gas Generators and Other Aspects of Fluorine
Chemistry," by K. 0. Christe, Materials Research Council Conference,
La Jolla, July 1979.

"Synthesis and Characterization of NF40104, NF4HF2(uxHF) and cis- and

trans—-0IF,OF," by K. 0. Christe, W. W. Wilson and R. D. Wilson, 9th

4

International Symposium on Fluorine Chemistry, Avignon, France (September

1979) and 178th National ACS Meeting, Washington D.C., (September 1979).
An invited seminar on our research was given at the University of

Southern California.

PATENTS ISSUED

18.

19.

20.

21.

22.

"Self-Clinkering NFA+ Compositions for NF3—F2 Gas Generators and
Method of Producing Same,'" by K. 0. Christe, C. J. Schack, and R. D.
Wilson, U.S. 4,152,406 (May 1979).

"Self-Clinkering Burning Rate Modifier for Solid Propellant NFB—F2 Gas

Generators for Chemical HF-DF Lasers,'" by K. 0. Christe and C. J. Schack,

U.S. 4,163,773 (Aug. 1979).

"N2F3SbF6 and its Preparation," by C. J. Schack and K. O. Christe, US
4,163,774 (Aug. 1979).

"Displacement Reaction for Producing NFQPF6," by K. 0. Christe and

C. J. Schack, US 4,172,881 (Oct. 1979).

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

US 4,172,884 (Oct. 1979).

RI/RD80-134
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PATENTS PENDING

23.
24,

"Novel High Detonation Pressure Explosive,”" by K. 0. Christe.

"Peroxonium Salts and Method of Producing Same," by K. C. Christe and
W. W. Wilson.
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DISCUSSION

The NF4+ cation is a unique high energy oxidizer ingredient because it combines
high energy with unusual kinetic stability. It was first discovered in 1965 by
one of us under ONR contract (Ref. 2) and, over the years, this cation has
successfully been combined with counterions of increasing energy content. During
the past contract year, efforts were made to better characterize known NF&+ salts
4+ salts derived from halogen -fluoride,

p . . . . +
-oxyfluoride, or -oxide anions. The most energetic salt isolated was NF4 Cl0

(Appendix A) and to synthesize novel NF

4
(Appendix B). However, the thermal stability of this salt is insufficient for

- + -
practical applications. Attempts to prepare salts, such as NF4+N03 s NF4 C1F4O s

+ -
HF, .nHF was isolated and

or NF +BrF 0 were unsuccessful, but the compound NF4 2

4 4
characterized (Appendix B).

During the characterization of NF4+C104_ it was found that this salt decomposed

to give FOCIO, in essentially quantitative yield, thus providing a novel synthetic

3
method for the production of energetic hypofluorites. The general applicability

+ + -
4 salt, NF4 SO3F .

and a study of its decomposition also yielded the corresponding hypofluorite,

of this method was tested by the preparation of another novel NF

FSOZOF (Appendix C). This method was then further extended to the synthesis of

novel hypofluorites, such as OIF,OF (Appendix D) which is the first known example

4
of an iodine hypofluorite. It was thoroughly characterized and found to exist in
the form of two isomers, cis and trans. A summary of its properties will be given
in the next annual report in manuscript form. The corresponding hypochlorite,
OIFAOCI, was also prepared, but is of very limited thermal stability and, there-

fore, could not be well characterized.

With the ready availability of hypofluorites by the above method, it was of

interest to better characterize fluorine perchlorate, FOC10 Some of its physical

3
properties were redetermined and its vibrational spectra were thoroughly studied.
For an evaluation of its force field, however, the knowledge of the General Valence

Force Field of the closely related FCl0, molecule became necessary. Since no

3
reliable literature data were available for this important storable liquid oxidizer,

RI1/RD80O-134
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its spectroscopic properties, 35Cl—37C1 isotopic shifts, and Corrolis zeta

constants were determined and used for a normal coordinate analysis (Appendix E).

Using these data, a normal coordinate analysis of FOCl0, has been started, the

3
results of which will be given in the next annual report in manuscript form.

The reaction chemistry of FOClO3 was also studied. 1t was found that the com-

pound can be readily added across C=C double bonds, thus yielding fluorocarbon
perchlorates. From the direction of this addition, it was concluded that the

fluorine in this and similar hypofluorites is not positively polarized, as fre-
quently postulated in the literature. The results of this study are summarized

in Appendix F.

A novel method was worked out for the synthesis of new NF + salts, derived from

4
nonvolatile polymeric Lewis acids which do not possess HF soluble salts and,

therefore, cannot be prepared by any presently known method. Using the NF['HF2

salt, described in Appendix B, the new salt NF4+UFSO_ was prepared (Appendix G).

OQur main interest in this salt was to examine whether it could be used as a pre-

cursor for the synthesis of UFSOF. Unfortunately, the thermal stability of

-+ -
NF4 UFSO was too high, and no evidence for the formation of UFSOF was obtained

during its vacuum pyrolysis. Attempts to synthesize other uFSX type compounds,

which involved a number of different synthetic approaches, were unsuccessful.

s + . .
The compatibility of NF salts with HMX and TATB in the presence and absence of

4
fluorocarbons was examined. These systems are of interest for high detonation

pressure explosives.

In view of the renewed interest in high performance storable liquid oxidizers, we
have resumed studies of chlorine oxyfluorides. The molecular structure of CIFBO
was determined by electron diffraction, and evidencg for the existence of inter-
esting directional repulsion effects in trigonal bipyramidal molecules was

obtained (Appendix H).

RI/RDBO-134
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We have also continued work in the area of novel onium salts which were discovered
under this contract (Ref. 1). A manuscript was published on the peroxonium,
H200H+, cation (Appendix I). Several new D3O+ salts were prepared, and a struc-
tural study of these salts by neutron diffraction is under progress. The results

of this study will be given in the next annual report in manuscript form.

The results of our force field calculations on SF4 were published in manuscript
form (Appendix J) and were confirmed by an ab initio calculation at the University

of Ulm, Germany. The results will be given in the next annual report.

Five U.S. patents were issued during the past year covering various aspects of
+ . .
NFA chemistry and their application to solid propellant NF3—F2 gas generators

for HF-DF chemical lasers (Appendices K through 0).

RI/RD80-134
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APPENDIX A

FORMATION AND DECOMPOSITION MECHANISM OF NF4+ SALTS

PO

. . |Reprinted from Inorganic Chemistry, 18, 2572 (19749} |
Copyright ¢ 1979 by the American Chemical Society and reprinted by permission of the copyright owner.

e

Contribution from the Rocketdyne Division, Rockwell International, Canoga Park, California 91304,
and the Science Center, Rockwell International, Thousand Oaks, California 91360

Formation and Decomposition Mechanism of NF,* Salts

KARL O. CHRISTE.* RICHARD D. WILSON, and IRA B. GOLDBERG
Received February 12, 1979

The thermal decompositions of NF,BF, and NF,AsF, were studied in a sapphire reactor at different temperatures by
total-pressure measurements. 1t was found that the rates, previously reported by Solomon and co-workers for NF,AsFg,
significantly differ from those of the present investigation, although both studies result in a '/, reaction order. From the
temperature dependence of the observed decomposition rates, the following values were obtained for the global activation
energies: Enp,pr, = 360.6 £ 0.8 kcal mol ' and Enpa, = 44.7 £ 4.2 keal mol !, The suppression of the decomposition
rates by NF,, F,. and BF, or AsF; was measured. A critical evaluation of all experimental data available on the NF,*
salt formation and decomposition suggests the following reversible reaction mechanism: F, == 2F; F + NF, = NF;; NF,
+ AsFy i NF,*AsF, . NF*AsF, + F o NF*AsF, . A Born-Haber cycle calculated for NF,BF, shows that the global
decomposition activation energy and the heat of the formation reaction are identical within experimental errors and that
the second step of the above mechanism is approximately thermochemically ncutral. The rate of the thermal formation
of NF,SbF, at 250 °C was also studied.

Introduction theoretical point of view, the question arises as to whether NF,
The formation and decomposition reactions of NF,* salts or NF is produced as an unstablc intecrmediate. This would
arc of significant theoretical and practical interest. From a be highly unusual because second-row elements generally do
* To whom correspondence should be addressed at the Rocketdyne Division, ".m form hy perva'cm molecules. From .a pracucal pant of
Rockwell International view, a better knowledge of the formation and the decom-

RI/RD80-134
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Formation and Decomposition of NF* Salts

position mechinism is pecessary in order to improve on existing
synthetic methods.

Several mechanisms have previously been postulated for the
formation of NF* salts. In 1966, Christe and co-workers
suggested in their original reports'? on the synthesis of
NF AsF, by low-temperature glow discharge that either NEF*
or F* (or F,*) is generated in the discharge. These radical
cations could then react with either Fy or NF, to yield NF,*.
In 1972, Solomon and co-workers reported” the results from
a kinetic study of the thermal decomposition of NF,AsF, in
Monel. Based on total pressure measurements, their conclusion
was that the decomposition involved the equilibrium disso-
ciation step

NFAsF, .« NF; + AsF,
followed by irreversible decomposition of the unstable NI
NF, » NF, + F,

The latter step was taken to be a '/ -order reaction. From
the temperature dependence of the kinetic constants, a value
of 41 kcal mol ' was obtained for the sum of the overall heat
of sublimation and the activation energy for the decomposition
of NF.. In 1973, Christe and co-workers proposed? an al-
ternate mechanism for the formation of NF;* salts. This
mechanism accounted for the fact that NF* salts can be
synthesized by UV photolysis. 1t involved the steps

Fy.o2F
F + AsF. = AsF,
AsF, + NF. .+ NF*AsF,
NFE*AsE, + F .r NF P AsE,

Part of this mechanism was later experimentally confirmed
by ESR studies® 7 which showed that the NF,* radical cation
is indeed formed as an intermediate in both the low-tem-
perature UV photosynthests and the y-irradiation-induced
decomposition of NF* salts.

Since the observation of NF,* as an intermediate’ ™ is
incompatible with the mechanism proposed® by Solomen and
since at elevated temperatures metal reactors rapidly absorb
Fy lewis acid mixtures, a reinvestigation of the thermal
decomposition of NF,AsE, in an inert sapphire reactor was
undertaken. In particulur, 4 more detailed investigation of
the suppression cffects of NFy. Fy, and AsFq was expected to
yicld valuable information. Furthermore, no quantitative data
had previously been available on the decomposition rates of
NFBF, and the formation rates of NE,Sbl.

Experimental Section

Thermal Decomposition Studies. The samples of NF,BE® and
NFAsF M were prepared as previously described and showed no
detectable impuritics  All decomposition experiments were carried
out 1n a sapphire reactor (Tyveo Co). The reactor was connected by
a Swagclok compression fitting, containing a Teflon front ferrule. o
a stainless steel valve and a pressure transducer (Validyne, Model
DP7, 0 1000 mm £ 0.5%). the output of which was recorded on a
strip chart. The reactor had a volume of 387 ml. and was heated
by immersion into a constant-temperature (£0.05 °C) circulating ol
bath. The reactor was passivated at 250 °C with F, BF,or F; Asky
mixturcs until the pressure remained constant over a period of several
days, and weighed amounts of NF,* salts were added in the dry
nitrogen atmosphere of 4 glovebax  After immersion of the reactor
into the hot oil bath. the reactor was evacuated. and the pressure
change was momtored as a function of nme  Control experiments
were carried out at the beginning and end of cach series of mea-
surements 1o ascertain that the rates had not sigmificantly changed
during cach scries. The composition of the gascous decomposition
products was shown by chenneal analysis, infrared spectroscopy . and
gas chromatographs to be 111 nuvtures of N Fyoand the cor
responding T ewis aaid For the curve fitting of the kinetic data the

A-2
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method of linear least squares was used with the hsted uncertainties
being 20 of the calculated slope.

Formation of NFSbF,. Because of the high corrosivity of
high-pressure NF, Fy SbE( mixtures at elevated temperatures, the
NF, F; SbF, reaction system could not be monitored directly with
a pressure transducer or gage. Consequently. mine identical passivated
95-ml. Monel cylinders were cach loaded with S0 mmot of SbF,, and
a twotold excess of NF, and by was added. The cyhinders were
simultancousty placed into an oven preheated to 250 °C and were
removed separately from the oven after certain time intervals. After
the cylinders were cooled, all material volatle at 25 °C was pumped
off, and the amount of NF,* salt formed was determined by the
observed weight increase and spectroscopic analvses

Results and Discussion

Thermal Decomposition of NF,BF, and NF,AsF,. The
thermal decomposition of NF,BF, and NF,AsF, in a con-
stant-volume reactor was studied by total-pressure mea-
surements over a temperature range of about 35 °C for each
compound. Since screening experiments had shown that even
well-passivated nickel or Monel reactors rapidly reacted with
mixtures of hot F, and BF or AsF.. a sapphire reactor was
used. This reactor was found to be completely inert toward
these gas mixtures over extended time periods. Furthermore,
it was found that the decomposition rates increased with
increasing sample size. However, the rates did not increase
lincarly with the sample size because the increased pressure
enhunces the suppression of the rates (see below). In order
to minimize the effect of changes in the sample size during
a given series of experiments, we used the largest feasible
samples and the smallest available reactor volume, In this
manner, only a smalf percentage of the sample was decom-
posed in a given series of experiments. The first and the last
experiment of ¢ach series were carried out under identical
conditions and showed that the change in rate due to the small,
but inevitable, sample-size change was indeed negligible.

The results of our measurements on NF,BF, and NF,AsF,
are summarized in Tables [ and 11, In agreement with the
previous report’ on the thermal decomposition of NFAsF,.
smooth decomposition curves were obtained. The decom-
position rates steadily decreased with increasing pressure in
the reactor and the initial rates were restored upon ¢vacuation
of the reactor, indicating that the decomposition products
suppress the decomposition rates. This was confirmed by
studyving the influence of different gases on the decomposition
rates of NFBEF, and of NFAsE,  The addition of He did not
noticeably influence the rates, whercas I, and NF, resulted
in a weak suppression.  However, the addition of BF; to
NEBE, or of Asto to NFAsE, resulted in strong rate
suppressions (see Tables 1 and 1D,

For all decomposition experiments, plots of P¥2 vs. time
resulted in straight fines (sce Figures 1 and 2) indicating a
'/, reaction order. The resulting global kinetic constants are
given in Table T Arrhenius plots of these constants resulted
in strarght lines (see Figure 3) and in the global decomposition
activation energies Exym, = 36.6 £ 0.8 kcal mol ' and
Entot, = 447 £ 4.2 keal mol U, the latter value being in good
agreement with that of 41 keal mol ! previously reported.?

The fact that the small mole fraction ranges of sample
decomposition studied in these experiments were truly rep-
resentative for the overall decomposition rates was established
by following the decomposition of small samples at somewhat
higher temperatures over almost the eatire mole fraction ()
range A typical decomposition curve obtained for NF,BF,
at 253 °C (see Ligure 43 does not exhibit any sigmoid
character, and the PU 7 vs. ame plotis linear for about the first
2S8% of a

Although the results previoushy reported’ for the decom-
posttion of NE AN in Monel resulted in a incar P 7 vs, time
plot, the reported rtes were higher than ours by a factor of

R1/RD8O-1 34
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Table 1. Thermal Decompasition of NF,BF @ in a Sapphire Reactor

Christe, Wilson, and Goldberg

pressure change, mmHg

190.8"C
He r, NE, B,

time.h  182.2°C  188.9°C 190.8"C  (S00)°  (S00) (SO0 (SO0 197.4°C 204 °C  213.3°C 215°C
0 0 0 0 0 0 0 0 0 0 0 0
1 28 40 45 44 38 18 s 64 91 160 180
2 42 66 74 7 64 64 1 103 142 261 285
3 ss 86 97 98 84 87 16 134 191 341 67
4 66.5 102 116 17 102 105 21 161 228 409 440
5 77 17 135 136 122 122 26 186 266 468 509
6 6.5 132 152 153 139 138 31 208 300 522 572
7 9 146 168 169 155 152 35 230 336 579 633
8 104 159 183 169 166 39 250 628 689
9 112 171 197 182 180 4 269 675 741
10 120.5 182 210 19§ 192 47 288 721 791
12 135 204 236 218 217 56 324 806 891
14 149 225 260 238 239 65 355 895 980
16 162 247 280 258 263 73 390
18 267 300 277 82
20 295 91

9 Sample size 2,65 g ¥ Reactor volume 38.7 mL. € The values given in parentheses indicate the pressure (in mmHg) of the added pas at

the beginning of cach experiment.
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Figure 3. Arrhemus plots for NF,BE, and NF,AsF.
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Formation and Decomposition of NF* Salts

Table ll.  Thermal Decomposition of NEAsE (@ in g Sapphire Reactor

[
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pressure change, mmidg

238° C
tme, h 200 ¢ 218 € 27°C 238 C He (736)°  F, (191)¢ NI, (567)° Ask, (247)° Ask, (724)°

0 0 0 0 0 0 0 0 0 0
1 26 9.9 16 27 28 28 21 5 4
2 4.0 16.0 25 44 45 42 34 8.5 7
3 §2 20.8 33 58 59 §S 44 12 9
4 6.2 2583 40 n 73 68 54 16.5 1§
S 7.2 294 46.5 83 85 79 63 0 12
6 8.3 3 §2§ 91§ 95 90 72 24 i3
7 9.2 36.6 §7 103.5 108 101 Rl 28 14
8 10.0 40.0 62 13 Its 1o 90 n 15.5
9 10.8 430 67.5 123 124 120 98 35 17
10 1.6 46 .0 728 132 133 129 106 18 18
12 132 NI 82 149 1St 145 122 45 21
14 14.7 56.6 91 165 166 161 140 §2 23
16 6.1 ol 4 99§ [&.1] 181 176 Leu 59 25
I8 174 66 2 107 197.5 196 190 176 65

20 1185 214 213 208 192 "2

28 134 226

30 252

S Samplesize 186 ¢ ® Reactor votume 387 ml . ¢ The values given i parentheses indicate the pressure tmmHg i ot the added gas at the

beginning of cach expenment.

Fable LI, Global Kinctie Constants® tor the Thermal
Decomposthion of NE BE and NI AsE

NE LB, NU LA

temp, ¢ 10% temp, 10" A
1822 .96 - 0.0 200 G284 - 000
188 9 74 - 002 218 1.99 - (103
190.8 201 004 227 4. 002
1974 RIRTIERINN 218 Q.69 - 010
204 608 - 00X 238 (e 62 UK
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Slntsmal* 21 70 Covor s 2

smaller than those of our expeniments  This should have
resulted in rates lower than ours The only possible expla
nations fur the previousls reported * higher rates are absorption
of the suppressing AsEO by Monel and. or inaceurate tem
perature control (heating of the evhinder in o tube furnace)
A Jarge discrepancy of ~ 10% ¢xasts between the previoush
reported ! results and our kinctic comtuants (see Table 1D
Maost of this discrepancy ¢ ~ 107) appears to be computational
Furthermore. the previously reported® data for the sup-
pression by Askoare mconsistent Whereas the expertmental
data in Tables 6 and 7 of ret 3 show strong rate suppression
by AsFE., the kinetic constants given i Table 8 of ref ¥ imply
only mild suppression by AsE. The previoushy reported strong
rate suppression by N could not be coniirmed by the present
study. Our data (see Table HHY show that NE s only g weak
suppressor. comparable to Fooand that AsE or BE (s the only
strong suppressor. This s an important observation, because
the ableged’ strong suppression by N1 had caused us to
proposc in it previous publication® 3 mechanism for the for-
mation of NFyASE, invoiving the incorrect (see below) sieps
F 4 AsEo = Askoand ASE, + NFo = NECAsE,
Thermal Synthesis of NF . SbF,.  Whercas the thermal
synthesis of NEASE, proceeds at too slow arate for practical
kinetic measurements. the rate of formation of NEF,SbE, 18
sufficiently fast. However, Shl, tends 1o form pols-
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Figure S, Fornution rate of NTSBEShE from NEE L and SbE

at 280 °¢

Lable IV, Comversion ot NE - 1, - S 1o
NS, ar 250

prod compn,

CONVISE o

NI oShl Shl o
WSl NI S,
eaen e b v mol

| [AE] 481
2 AT 329
3 O "R S6.2
+ t 89 629
12 0.4 4.6
24 0" RS.S
s (IR RR.S
N< TR Q0 4
120 0 06d 0

Mol ratios of sty matenals NE B SBE 22 1 Starte
e pressure FEO st cosdual pressare valoulated tor 10070 con-
version to N ShE 33 o The Mond oviinderns (95-mL volume)
were plaved hosizonally an the oven, proheated 1o 2860 €. One
honie was requued antl the avhinders reached 2800 €0 This point
W Lk s Zero readhion e

antimonates such s Shebyor Shib, *° U with SbF., which
mahkes o kinetic evaluation of any experimental data very
difficult. In view of the importance of the thermal synthesis
of NFSbFE, (this compound serves as a starting material for
the metathetical syntheses of most other NF* salts!! ') and
because of the complete absence of data on its formation rate,
nae reactions were carried at 250 °C and at a pressure of
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about 110 atm to determine its formation rate. The results
are summarized in Table 1V and Figure S and show that at
this temperature the initial formation rate of NF,* salts is
' surprisingly rapid. The subsequent slow-down of the reaction
is probably caused by a lowering of the SbF, partial pressure
in the system due to the formation of polyantimonate anions.
Their thermal dissociation equilibria to SbF, and SbF; will
l then control the SbF; pressure in the system and become the
rate-limiting steps.
Reaction Mechanism. As pointed out in the Introduction,
d the formation and decomposition mechanism of NF,* salts is
of great interest because it appears to involve an unusual
hypervalent species such as NF,, NF;, AsF,, or BF,. The
following experimental data are known, and the correct
mechanism must be compatible with all of these conditions.
(1) Certain NF,* salts, such as NF,SbF, and NF,AsF,, can,
depending upon the system pressure, be either formed or
decomposed at the same temperature.™® ' This implies
pressure-dependent equilibria and reversibility of the formation
and decomposition reactions.
(2) ESR measurements have shown* 7 that the NF,* radical
cation is a crucial intermediate in both the low-temperature
UV photolytic synthesis and -, -irradiation-induced decom-
N position of NF,* salts. Furthermore, the fluorination of NF,*
. to NF,* appears to require F atoms.
(3) In the thermal decomposition of cither NFBF, or
l‘ NF,AsF, BF; or AsFs acts as a strong rate suppressor,

. whereas both NF; and F, suppress the decomposition rates
3 only mildly (see above results).
T (4) Filtered UV radiation** or heating® to 120 °C supply
sufficient activation energy for the formation of NF,* salts.
This is a strong indication that the first step in the synthesis
must be the dissociation of F, into two fluorine atoms (D°(F,)
= 36.8 kcal mol ")."®
(5) The tendency to form NF,* salts by thermal activation
strongly decreases with decreasing Lewis acid strength, i.e.,
SbF, > AsF;> PF> BF;**° Since the corresponding NF,*
salts all possess sufficient thermal stability, a mechanism®
involving the initial formation of NF;, followed by its reaction
with the cc-responding Lewis acid, cannot explain the lack of
thermal forination of salts such as NF,PF, or NF,BF,. It can
be explained, however, by the formation of intermediates of
lower thermal stability such as NF,* salts. For SbF, or AsF, .
these NF.* salts were shown to still possess the lifetime re-
quired for their efficient conversion to NF,* salts, whereas

. NFE,*BF, was found to be of considerably lower thermal
stability.’

(6) ESR flow-tube experiments'” gave no indication of
interaction between F atoms and AsF., as expected for the
reaction step AsF + F -+ AsF,.

(7) Infrared matrix isolation studies of the thermal de-
composition products from either NF,AsF,' or (NF,).NiF,'"
gave no evidence for the formation of NF..

(8) Lewis acids such as BF . PF.. AsF., or SbF. do not form
stable adducts with NF,, even at low temperatures.'®"

Since NF,. F,, and F have ionization potentials of 13.00,
15.69.7" and 17.44 eV 2 respectively, any mechanism involving
the initial formation of cither NF*, F,* or F* can be rufed
out, based on condition 4. This leaves us with Schemes 1 -1V
as possibilities.

N

L \
Scheme |
NF, + AsFo .- NFo*AsE,
g oo Fo.o2F
NFE*AsF, + F . NF P AsE,
3 NEFPAsEF, 4+ F o0 NF&ASE,
} e

eSS D

Christe, Wilson, and Goldberg

Scheme 11
F, = 2F
F + AsF; = AsF,
AsF + NF, = NF,*AsF
NF;*AsF, + F = NF,*AsF,
Scheme 11
F, = 2F
£ + NF, = NF,
NF, + F = NF,
NFs + AsF, & NF,*AsF,
Scheme IV
F, = 2F
F + NF, := NF,
NF; + AsF, -~ NF*AsF,
NF,*AsF, + F i+ NF,*AsF,

Scheme | can be ruled out because it does not comply with
conditions 8 and 3. In Scheme I, NF; would be expected to
suppress as strongly as AsF;. Scheme Il can be eliminated
because of the fact that it violates condition 3 (i.e., NF, should
be a stronger suppressor than AsF) and because of condition
6. Scheme 111 is unacceptable because it does not comply with
conditions 2 and §. Scheme 1V is the only mechanism which
agrees with all experimental data and therefore is our preferred
mechanism. This mechanism differs from all the mechanisms
previously proposed. It appears to be generally applicable to
NF,* salts, except for certain decomposition reactions in which
NF,* oxidatively fluorinates the anion."

In view of the rather complex mechanism of Scheme 1V and
the observed fractional reaction order for the decomposition
process, a mathematical analysis of the kinetic data was too
complex and beyond the scope of the present study.

Born Haber Cycle for NF BF,. 11 was of interest to examine
the thermodynamic soundness of Scheme IV, NF,BF, was
chosen for this purpose because it is the only NF,* salt for
which the heat of formation has experimentally been deter-
mined.”* The Born-Haber cycle is shown in Scheme V. where
all heats of formation or reaction are given in kcal mol !. From
the known heats of reaction of NF,.** BF;,* and NF,BF,,?
the heat of reaction 5 is known 1o be -34.6 kcal mol™.
Furthermore, the heat of dissociation of F,, reaction 1, is
known'® 10 be 36.8 kcal mol . A reasonably close estimate
for step 3. the heat of formation of solid NF,;*BF, from NF,
and BF,, can be made from ihe known heat of dissociation
of NF,O*BF, . Since NF,0 and NF, are expected to be quite
similar (sce below), it is reasonable to assume that step 3 has
a heat of reaction similar to that of NF,O0 + BF; —
NF,0*BF, . ic., -18 kcal mol . Consequently, the sum of
steps 2 and 4 should be about -53 kcal mol™!. Whereas the
heat of reaction of step 2 is difficult to estimate, the heat of
Scheme V

5)

-34 6
Foigl + NF3ig) + BFg(g) T——= NF,*BF, (s)

0 2314 271.4 3374
+36 8
o
F gl + Figl + NFag + BF (g (&

I?)”
3
18

Fgl 4 NFgig ¢ BRag) - T f.g) + NER'BELT(S
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reaction of (4) is easier to estimate because it represents the
dissociation energy of the fourth N--F bond in NF*. In NF,,
the heat of dissociation of the third N-F bond is 58 kcal
mol ', 227 and it seems reasonable to assume that the disso-
ciation energy of the fourth N-F bond in NF* is similar to
or slightly less than this value. Consequently, step 2 should
be approximately thermochemically neutral.

The proposition that steps 2 and 4 should so markedly differ
in their heats of reaction, although both involve the formation
of one additional N-F bond, is not unreasonable. In step 2
a hypervalent NF, radical is formed which would possess nine
valence electrons on the central nitrogen atom. By analogy
with the known NF;0 molecule,”® this energetically unfa-
vorable structure can be circumvented by assuming strong
contributions from resonance structures such as

| ﬁ
l
NY OF- N® f-
F//\' F//
F £

These resonance structures result in a strong polarization, i.e.,
weakening of all N F bonds, when compared to those in NF,.
This is demonstrated by the bond lengths of 1.371 and 1.43
A observed for NF;* and NF,0,% respectively. Thus the
energy gained by the formation of a fourth N -F bond in the
NF, radical is largely compensated by a significant weakening
of the remaining N -F bonds. In contrast, the reaction of the
NF,* radical cation with a fluorine atom, i.c.

i |
S
F/F/ F F F/ £

does not significantly change the nature of the existing N
bonds and, therefore, 15 expected to result in a heat of reaction
close to the energy of this bond.

An alternate, attractively simple, and preferable explanation
for the above bond weakening effect in NF, can be offered
1f one assumes that, due to the large energy difference between
the 2p and 3s nitrogen orbitals, the ninth nitrogen valence
clectron occupies an antibonding orbital. Experimental ev-
idence for such a model has recently been reported™ by
Nishikida and Williams for the NF,O radical anion which
is tsoelectronic with NF,. On the basis of the observed ESR
data, NF,O possesses a spin density of 0.27 in the nitrogen
2s orbital suggesting that the unpaired clectron indeed occupics
an antibonding orbital.

A third possible. although less hkely, explanation would be
the assumption of a trigonal-bipyramidal structure for NF,,
in which two axial fluorines and nitrogen form a semitonic
three-center, four-clectron bond while the three equatorial
positions are occupicd by two fluorine ligands and the unpaired
electron. Although all three models are basically a formalism
describing the same net result, i.e.. an increase of the bond
length and ionicity of the NF bonds, model [ should result
in sigmficantly different bond angles and therefore be ex-
perimentally distinguishable from models | and 11,

It should be pointed out that the global activation cnergy
(36.6 £ 0.8 keal mol ') of the decomposition of NEBE, 1o
NF, + F. + BF,and the heat of formation of NFBF, from
NF, + F. + BF, ( 34.6 kcal mol ') are the same within
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experimental error. It is difficult to say whether this is co-
incidental or if it implies that the corresponding forward
reactions, i.c.. steps 2-4 of the Born- Haber cycle, occur
without activation energy. Examples of the latter case are
known for the endothermic dissociation of solids such as
carbonates.’' If for NF,* salts the global decomposition
activation cnergices should indeed be identical with the heats
of formation from NF,, F,, and the corresponding Lewis acid,
a value of about -372 kcal mol ' can be predicted for
AH®NEak, 00 the basis of Expae, = 45 keal mol! and
AHP ar, = 29.55 keal mol .
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APPENDIX B

SYNTHESIS AND PROPERTIES OF

NF:C!OL AND NFZHF;-nHF AND SOME REACTION CHEMISTRY OF WF, SALTS

Karl 0. Christe,™ William W. Wilson and Richard D. Wil-nn

Received - -

Abstract

The possibility of synthesizing NFZXOL(X= Cl, Br, 1) salts by metathesis

between NFquF and CsXOu in anhydrous HF solution at -78o was studied.

6
0f these NFQXOQ

tional and '9F NMR spectroscopy. It is an unstable white solid decompos-

ing at 25o to give NF3 and FOCIO3 in high yield. The NFbBrOQ salt is of

marginal stability in HF solution and decomposes to NF3, O2 and FBrOz-

salts, NFbCIOA was isolated and characterized by vibra-

Attempts to isolate NFL‘BrOl4 as a solid resulted in explosions. The NFAIOQ
salt could not be prepared due to the facile fluorination of IO“ to IFAO2
by either HF or BrFS. Attempts to prepare NFZXFAO-(X = C1, Br) salts by
metathesis between NFbSbFé and CsXFbo in BrF5 solution at 25O were
unsuccessful; with BrFuO. fluoride abstraction occurred resulting in

the formation of NF?' F2, and BrF30. whereas CSCIFAO underwent a displace-
ment reaction with BrFS to give CsBrF6 and C‘F30' The metathetical
synthesis of NFhNO3 could not be studied in HF due to the reaction of

NO; with HF to give NO; . M0, and HF. The metathesis between NF,SbF,
and Csf in HF at —78o Jid not produce NF;F-, but an unstable white solid

s -
of the compositicn NFhHF2~nHF. The composition, thermal stability,

spectroscopic properties and decomposition products of this solid were studied.
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Mendlan

The NFZHF; salt is stable in HF solution at 25o and the sytithetic usefulness
+

of these solutions for the synthesis of other NFl4 salts i< brinfly discussed.

Attempts to prepare NCIZ and NC! 0+ salts by F-Cl exchanae bheotween BCI3

2
and NFZ and NF20+ were unsuccessful.

Introduction

+
The first reports on the successful syntheses of NF& salts wore published

l'zin 1966. Since then, numerous NF: salts have been prenar~d and 10-12
characterized which contain as counterions BF; 3-‘(?XF;(X = GLe, Ti, Sn),ng

(X = P, As, Sb, 8i) +2:7,8,10,13,14-18, XF,~ (X = Ge, Sn, Ti. ni) 071218
All these anions are derived from strong perfluorinated Lewis acids. [t was

therefore interesting to investigate the possible synthesis of salts derived

from either the simplest anion, F , or oxygen containing anions. Althcugh

in 1968 Tolberg and coworkers found evidence for the existence of unstable

2
not well characterized and no data were published. In this paper, we describe

+ -
NF& salts probably containing the HF_, or the Cloh anion, b these salts were

. Co +ocm +oaT
the synthesis and characterization of NFAHFZ‘nHF and NFI‘CIOI+ and the attempted

+. - 4+ - + - - ) )
syntheses of NFhBrou,NFkBtho , NFuCIFhO , and NF“N03'ZOSIHCC the existence

of a stable NOCI;SbCI; salt has recently been reported, it appeared interesting
+
to study the possiblity of exchanging fluorine for chlorine in either NFh or

NF.0" salts using BCI

2 3°

Experimental

7
thF6'

The BrF5 (Matheson) was treated with

Materials. Literature methods were used for the syntheses of NF
21 22 23

NFZOSbF6, CsCthg, and CsBtho.
35 atm of F? at 200°C for 24 hours and then purified by fractional condensa-

tion through traps kept at -64%and —950 , with the material retained in the

RI/RD80-134
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latter being used. Hydrogen fluoride (Matheson) was dried by treatment with
20 atm of F2 at roomléemperature, followed by storage over BiFS to remove the
last traces of HZO. The CsF {American Potash) was fused in a platinum cruci-
ble and ground in the dry box. The CSCIOA (ROC/RIC) was used as received.
The CsNO3 was prepared from aqueous C52C03 and HNO3 using a pH-electrode for
endpoint detection. [t was purified by recrystallization from H?O and

dried in an oven at 100°C for 24 hours. The BC13 (Matheson) was treated

with Hg and purified by fractional condensation prior to use.

Apparatus. Volatile materials used in this work were handled either in a
Monel-Teflon FEP, a stainless steel-Teflon FEP or a Teflon PFA vacuun line.
The latter was constructed exclusively from injection molded PFA fittings
and valves (Fluoroware, Inc.). The anhydrous HF was preferentially handled
in the PFA or Monel line, whereas the halogen fluorides were handled mainly

in a steel line. All lines were well passivated with CIF_, and, if HF was to

be used, with HF. Nonvolatile materials were handled in 2he dry nitrogen
atmosphere of a glove box. Metathetical reactions were carried out either
in HF orrBrF5 solution using an apparatus consisting of two FEP U-traps
interconnected through a coupling containing a porous Teflon filter (see
Figure 1 of ref. 12). For NMR or low temperature vibrational spectra, the
second FEP U-trap, which served as a receiver, was replaced by either a

4mm Teflon FEP or thin-walled Kel-F tube.

Infrared spectra were recorded in the range bOOO-ZOOcm—] on a Perkin-Elmer
Model 283 spectrophotometer. Room temperature spectra of solids were obtained
using dry powders pressed between AgCl disks. Low temperature spectra
were obtained by placing the chilled powder between cold AgCl disks and
striking the disks with a hammer. The resulting AgCl sandwich was held in

24
a liquid N, cooled sample holder of a low-temperature infrared cell with

2
external Csl| windows. Spectra of gases were obtained using a Teflon cell

of 5cm pathlength equipped with AgCl windows.

RI/RD80-134
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The Raman spectra were recorded on a Cary Model 83 spectrophotometer
using the 4880-% exciting line and a Claassen filter 25 for the elimination
of plasma lines. Sealed quartz, Teflon FEP or Kel-F Tubes weic¢ tsed as
sample containers in the transverse-viewing, transverse-e“cit.ation technique.
The low-temperature spectra were recorded using a previously tescyibed 26
device. Polarization measurements were carried out accordina te rethod Vill

25

listed by Claassen et al. Lines due to the Teflon or Kel-F sample tubes

were suppressed by the use of a metal mask,

The ]9F NMR spectra were recorded at 84.6 MHz on a Varian Madel EM 390
spectrometer equipped with a variable temperature probe. Chemical shifts

were determined relative to external CFC1..

3

Preparation and Properties of NFZC]Oh’ The compatibility of the ClOu

anion with HF was established by dissolving CsCth in HF and recording the
Raman spectra of the solution and of the solid residue recovered after

removal of the solvent. Both spectra showed exclusively the bands characteris-
tic for C10,. In a typical preparation of NF,C10,, NF SbF, (10.03 mmol)

and CsClOb (10.02 mmol) were placed into the 3/4' o,d. Teflon FEP bottom

U-trap of the metathesis apparatus. Anhydrous HF (8.56 g) was added at

-196°. The mixture was kept at -78°2 for 15 hours and then for 2 hours at

-45° with agitation. The entire metathesis apparatus was cooled to -78°

and inverted to separate the CsSbF6 precipitate from the NFZC]OL solution.

Dry N2 (2 atm) was used to pressurize the solution during this filtration

step. The HF solvent was pumped off at -78° and -45° for 7 days. The
resulting white solid residue was allowed to warm to ambient temperature

and the gaseous decomposition products were separated in a dynamic vacuum

by fractional condensation through a series of traps kept at -112°, -186°

and -210°. The -210° trap contained 8.0 mmol of NF, and the -186° trap

3
]9F NMR

had 8.0 mmol of FOCIO3 which were identified by infrared, Raman and
spectroscopy. 27 The filter cake (3.60 g, weight calcd for 10 mmol of
CsSbF6 = 3.69 g) was shown by infrared and Raman spectroscopy to be

CsSbF6 and did not contain any detectable impurities. A small amount

(80 mg) of a white stable solid residuc was left behind after the thermal
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consisted of a mixture of NFquF6 and CsSbF6. The 20% of NFbC|Oh
unaccounted for by the above material balance corresponds to the amount of

!
!
!
decomposition of the NFQCIOQ which, based on its vibrational spectra, i
H
product in the mother liquor typically retained by the CsSbF6 filter ‘
cake in similar metathetical reactions. It is decomposed and puwped off i
during the HF removal step in which the filter cake is al'owed to warm to %
ambient temperature. Based on the above material balance, the NFACICQ

prepared in this manner had a purity of 95 weight percent.

For the spectroscopic identitication of NFQCIOM and the determination

. of its thermal stability, reactions were carried out on a 1-2 nmal scale
using 4 mm o.d. Teflon FEP NMR or thin walled Kel-F tubes as receivers.
The ]9F NMR spectrum of an NF:C]O; solution in anhydrous HF at -40° showed
the signals characteristic of NF: (triplet of equal intensitv at $ -214.8
with JNF = 229.3 Hz and a linewidth of less than 3 Hz) 10
at ¢ ~2]9.Q)2728a;d NF,
JNF = 150 Hz).“? 5 When the solution+was kept at 20° and continuously
monitored by NMR, the signal due to NF“ was found to steadily decrease and

-y

, FOCIO3 (singlet

(broad triplet of equal intensity at & -142 with

those due to FOCIO3 and NF3 to correspondingly increase in relative intensity.
A solution containing 40 mol% or NF: and 60 mol% FOC]O3
, and 83 mol% of FOC10

was found to change

within 16 hours at 20° to 17 mol% of NF The

3"
decomposition of NFACIOA in HF solution at ambient temperature was also

followed by Raman spectroscopy which showed the bands due to FOCIO3 21
* to grow with time at the expense of those due to NFZ and CIOL . Due to its

low boiling point and low solubility in HF, NF, could not be detected in

3

the HF solution by Raman spectroscopy.

The thermal stability of solid NFZCIOL was studied by pumping on a
sample at a given temperature for one hour and measuring the amount of
NF3 and FOCIO3 evolved. Whereas at -130 NFhC]Oh essentially is still

stable, slow decomposition was observed at 0° which became rather rapid

J at 250 giving the sample the appearance of a fluidized sand bath.

. A

Caution! Since the thermal decomposition of NFL.CIOh yields the very

30

shocksensitive FOC10, in high yield, appropriate safety precautions

3

should be taken when working with this compound.
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Reaction of NFthF with QsBrOu. The compatibility of Ec“rﬂh with HF was

6

established in the same manner as described above for CsLth Ihe solubibity

of CsBrOb in HF at 250 was in excess of 1 g per g of HF. Fou the metathetical
reaction, NFthF6 and CsBrOu (1.0 mmol each) in HF (2 ml) v.o-» <tirred at
20° for 1.5 hours, then half of the solvent was pumped off i the mixture

was cooled to -78° and filtered at this temperature into A Teflon FEP NMR

tube. The NMR tube was sealed off, and the filter cake was purped to dryness
and shown by vibrational spectroscopy to consist of CsSbFG. e Raman
. spectrum of the solution, which showed signs of gas ¢voln(€nﬂ (O?). exhibited
. the bands characteristic for NFZ, BrO; 3 and FBrO2 32 with rh~xintcnsity of
’ the FBrO2 bands growing with time at the expense of those of “rh and Broh'
5 The l9F NMR spectrum showed resonances characteristic of NFL(ahnrp trinlet ;
f of equal intensity at ¢ -217 with JNF = 227 Hz) and NF3 (bread triplet of :
equal intensity at ¢ -143 with JNF = 150 Hz) and a broad line at ¢ 186

33 -

attributed to HF (¢ 196) undergoing rapid exchange with FBrOZ(c ~205) .
Caution! Explosions occurred when attempts were made to isolate solid

NFhBrOh from an HF solution which had never been warmed above -78".

Reaction of CsNO_ with HF. Cesium nitrate was dissolved in anbydrous HF.

3 -

lhe Raman spectrum ot the soilution did not show the bands characteristic of NO3'

- . . . b +
but only one band at 1411 cm ! which is characteristic 3 for N02. The
solid residue obtained by pumping the solution to dryness was shown by Raman

spectroscopy to consist again of CSNO3.

Reaztion of NF,SbF, with CsBrFqO in Brf_.. A mixturc of NFquF6(ﬁ.%36 mme ! i

L6 5 ¢
and CsBthO (0. 449 mmol) was placed in the drybox into a 3/4 o.d. Tetlon FEP
ampule and BrF5 (4 ml liquid) was added at -1960 using the vacuum line.
The contents of the ampule were warned to 20o and stirred with a maqgnetic
stirring bar for 2.5 hours. The ampule was cooled to -1960 and the noncondensi-
ble material (0.42 mmol of F.) was distilled off. Tre material volatile at i.

2
o) . .
-957 was distilled off and consisted of 0.48 rmol of NFB. The material

. o . . .
volatile at 20 was separated by fractional condensation through a series

Vo (o]
of traps kept at -64 ,—78Oand -|96O. The -64° trap contained BFFBO (0.43 nmol),
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in addition to some BrfF_. The two colder traps contained the bulk of the

5

BrF_. The solid nonvolatile reaction product (205 mg, weizht caled for 0.449

5
mmol CsSbF6 and 0.087 mmol NFthF6 = 194 mg) was shown by vibrational

spectroscopy to consist mainly of CsSbF6 containing some Mrbthé’

Reaction of CsClFuO with BrF5. In a sapphire reacto!, Csflfuo
(1.234 mmol) and BrF5 (15 mmo1) were combined at -196°. The mivinie was
kept at 20° for 12 hours. The volatile products were distilled nff and
consisted of BrF5 and CIF30(1.2 mmol). The solid residue (405 wq, weight
calcd for 1.234 mmol of CsBrF6 = 403 mg) was shown by vibratirnal spectroscopy
to consist of CsBrF6.35

Preparation and Properties of NFZHF;-nHF. In a typical experiment,

NFquF6 and CsF {10.0 mmol each) were placed into the metathesis apparatus
and HF (10 ml) was added at -196°. The mixture was stirred at 20° for

2 hours, then cooled to -78o and filtered. Most of the HF solvent was
removed by pumping at -78O for 36 hours, -64° for 12 hours, -570 for

6 hours and -bSo for 6 hours. At -bSo the residue was stil) liquid, but
when cooled to -78° changed its appearance to that of a wet solid. The
pumped off material consisted of HF. The sample was allowed to warm to
ambient temperature and the evolved volatile material was pumped off through
traps kept at -126%nd -210°. The amounts and mole ratios of HF ( -126°
trap) and NF3 ( -210° trap) were periodically measured while cooling the
sample back to -450. Several hours of warming to ambient temperature

and to 40° were required to achieve complete decomposition of the salt.

A total of 8.32 mmol of NF_ and 19.63 mmol of HF were collected with the

3
HF:NF_, mole ratio ranging from 10.1 at the start to 1.54 towards the end

of ths decomposition. A small amount (80 mg) of a stable white solid residue

was left behind after completion of the decomposition which consisted

mainly of NFthF6 and some CsSbF,. The filter cake (3.5 g, weight caled

for 10.0 mmol of CsSbF6 = 3,687 g) consisted of CsSbF .. The 157 of

NFZ value unaccounted for by the above material balance is in line with the amount
of material in the mot er liquor generally retained by the CsSbF6 filter

cake in similar reactions (see NFMC]OQ preparation.)
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Based on the above material balance, the purity of NFhHF7-nHr obtained
in this manner is about 97 mol% with the CsSbF6 and NFhShra imparities

being caused by the slight solubility of CsSbF6 in HF and a «unl! excess

of one reagent. During the above described ambient-temp. ratuce Jdecomposition

of NFQHFZ-nHF, the originally liquid sample first turned ' illx and pasty, :
then after recooling it to -45° had the appearance of a vhite «r solid ;
which melted very slowly when warmed again to 20°. On melting it started 3

to bubble and foam.

For the determination of the spectroscopic propertice, 'athetical

reactions were carried out as described abeove, but on a one vl scale.
The ]9F NMR spectrum of the compound in HF solution showed the signal

NEF = 230 Hz and & line _
of NFu and a broad line at

(triplet of equal intensity at » -216.2 with J

width of less than 3 Hz) characteristic]3“h

9
stable at ambient temperature and no formation of the NF3 deconmposition

& 195 due to rapidly exchanging HF and KF The solution appeared to be

product was detectable by NMR. o i
Raman spectra were recorded for the HF solutions at different i

concentration stages. In all cases, only the characteristic NFZ bands at 1

1170, 859, 617 and 448 cm—' were observed. For the most dilute solution '

also a very broad solvent band centered at about 3300 cm-l wads observed.

After removal of most of the solvent at -57O the solvent band had dis-

appeared. When this sample was frozen at —1100, numerous intense bands

in the 1400 - 1700 and the 650 - 850 Cm-] region appeareda. How:ver, :

on further removal of HF, the spectrum of the solid at -110° showed again

+ I
only bands due to NFQ . {]
> 1 3 i San N ‘
Reactions of NF“SbF6 and NF2OSbF6 with BC]Z' A sample of NFQSbF6 'Iw
(1.85 mmol) was treated in a Teflon FEP ampule with a tenfold excess of —

BCI3 for three hours at 200. The volatile products were separated by

fractional condensation and shown to consist of NF_ and mixed BF Cl _
3 X 3-x =

type compounds. A small amount of solid residue (60 mg) was identified by

+ -
vibrational spectroscopy as NO SbCl6.
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A sample of NFZOSbF6 was similarly treated with BCIB' The volatile
type compounds, hut N0+Sng

products consisted again of mixed BFXCI3_x

was formed in almost quantitative yield as a nonvolatile residuc.

Results and Discussion

The general usefulness of the metathetical reaction

HF
-78°

Cs+SbF; + NFIX©

NFYSbF. + Cs x> i

L= 6
+_ - . ,
for the syntheses of otherwise inaccessible NFQX salts has previously
bean demonstrated7’”’12'18’]9 for a number of perfluorinated anions.
In this study this approach was extended to oxygen containing anions, such
as the perhalates and tetrafluorchalates.

Synthesis and Properties of NFbClOb. The CIOA anion was found to be

stable in HF solution. Therefore, NFQC]OA was prepared according to

) HF
NFL’SbF6 + C:CIOA 5 CsSbF

+ NF,CIO
=78 4 4

6
The reaction must be carried out at low temperature since, even in HF
solution, NFbClok undergoes decomposition at room temperature. The
NF,C10, salt can be isolated as a white solid, stable up to about -13°.
At 0° slow decomposition and at 25o rapid decomposition of the solid was

observed according to

NFhClOQ———— NF_ + FOCIO

3 3

In HF solution the rate of decomposition is slower. but follows the same

path. The essentially quantitative formation of FOC10, is noteworthy and

3

represents a new and convenient synthesis of FOCI0

3
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Based on the observed material balance, the yield of NFuCiGh i~ bigh and

the only significant loss of material is due to the amount ot yiher

liquor retained by the CsSbF6 filter cake. The purity of th. WV“ClOQ

product is also high and the impurities present are CsShi iy amount

0

corresponding to its solubility in HF at -780, and any slight oxros, of

starting material used in the reaction.

The ionic composition of NFhClOu. both in HF solutic » * o < 1id
state, was established by vibrational and ]9F NMR spectre~coer, . the
19F NMR spectrum of NF:C]O; in HF solution showed the signal «i.racteristic
13,14

for tetrahedral NFZ.

. |
presence of tetrahedral NF. {1170 w, br, 855 vs, p, 612 m, L4iu% ) d and

CIOL (940s, p, 620w, h60w)§u. The infrared and Raman spectr of solid NF‘C\OL

4
are given in Figure 1, The observed frequencies and their assian ents in point

The Raman spectra of this soluticn confir~ved the

group Td are summarized in Table 1. As expczted for a solid, splittings of
bands into their degenerate components and crystal splittings are observed.
In addition VI(A]) and VZ(E) which ideally are infrared inactive were -ore
observed in the infrared spectrum as extremely weak bands. The pronounced

36

Christiansen effect observed for the infrared spectrum is due to the

experimental difficulties in obtaining good pressing of AgCl windows at
low temperature. The pressing was achieved by striking the sample sandwiched
between the AgCl plates with a hammer. The sample did not detonate under

these conditions indicating that NFbC]Ob is considerably less sensitive than
0 30
3

its decomposition product FOCI

] i i
Reaction of NFl'SbF6 with CsBrOh. The BrOb anion was found to be t

stable in HF solution, thus allowing the metathetical reaction

HF
NFquFs + CsBrOlC;gao-CsSbF6 + NFuBrOQ -.

to be carried out.
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The presence of tetrahedral NFZ 10,13, 14 and Bro; 31 in the resulting HF
solution was demonstrated bylgF NMR and Raman spectroscopy. Pv analogy with
NF“CIOQ, slow decomposition of the NF“BrOA solution occu red At room
temperature. However, instead of the yet unknown FOBrO_. oniy it cxpcctod37
decomposition products, FBrO2 and 02, were obtained in additing 1o NF .

pl

NFl.ero[’——oNF3 + [F08r03]

—— 4+
[Foer03] FBro, + 0,
Attempts to isolate solid NFhBroh from an HF solution, which had never
been warmed above -780, were unsuccessful due to a sharp detonation of
the sample with flashing. Whether this was caused by NFuBrOb itself or
possibly by the presence of some FOBrO3 could not be established.
The metathetical synthesis of NF, 10, was not possible due to the
- 427438 27
fact that |0b interacts with either HF™"’ or BrF5 accordiig to

|o; + uHF—-'——lruo; (cis and trans isomer) + 2H,0

IFh02 + 2HF———°-HF2 + HOIF, 0

4

th + ZBrFS'——--—IFL‘O2 (trans isomer mainly) + ZBrF30

The metathesis between Cleho2 and NFthF6 in HF, followed by the
thermal decomposition of the metathesis product, produces the novel
compounds, cis- and trans- OIFAOF, and will be reported in a separate

paper.

Reaction of NF,SbF, with CsBrF,0. Although CsBrfF,0 reacts with
39 4 6 4 4
HF according to

CsBrFHO + HF———°'CSHF2 + BrF30

R1/RDBO-134
B-11




7

e T

ooy

BrF5 does not interact with CsBtho 23 and therefore is a siitable solvent

for studying the reaction of NFthF6 with CsBthO. The fnllmsing reaction was
observed
BrF
CSBFFLO + NFquF6——;;§——'CsSbF6 + BrFBO + F2 + NF}

4 -
The formation of these products indicates that the salt NE ol 0 s
4 -
not stable under these conditions and that, contrary to the ”rh Floh and
+ = - . - - . -
NFbIFQO2 reactions, fluoride abstraction from BrFuO is preteived over

the fluorinatior of BrFAO_ to either BrFHOF or BrfF 0. A sinmilar fluoride

abstraction has previously been observed 4 for BrF6-

BrF

NF,SbF, + CsBrf,———= CsSbF

+ NF_ + F_ + BrF
L7 6 6 26° 2 5

6 3

but not for BrFL which was fluorinated“ to Brf

BrF(
5
NFl‘SbF6 + KBth——;;E—‘-KSbFG + NF3 + BrF5

5

The corresponding metathesis between CsCIFho and NF“S;)F6 wds not studied

because it was found that CsClFbo reacts with Brf_ according to

5

CsClFuo + BrF———=C(Cs8BrfF

5 6 + CIF3O

The formed CsBrF6 would be capable of undergoing with NFquF6 the above

given fluoride abstraction reaction. {j
Reaction of CsNO3 with HF, The compatibility of CsNO3 with HF was
studied in order to explore the feasibility of synthesizing NFANO3. Although ll

CsNO3 is quite soluble in HF and can be recovered as such from HF solutions,
Raman spectra of these solutions showed the absence of N0; and the presence

+ .
of NO2 as the only nitrogen oxygen containing specics.
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_ extreme interest. However, previous attempts to prepare a stable salt from

These results imply an equilibrium, such as

- —HF + -
No3 + loHF._._-—-Noz + H0 + 2 HF,
which has previously been postulatedl’0 for these solutions. In view of the

absence of NO,

3
and NFl'SbF6 were attempted.

in HF solution, no metathetical reactions between CsNO

3

+_- .
Preparation and Properties of NFAHFZ-nHF. The NFhF salt, whicnh has

an active fluorine content in excess of 90 weight percent, would be of

1
NF3 and F2 at -1960 by either bremsstrah]ung3 or uv-photolysis 0 were
unsuccessful indicating that the salt is unstable with regard to its

decomposition to NF_ and F_. Since most of the metathetical

3 2
reactions for the production of NFZ salts are carried out in anhydrous HF,
which is an acid, it was of interest to define the nature and stability of a
possible NFZHF; salt. A previous unpublished studyh of the LiF - NFthF6
system in HF at ambient temperature had provided evidence that after
removal of the precipitated LiSbF6 a stable solution was obtained containing
the NFZ cation. All attempts to isolate a salt at temperatures of -44°

and above from this solution resulted in decomposition to NF F., and HF.

3" 2
. o . . .
Removal of the solvent at -78" resulted in a wet solid which was not

characterized.

. . . 18
Since our previous studies had shown that a low-temperature metathesis

using a cesium salt is superior to a lithium salt based process, the following

system was studied

HF
NFbSbFe + CsHFZ-—j:ES—— CsSbF6

/

+ NFL'HF2
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Based on the observed material balance, the soluble produrt ¢ 1sisted of

about 97 mole% NFL‘HF2 with the remainder being CsSbF6 and o«co .5 of either
I
starting material. In agreement with the previous observotics | NFuHF

1 2

is stable in HF solution at ambient temperature and show  in ' F NMR

13,14

+ +
spectrum the characteristic NFQ signal. The presencc of the NF

cation and the virtual absence of anions other than those du~r 1o wolvated F

was alsc demonstrated by Raman spectroscopy of solutions at ("tforent concen-
trations. As shown by trace A of Fiqure 2, these solutions eonivited only
the four bands characleristiclo of tetrahedral NFZ. The dif i aity in
observing bands due to solvated HF; is not surprising in ic, ot YF being
a weak scatterer and the expected broadness of the lines ot Hf; andergoing
rapid exchange with the solvent HF. .

Most of the solvent can be removed by pumping at -QSO. The resulting

. . . o) e .
residue is a clear liquid at -45 , but solidifies at -78° to give the
appearance of a wet solid. The composition of this residue was determined

. . . . . o .
by studying its exhaustive dissociation at 25  according to

. — - HF
NFQHFZ nHF NF3 + F2 + (n+1)

It was found that the mole ratio of NF_:HF was about 10.1 at the beginning

3

and 1.54 towards the end of this decomposition. These results demonstrate that

complete removal of solvated HF from NF“HF is extremely difficult and is

2
accompanied by decomposition of most of the NF& salt itsclf. The presence
of a solvated HF;-nHF anion was also demonstrated by Raman spectroscopy
(see trace B of Figure 2) which shows the presence of broad cumplex bands

in the vicinity of the symnetric (600 cm-‘) and the antisymmetric (1455 cm-])

. 4 -
stretching modc3 of HF7. Upon removal of most of the solvated HF, these
bands Tost iatensity, resulting i 0 speclrum consisting exclusively
N B .
ol the N‘h bands (ucc trace € ol bigwre Z).
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It is also noteworthy that with decreasing HF content, the melting
point of NFZHF;-nHF increases and approaches room tempui iture for n
approaching zero. The decomposition of NFQHFZ.nHF becomrs tather slow for
decreasing n, particularly in the presence of other stabt!e flucrides. It
appears that such fluorides can assume the function of <tahilizing the

27

HF; anion. A typical example for such a fluoride is Ale ar Ach
A careful analvsis of such systems is therefore necessary to avnid the
interpretation of such (NFQHFZ)nMFx in terms of (NFI‘)”MFMn solte,

The possibility of preparing stable HF solutions of NFhHF2 renders
them a very useful intermediate. By addition of a stronger ov less
volatile Lewis acid,the HF,

2

anion can be displaced and NFAHF7 «an be
+ ;
converted into other NF& salts. This was first demonstrated by

reacting NFI’HF2 solutions with BF3 to form NFuBF“, and has recently
been extended“]to the formation of other salts, which due
to the low solubility of their cesium salts are not amenable to direct

metathetical reactions.

Halogen Exchange in NFZand NF20+. In view of the existence of a stable

NC120+SbCIg salt U, it wasof interest to study the possibility of halogen

+ +
exchange in either NFQ or NF_.O with BCl_,. For both salts, the observation

2 3
of mixed BFXCI3_x products indicated that halogen exchange took place.
+

For NFb the main product was gaseous NF., suggesting that the likely

3

+ . . -
NF3CI intermediate might be unstable towards decomposition under the

given conditions. For NF20+SbF;. the main product was NO+SbF6 which

could arise again from breaking of the rather weak N-Cl bonds in an

~c120+ intermediate.
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Diagram Captions

Figure 1. Low-temperature vibrational spectra of solid NFLfi“h. The

infrared spectrum was recorded as a dry powder between Aull “ivii at -]960.

The broken line indicates absorption due to the AgCl windowy tiaterial.

The Raman spectrum was recorded at -110° with a spectral «lit _idth of

6 cm

Figure 2. Raman spectra of liquid and solid NFZHF;-nHF in a nel-F capillary.
Trace A, spectrum of a concentrated HF solution at -750. The given assignments
are for tetrahedral NF:. Trace B, sample of trace A cooled to -110°%. In
addition to the NF: bands, the spectrum shows bands attributed to HF;-nHF.
Trace C, spectrum of the solid at -110° containing only a small excess of

HF. The sanmple of trace B was used after pumping off most of the HF and
decomposing most of the sample at about -20%. Al spectre were recorded

. . . -1
with a spectral slit width of 8 cm
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TABLE I. VILRATIONAL SPECTRA OF SOLID zﬁgﬁws*

Gosc freq. rﬁu_. and tei intens® Assignment (point group)
IR Ranan NE, (T ) co, (1)
1209 w N<:A>_+m+ﬂmv
1190 (1.3)
1151 s 1160 (1) cw?%
1143 (1.2)
1104 vs 1113 (0.8)
1098 (0.3) cw:nmv
1062 (1)
950 (6 ) v, ()
gh1 (10)
849 (10) c_;_u
640 (2 )
622 s 623 (3 ) <::Nv
60b4 s 610 (6 ) oy (Fy)
474 (2.5) v, (E)
4s9 (3.5) <NA$

(a) Uncorrected Raman intensities
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APPENDIX C

SYNTHESIS AND PROPERTIES OF NF:SO3E_

Karl 0. Christe,* Richard D. Wilson and Carl J. Schack

Received.......
Abstract

The novel salt NF;SOSF- was prepared by metathesis between NFASbFé and CsSOSF

in anhydrous HF solution at -78°. In HF solution, it is stable at room tempera-
ture. Removal of the solvent produces a white solid which is stable at 00,

but slowly decomposes at +10° to produce FOSOZF and NF3 in high yield. The
ionic nature of the compound, both in the solid state and in HF solution, was
established by Raman and 19F NMR spectroscopy. Cesium sulfate was found to
react with anhydrous HF producing CsSOsF as the major product. -Similarly,
CSPOZFZ’ the Raman spectrum of which is reported, was found to react with

HF to give CsPF6 in quantitative yield.
Introduction

Among oxidizers, the NF; cation is unique. In spite of being one of the

most powerful oxidizers known, it possesses high kinetic stability,1 thereby
permitting its combination with a surprisingly large number of anions to form
stable or metastable salts. Anions capable of NFJ salt formation include

- D - - - - -
BF. 7 9XF (X=Ge,Ti,5n)° 1! XE (X=P,As,Sb,Bi) &»7»9:12719 XF;~ (X=Ge,5n,Ti,
22 6,10,11,19

4
Ni,Mn)S,)-1 '20’21C10;,22HF5 and several perfluoro polyanions.
Recent studies have shown that NF; salts of oxygen containing anions are of

272 5"
particular interest because hypofluorites, such as OIFAOF‘J or FOCIOE‘, can be

formed during their thermal decomposition.

In this paper we would like to report results on the possible synthesis of

salts derived from sulfur or phosphorous oxyfluorides. We are aware of only

RI/RDBO-134
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one unpublished study3 in this area, in which the evolution of some FOSO_F

from either an NFASbe—HOSOZF solution at -78° or a sueposedly dry mixtu;e of
NF4SbF6 and LiSOSF at room temperature was interpreted° as evidence that NF4SOSF,
1f it exists, is unstable even at -78%. In view of the relative stability of
NF4C]O422 and the similarity between c1o; and isoelectronic SOSF- and POzF;, the
isolation of NFASOSF and NF4P02F2 seemed possible.

Exgerimental

Materials and Apparatus. The equipment, handling techniques, and spectrometers
22

used in this study have previously been described. Literature methods were
5

5
used for the synthesis of NF4SbF6,6 CIOSOZF24 and HOPOFz“ .

pared by the addition of Cs,C0, to a 10% excess of HOPOF, froczen at -196°.

The CsPO,F, was pre-

The mixture was allowed to react at room temperature with agitation, and the
volatile products and excess HOPOF2 were pumped off at 40° for 12. hours.
Based on the observed material balance and vibrational spectra, the solid
residue consisted of CsP02F2 of high purity. The CSZSO4 was obtained from

aqueous Cs CO3 and HZSO4 using a pH-electrode for endpoint (pH of 3.86) detection.

The solutiin was taken to dryness and dried in an oven at 100° for 24 hours.
The CsSOSF was prepared by allowing CsC1(10.3 mmol) and ClOSOZF (15.5 mmol) to
react in a 10 ml stainless steel cylinder at ambient temperature for several
days. All volatile material was removed from the cylinder, and the solid
product was pumped on overnight. The weight of the solid (2.43 g vs. 2.40 g
theoretical) together with its infrared and Raman spectra confirmed the

completeness of the reaction and the identity of the product.

Preparation and Properties of NFzgg,F_. The compatibility of the SO;F- anion

with HF was established by dissolving CsSO.F in dry HF and recording the Raman

3

spectra of the starting material, the HF solution, and of the solid residue

recovered after removal of the solvent. All spectra showed the bands character-
9 -

istic“b for SOSF . The 19

and consisted of a singlet at # -33.8 (downfield from external CFClz) for

F NMR spectrum of the HF solution was also recorded
SO.F and a relatively narrow HF solvent peak at @ 191.

3
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In a typical preparation of NF4503F, NFASbF6 (3.145 mmol) and CsSOsF (3.146

mmol) were combined in a previously described22 Teflon metathesis apparatus.
22

Dry HF (3 ml liquid) was added and the resulting mixture was stirred at
ambient temperature for 3 hours with a magnetic stirring bar, followed by
cooling to -78° and filtration at this temperature. The HF solvent was

pumped off from the filtrate at -30° for 3 hours leaving behind a white solid
residue. The thermal stability of this residue was established by incremental
warm up of the solid in a dynamic vacuum and by trapping, measuring (PVT) and
identifying (infrared spectroscopy) the volatile decomposition products.

Up to 0°, only HF and small amounts of NF_ were collected indicating the

5 22

possible presence of small amounts of unstable NF4HF2-nHF

At temperatures of 9° or higher, significant decomposition of the solid was observed,

in the product.

producing equimolar amounts of NF3 and FOSOZF. Allowing for about 20% of the |
product solution being retained, as generally seems to be the case with
similar metathetical rea<:tions,22 by the filter cake and being lost during
solvent pump-~off, the yield of NF3 and FOSOZF was essentially quantitative.
The filtercake (1.0 g, weight caled for 3.15 mmol of CsSbF6 = 1.16 g) was

28

shown by vibrational spectroscopy to be CsSbF6 and did not show any detect-

able impurities.

29,30

Caution! FOSOZF has been reported to have explosive properties. The

compound should therefore be handled with appropriate safety precautions.

For the spectroscopic identification of NF4SOSF, reactions were carried out
19

on a 1 mmol scale in a previously described”” manner. The "F NMR spectrum

of a solution of NFZSOsF' in HF at -30° showed the signals characteristic for

NF; (triplet of equal intensity at @ -21t with JNF = 226 Hz and a linewidth of

less than 5 Hz),” SO.F (singlet at @ -33.5), and HF (broad singlet at @

193). No evidence for the presence of F0502F27 was observed. The Raman
spectra of the HF solution at 25° and of solid NF4503F at -100° were also
recorded and are shown in Figure 1. The spectra showed the presence of only
small amounts of CsSbF628 indicating a purity of NFASOSF in excess oflgo weight
percent, in agreement with the observed material balance. Raman and "“F NMR

spectra of HF solutions of NF4SO F, which were kept at 25° for several davs,

3
showed no evidence of FOSO,F formation.
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Reaction of Cs,%O with HF. The Cs SO salt was found to be highly soluble

in HF. Raman spectra of these solutlons and of the solid residue obtained after
the solvent removal, showed the complete absence of the SO B anion28 and the
presence of the SO_F anion 6. The presence of the SOSF anion in the HF
solution was confirmed by lgF NMR spectroscopy which showed a strong singlet

at @ -33.8, characteristic for SOSF_.

Reaction of CsPO F, with HF. A sample of CsPO.F, (2.1 mmol) was treated

with anhydrous H; ES ml liquid) for 12 hours ag 550. The white solid residue,
ieft behind after removal of the solvent, was identified by its infrared and
Raman spectrum as CsPF -8 {2.1 mmol) and did not contain detectable amounts of

POﬂF.,‘. 31 -33

Results and Discussion

The novel salt NF;SO;F' was prepared from NFastb and CsSO;F by low-temperature

metathesis in anhydrous HF solution according to:

HF
NF SbF, +CsSO_F =2 CsSbF +NF SO_F
4 6 3 -78° 6 * 473
The NF4SO;F salt can be isolated as a white solid which is stable at 00,

but slowly decomposes at +10° to produce NF3 and FOSO.F in high yield according to
NF,SO_F ~~—NF _+F0SO_F
4773 3 2

Its HF solution appears to be stable at ambient temperature. The thermal

stability ?f NF4SOSF is very similar to rhat32 of NF4CIO4. This is not surprising
since SOSF and Clo; are isoelectronic and chemically very similar. This chemical
similarity is also demonstrated by their decomposition modes, which in both cases

produce the corresponding hyvpofluorites in high yield.

- + - . - . -
The decomposition of NF SO F represents a new, high vield, convenient synthesis

of FOSO F. The pre\louslx reported methods for the preparat:on of FOSO F
34,35

1nvolved either the fluorination of 90 ? r S OﬁF 3 . NFJSORF is the third
known example of an NF4 salt of an oxy-an1on producing on thermal decomposition
b 2e!

the corresponding hyvpofluorite. The other two known examples are NFAC]O4'“ and
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23
NF4IF402.

salts of oxy-anions may be a general method for the synthesis of hypofluorites.

This indicates that the thermal decomposition of unstable NFZ

The ionic nature of NF SOSF, both in the solid state and in HF solution, was

4
verified by Raman and lgF NMR spectroscopy. The Raman spectra are shown in

2
Figure 1 and demonstrate the presence of the bands characteristic for NFZ 9,22
- 26
and SOSF .
Table I. The SOSF_ bands in NF4SOSF are very similar to those observed for
CsSOsF (see Figure 1). The minor frequency shift observed for the SF stretching

The observed frequencies and their assignments are summarized in

mode is not surprising in view of a previous infrared study of the alkali metal

salts which showed that the frequency of this fundamental strongly depends on
-1
m

the nature of the cation and varied from 812 cm-1 in LiSOsF to 715 ¢ in

CsSOBF.26 The observed splitting of some of the modes of both the
NF: cation and the SOSF' anion into their degenerate components is easily ex-

-
plained by solid state effects and has also been observed for NF;CIOA."2

The 19F NMR spectrum of NFZSOsF' in HF solution showed a triplet of equal intensity
at §-215 with JNF = 226 Hz and a linewidth of less than 3Hz, characteristic for
NFZ, a singlet at P-33.5, characteristic9 for SOSF: and the characteristic HF

signal at § 193. The assignment of the f-33 signal to SO_F was verified by

3
recording the spectrum of CsSOSF in HF under the same conditions.

In view of the above mentioned usefulness of NF; salts of oxy-anions for the
preparation of novel hypofluorites, it appeared interesting to attempt the
syntheses of (NF4)ZSO4 and NF4P02F2. The thermal decomposition of these two
hypothetical salts would offer an opportunity to prepare the yet unknown
hypofluorites, SO,(OF), and POF,(OF). However, both the so;' and P02F5 anion

were found to interact with anhydrous HF according to:

SO, +3HF ———.sosp'mzomF;
and

P02F5+4HF ~——PF +2H,0
Attempts to prepare POF_(OF) by fluorination of HOPOF2 with atomic fluorine,
generated by the controiled decomposition of NFJHFZ-nHF,:: were also unsuccess-
ful. The main products were NFAPF2 and an unidentified nonvolatile phosphorous

oxyfluoride.
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for the POZI2 anion,

the previous assignment of several fundamentals is open to question. Figure

. . 31-
Although vibrational spectra have been reported

. 2 and Table 2 summarize the vibrational spectra of CsPOzFZ, obtained in our
study. The given assignment was made by analogy with that of isoelectronic

S0,F, which is well established. 3/ 39 Whereas, the splitting of v (B,) can

cn;iiy be explained by Fermi resonance with v4+v9(82),the reason for the observed

splitting of vy is less obvious. The possibility of one of the components

assigned to v, actually being due to the vS(A,) torsional mode cannot be ruled

4
out, but is unlikely due to the facts that this mode should be infrared inactive

under C,v scelection rules and usually is of such low intensity in the Raman

spoctra that it is very difficult to observe.

fn =ummary, the present study shows that within the isoelectronic series, C10;,
\OSF—, POJFE, SO&§, the first two anions are capable of forming NFZ salts of
noderate stability which can decompose to NF3 and the corresponding hypofluorites.
The syntheses of NF4P02F2 and (NF4)2804 by metathesis in [IF was prevented by the
reaction of P02F2 and SO4 with the solvent to yield PF6 and SOSF , respectively.
Achnowledgement. The authors thank Drs. L. R. Grant and W. W. Wilson for helpful
aiscussions and to the Office of Naval Research, Power Branch, and the Army
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Diagram Captions

Figure 1. Raman spectra of NF;SO3F_. Upper trace, HF solution at 250, middle
trace, neat solid at -1000. Weak bands due to the sample tubes and small amounts
of CsSbF6 were subtracted from the spectra. Bottom trace, solid CsSOSF at
25°, The spectra were recorded with spectral slitwidths of 8, 6 and 4 cm’l,

respectively.

Figure 2. Raman spectrum of solid CsPOzF2 recorded at 25° with a spectral slit
width of 5 cm !
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APPENDIX D

Cis- and Trans- 10DINE (VI1) OXYTETRAFLUORIDE

HYPOFLUORITE, OIFQOF

Karl 0. Christe and R. D. Wilson
Rocketdyne Division of Rockwell International

Corporation, Canoga Park, CA 91304

(Reww Toed 22 une 1979)

To our knowledge, only two examples of a halogen hypofluorite

are presently known. These are FOF (1) and 0,C1OF (2). Compounds

3
containing an -0F group attached to either bromine or iodine have
previously not been reported. Since the thermal decomposition of
NFhClob produces 03C|0F in high yield (3,4), it appeared interesting

. . ‘. + - -
to study the interac'ion of NFh salts with other perhalate anions.

Metathetical reactions between NFbSbF6 and CSXOL were carried
out in anhydrous HF solution as previously described (5). The
solutions were cooled to -78°C and the insoluble CsSbF6 nrecipitate
was separated from the solution by filtration. The HF solvent was
pumped off at -30°C and the residue was allowed to undergo thermal
decomposition during warm up. Aithough for CsBrOh the desired O3Br0F
could not be isolated, its expected {6) decomposition products,
FBrO2 and 02. were observed. Since Cslou underqoes (7) fluorination in
anhydrous HF solution according to

10, + AHF——=1F, 0, + 2H,0

the CS’Ob was first converted to CS|Fb02 which was then used for the
metathesis. The therma! decomposition of the resulting metathetical
product generated two novel iodine (VII) compounds which were identified
by chemical anlaysis, molecular weight (clcd 253.9, found 254.5),
infrared (cm-‘, int, 918 ms, 688 vs, 655 m, 584 mw), Raman (1 1=0925 and

9y, vOF B90, vIF and 1-0 679, 651, 630, 622, 584), '9r NMR (-0F of trans
isomer: quintet at !-202 with JFF = 36 Hz, -OF of cis isomer: multiplet
[3
0 [ '
F 3 F 0
Ny NG
N 7N
F///I F PR
0 F
Nr
trans cis
379
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376 Ciu= and Trons= Jodloe(VIT) Oxytetrafluoride Hypofluorite

at ¢ = 176), and mass spectroscopy ns an approximately 2:) mixture of
the two sterco isomers cls-OIF“OF and tranl-OlF“OF.

These two lsomers possess very similar volatility and could not be

separated even by gas-chromatography. The lsomer mixture is white as

a solid {mp = =33°C), pale yellow as a Viquid and coloriess as o gas.

it is stable at ambient temperature and can be manipulated in well passlivated
stainless steel and Teflon equipment wlthout appreciable decomposition,
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.THE GENERAL VALENCE FORCE FIELD OF PERCHLORYL FLUGORIDE

Karl 0. Christe,* and E. C. Curtis

Received .

Abstract

The infrared spectra of FClO3 in Ne, Nz, and Ar matrices were recorded and the
3SCl - 37Cl isotopic shifts were measured. The Coriolis constants of the
E-species vibrations were redetermined and together with the isotopic data

used for the computation of a general valence force field. The Al block, for
which only isotopic frequencies are available, remains underdetermined, but

it was possible to place narrow limits on four force constants while the other

two are in accord with orbital following arguments. It is shown that v, and Vs
are best described as an antisymmetric and a symmetric combination, respectively,
of the C1F stretching and the ClO3 bending motions. Comparison with 13 previously
published force fields demonstrates the inadequacy of underdetermined force

fields for strongly coupled systems, such as FC103. The C10 and C1F stretching
force constants were found to be 9.75 and 3.51 mdyn/g, respectively, in good
agreement with those expected for a mainly covalent C1-F single and C1=0 double

bonds.
Introduction

During a normal coordinate analysis of the fluorine perchlorate, F0C103,
molecule1 we became interested in the force field of the closely related
perchleryl fluoride, FCIOS, molecule. Although FClO3 is a well known and
important molecule, and at least 13 force fieldsz'ld have previously been
published for it, comparison of the literature data revealed large discre-
pancies. Furthermorc, for most of these computations estimated structural para-
meters had been used. Since the structure of FCIO3 has been well established

by electron diffraction data6 and since for similar molecules a combination

RI/RDBO-1734
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cay-

of isotopic frequencies and Coriolis constants have been shown to result in

15-17

well defined general valence force fields, it was interesting to apply

this approach to FC10 Further interest was added to the problem by the

3 2,3,8,9,11

fact that in several studies FC10, had been used as a model compound

to test the quality of approximate force figlds. An evaluation of the merits
of the different approximating methods, however, requires the knowledge of a
reliable general valence force field. Finally, based on the results of a
normal coordinate analysis,Gans pointed out? that two possible assignments
(715 and 549 cm-l) exist in the A1 block for the C1-F stretching mode and
that, as a result,v 2 and v3 might be mixtures of C1-F stretching and angle
deformations. The purpose of this study was to clarify some of these aspects
and to obtain a better understanding of the force field of this interesting
molecule.
Experimental

Perchloryl fluoride (Pennsalt) was handled in a passivated stainless
steel - Teflon FEP vacuum system and purified prior to use by fractional
condensation. Infrared spectra of the gas were recorded using a 5 cm path-
length Teflon cell with CsI windows. The infrared spectra of matrix-isolated
FClO3 were obtained at 6°K with an Air Products Model DE 202 S helium refrigera-

tor equipped with CsI windows. Research grade Ne, N_ and Ar (Matheson) were

2
used as matrix materials in a mole ratio of 1000:1. The infrared spectra

were recorded on a Perkin Elmer Model 283 spectrophotometer calibrated by

18,19

comparison with standard gas calibration points. The reported frequencies

and isotopic shifts are believed to be accurate to : 2 and 1o cm'l,

respectively.

Results and Discussion

Since the infrared and Raman spectra and the assignments of FC103 are ot

well established,m'zo"25 only the infrared matrix isolation spectra were

350,.3

recorded for the determination of the 7Cl isotopic shifts. These l;

spectra were obtained at 6°K using three different matrix materials, Ne, NZ’
and Ar, at a MR of 1000. The observed spectra, frequencies and assignments
are shown in Figure 1. By analogy with the similar halogen fluorides, BrF3,26
BrF_,’Oz7 and FBrOz28 , neon matrices exhibited the least matrix site effect

splittings and showed frequencies closest to those of the gas phase values.

R1/RDBRO-1134
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The additioned splittings observed for the N2 and the Ar matrices are attributed
to matrix site effects.

A general valence force field was computed for FClO using a previously

described machine method The frequency values were taken from previous
10,21,22.24,25 . . 35

gas phase measurements and are summarized in Table 1. The

37

Cl isotopic shifts were taken from the present matrix work except for v 3
and Vg which were more accurately de'cerminedz2 by a previous high resolution
gas phase infrared study (see Tabel 1). Anharmonic frequencies were used for the
force field computations because sufficient experimental data for anharmoniicity
corrections were not available. Since the relative signs of the symmetry coordi-
nates are critical for the computation of the Coriolis constants, the symmetry
coordinates have been summarized in Table II. The following internal coordinates

and the geometry, determined by an electron diffraction study,6 were used:

10083/|R 16194

/?\r 1404

01]6

As expected for a five atomic molecule of symmetry CSV’ FC10, exhibits a total

3

of 6 fundamental vibrations classified as 3A1+3E.

E-Block Force Field. The 37Cl isotope can provide only two new independent

frequencies, due to the product rule. Consequently, the fact that the isotopic
splitting for \B could not be measured, is unimportant. Similarly, the Coriolis
constants can provide two additional independent data points since they are
related by the sum rule, c4+ 554 c6=2B/A. Again, the fact that one Coriolis
constant could not be measured, does not decrease the number of available
independent data points. Thus, there were a total of seven pieces of independent
data available to determine six force constants. The least squares computer
code, used for our force field computations, did not cénverge when the observed

»

. . 5,10
frequencies and the previously reported Coriolis 7 constant values were

R1/RH80-134
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used as input data. Consequently, this code was used to compute five symmetry

force constants and the Coriolis constants as a function of the sixth constant,

F45, requiring an exact fit of the five observed frequencies. The resulting i

range of solutions is shown in Figure 2. ;

Since neither of the two previously published 5,10 sets of Coriolis

{
i
)
|

constants (see Table IIl) resulted in a unique force field solution (see Figure 2),
the Coriolis constants were reexamined. This examination revealed severe short-
comings for both sets. The set calculated from Raman gas phase band contours,10
althcough quoted with the smaller uncertainties, is effectively useless because

the Raman band contours arc a function of both the Coriolis constants Z and

the ratio 6 of the relative intensities between the set of transitions in J

with AK=-1 and the same transition in J with AK=2. Since the § values are

unknown, reliable [ values cannot be obtained in this manner.

The other set of Coriolis constants was calculatedS from infrared gas-

phase band contours. For the determination of CS the accurately known Q

branch spacing of Ve (0.1581 cm-1)22 was used according to Cs=l-% - 9;%§§l
where A and B are the reduced moments of inertia. At the time of the original

22,30

computation5 of 55, an experimental value was available only for B, but

A had to be estimated. Reevaluation of Lg with A and B values of 0.1846 and
0.1764 cm-l, respectively, deduced from the electron diffraction structural
data,6 resulted in a revised value for Lg of -0.384- 0.008, assuming one

percent uncertainties for both the value of A and the value of the Q branch
spacing. The values of A and B computed from the published electron diffraction
data6 are considered to be more precise than % one percent in view of the 0.64%
deviation between our value of B (0.1764 cm'1=5292 Mc/sec) and that of 5258.682~
0.005 Mc/sec obtained 30 by microwave spectroscopy.

The previously reported5 value of Cé had been computed from an estimated

6 which was obtained by doubling the g‘

. . . . 2
QR branch separation observed in the low resolution work of Lide and Mann !

geometry and the PR branch separation of v

A reexamination of the complete v, infrared band contour at 30°C resulted in

6
- +
a P-R branch separation of 20.5% 1.0 cm 1, which in turn resulted in §6=0.3’- |

0.05 using previously reported31-34 graphic interpolation methods.

RE/RDBO-1 34
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Determination of §4 from the infrared band contour of y, was not possible

4

due to interference from the strong Q branches of the>°C1 and 37Cl isotopic
species and from the ( y2+;:5) combination band. Therefore, §4 was determined
from the known QS and €6 values and the sum rule §4*§ 5*§_6=ZB/A and was 1

found to be 0.5420.05.

This revised set of Coriolis constants differs significantly from those

reported previouslys’s’10

(see Table 11I). As can be seen from Figure 2, it
results in a single set of force constants, thus lending credibility to the
force field chosen. The numerical values of the resulting force constants
are summarized in Table I and Figure 2 with uncertainties derived from the

uncertainty limit of ES‘

This E block force field appears entirely plausible. All the off-diagonal
symmetry force constants have relatively small values, and the potential

energy distribution (see Table 1) shows the fundamentals to be highly character-

istic (70-98%). They are well described as an antisymmetric CI10_ stretch, an

3
antisymmetric ClO3 deformation and a C103 rocking mode. Figure 2 also demonstrates

that the general valence force field is approximately an extremal solution

with F 4 being a maximum and F

4 and F66 being close to their minima.

55

él—Block Force Field. For the A1 block, the product rule reduces the six

vibrational frequencies to five independent pieces of data. Therefore, 2
unique force field cannot be determined. However, as done for the E-block,
five symmetry force constants were computed as a function of the sixth orne,
requiring again an exact (f0.0S cm'l) fit of the observed frequencies and
chlorine isotopic shifts. The range of possible force constants can then be
restricted by limiting the off-diagonal symmetry force constants to a plausible
range. The results from these computations are displayed in Figures 3 and 4

which show the force field plots as a function of F,_ and F23, respectively.

13
Both figures represent the samc results, except that Figure 4 covers a much

wider range because small changes in F__ cause very large changes in F12 and

23

FlS' Furthermore, Figure 4 also displays the upper and lower sections of each
force constant ellipsis, thus demonstrating the e¢ffect of reversing the

RI/RDRD=1 34
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2 and vy This effect has previously been demonstrated9 by

the model computations of Gans and will be discussed below in more detail.

assignments of v

Inspection of Figures 3 and 4 allows the following conclusions: (i)

Assuming plausible values for F._ and F i.e, values not exceeding about

12 13°
+0.8 or -0.8 mdyn/R and mdyn/rad, respectively, the values of F 1’ F22, F33
11=9.84- 0.06,

=0.62% 0.05. (ii) The values of F

and

F23 are fixcd already within rather narrow limits, F
F, .=3.551 0.06, ©.

+
=2 -
22 33 2.60- 0.04, F23 12

and FIS are poorly determined, but exhibit an approximately linear relationship,

. " y . . .
i.e. Fl2 1.3F13 with F__ and F13 always having the same sign. (iii) Fz3

12
must be positive and must have a value of at least 0.57 mdyn/rad. (iv) In
11 Fa3r Fr2

and F13 correspond to the lower half of F22 and vice versa. The first case

corresponds to the assignment v, > Vg, whercas the latter case corresponds

to the reversed assignment. The crossover between these two assignments
occurs at about cxtremal valucs of not only F23 115 Max and
F225 Min, and where Fiy and FISZ:O. This is demonstrated by the potential
encrgy distributions and eigenvectors listed in Table IV. (v) As expected

Figure 4, the upper halves of the force constants ellipses of F

Z Min, but also of F

on the basis of (iv), y, and y_ are strongly mixed and in the vicinity of

2 3
the assignment cross-over arc about equal mixtures of Cl1-F stretching and

symm>tric ClO3 deformation. As can be seen from the eigenvectors given in
Tables I and IV, v

is an antisymmetric and v, is a symmetric combination

2
of the symmetry coordinates 52 and §

3
3 In view of this, any argument
about which of these two fundamentils is the stretching and which one is the
deformation mode, is rather meaningless, particularly in the proximity of the

prefcrred (see below) force field.

The strong mixing of the symmetry coordinates 52 and S3 in v, and v, can
be easily rationalized. If the three oxygen atoms are treated as one center
of mass X, then the symmetric ClO3 deformation mode corresponds to a stretch-
ing of the hypothetical C1-X bond. Since such a hypothetical F-C1-X modecule
is linear, the F-Cl and Cl-X stretching motions should be strongly coupled

and, thereforc, result in an antisymmetric and a symmetric F-Cl-X stretch.

- S— e o e e
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Although, as pointed out above, F12 and F13 are not well determined by

the observed isotopic shifts, arguments can be advanced in favor of a force

field being close to the extremal value of F__=Min. The Hybrid Orbital Force

23
. . 35 _ _ - . .
Field constraints F46"'F56 and FIS—(F46 Fsé)/z\/Z {(in our symmetry coordin
ates) have been shown to also be valid for the similar C3v molecule CHFS.

The first condition (F46= -FSG) is approximately fullfilled for FC10, and,

3
therefore, the second condition is expected to be also applicable and to
13" The value of -0.21 mdyn/rad thus

calculated for F13 of FClO3 corresponds very closely to the force field with

result in a reasonable estimate for F

F .= Min. Consequently, we prefer for the A1 block of FClO3 a force field with

. 23
. F13= -0.2 which is listed in Table 1.

Comparison with Frevious Force Fields. Table V gives a comparison of

cmpe

our force field with those previously reported. In most cases, an exact compari-
son of the bend-bend and stretch-bend force constants is difficult because for
most of the previous force fields all force constants were given in units of
mdyn/x and the authors were not specific which bondlengths (r, R or possible
combinations) were used for their normali:zation procedures. For a comparison
with our force field, approximate values of the previously reported all mdyn/x
force fields can be obtained by multiplying F__ and F,__ by rR, F

33 66 13
VR, R

R, F_,and F _ by r or VIR, F__ by % or TR, F, by JIR, and F by rR or
3 45 55 46 56
3/2,1/%

by R or

Furthermecre, most of the previously published force fields were
. computed with estimated geomctries or inaccurate Coriolis constants. Consequently,
an objective evaluation of the merits of the individual approximating methods

is difficult and was not undertaken.

General Comments. We would like to point out the wide range of force

constant values previously published for FC10_ which fully supports the previous

3
critical statementsg by Gans concerning the questionable value of force constant

r calculations from insufficient or inaccurate data. In such cases, the computa-
\ tion of wide solution ranges is important to determine the range of possible

plausible solutions.

RT/RD80O-134
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The values of 9.75 and 3.51 mdyn/R obtained for the Cl1=0 and the C1-F
stretching force constant, respectively, of FClO3 are in excellent agrcement
with our expectations37 for highly covalent C1=0 double and C1-F single bonds.
Higher Cl1=0 force constants have only been observed for the cations (C1F202+
(12.1 mdyn/R):,’8 and CIFZO+ (11.2 mdyn/R)39 and are caused by their formal
37

Similarly, C1F20; is the only chlorine oxyfluoride species

which exhibits a higher (4.46 mdyn/R) C1F stretching force constant. This can

positive charge.

be attributed to the high oxidation state of chlorine (+VI1) and the cnergetically

favorable pseudo-tetrahedral structure of FC103.

The results of the present study are of particular interest because they
demonstrate that arguments concerning the assignment of certain modes,
capable of undergoing coupling, can be rather meaningless. This has recently

36 . ; . ;
been demonstrated™ for the axial and the equatorial SF. scissoring modes

2
in SF4 and is now further substantiated for FC10,. Rather than resulting in

3
highly characteristic fundamentals, their symmctry coordinates are strongly
mixed and the fundamentals correspond to an antisymmetric and a symmetric combina-
tion of the corresponding symmetry coordinates

'
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Figure 3.

c-ype

Figure 4.

Diagram Captions

Infrared matrix isolation spectra of FC103 recorded at 6°K in Ne, N
and Ar at a MR of 1000.

E block symmetry force constants and Coriolis constants of FClO3

2

plotted as a function of F45. The units of the force constants are
given in Table 1. The observed Coriolis constants are marked by +
and their uncertainties are given by rectangles. The solid and the
two broken lines represent the general valence force field and its
uncertainties, respectively, derived from thc corresponding csivalues.
values.

A, - block symmetry force constants of FClO3 plotted as a function

1
of F

13°
Al - block symmetry force constants of FClO3 plotted as a function
of F23.
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Reactions of Fluorine Perchlorate with Fluorocarbons and
the Polarity of the O-F Bond in Covalent Hypofluorites

Carl J. Schack® and Karl O. Christe
Received March 9, 1979

Although FOCIO, has been known for decades,™ its re-
action chemistry has remained virtually unexplored and is
limited to references to unpublished work. cited in a review .’
This lack of data is attributed to the previous report? that
FOC10; consistently exploded during attempted freezing.
During a study? of NF,C10y, it was found that very pure
FOC10, could be obtained in high vield by the thermal de-
compusition of NF,C10,. The FOCIO.. prepared in this
manner. could be manipulated and repeatedly frozen without
explosions, thus allowing us to study some of its properties’
and reaction chemnstry.

Of particular interest to us were the reactions of FOCIO,
with Tuorocarbons.  Previous work® in our laboratory had
demonstrated that CIOCIO, and BrOCIO, add readily o
fluorocarbon double bonds. resulting in covalent fluorocarbon
perchlorates. Consequently, one would expect fluorine per-
chlorate to undergo a similar reaction. However. a literature
citation’ suggested that FOCIO, does not add across the double
bond in CI,C  CE,. Furthermore. reactions of covalent
hypofluorites, such as CEHOF. are commonly interpreted in
terms of 4 highly unusual CHO® P tpe polarization of the
O 1 bond (“positive fluorine™ 1 the O F bond in CHOF
is indeed polarized m this direction, the fluorine in FOCIO,
shoutd be even more posttine because of the higher electro-
negativty of the perchlorato group. Since the direction of the
addimon of @ hypohalite across an unsvimetrical olefime
double bond stronghy depends on the direction and the degree
ol polarization of the O Hal boad.” 4 study of the
O.CIOF CHCP o Chaoreaction system ottered an deal op-
portumity to experimentadiy fest the validits of the “postine
fluorime™ concept

Faperimental Section

Caution'  Mihough no explosons were cncanunterad m the present
sudv. FOCIO, must be considered o highly sensitive matenal and
should be manipubated onhyvan smadbgquantines sath appropriate satens
precastions

Apparatus and Materials. Volude materals were mampulated i
aswelb-passivated cwath CHE 04 stunless steel vacaum hne equipped
with Teflon FEP U araps and bellowsseal vidves
measured with 4 Herse Bourdon tube tvpe gage (0 1300 mm, 20§00
Infrared spectra were revorded oo Perhin-Blmer Model 283
spectraphatometer The ™F NMR spedira were recorded ona Varnan
Model BN W0 spectrameter at 540 MHz using Tefloo T EHP sample
tubes (CS 1 aborators Supphiest and CEC as aninternal standard

Pressures were

HexaTuorapropyene ond €1 were purchased while CF CEowas
prepared by pyrolvzisp Tetlon Pluonme perchlorate was obtaned
from the decomposition of NpLCTO

Reiuction with Hexafluoropropylepe. 30 ml siopless steel evhinder
196 00 with TOCHO oF S0 mmehy aad b2 08
[he dloned avbander waswareed o 3570 and kept at that
tempesature oveesipht Separation of the products was achicved
RAVIRUIT I BT O
Ihe cetdest Trap contamed onreacted b, topether with FCIO,,
Ch ot ponnt o eCE GO o the other teaps only
v cnbortess geed © B O0CTO s fond CF IS pemals T vield based

was foaded o
mmaoti
traps conled 7N

Voo fractionaton |

vnd e

on FOCIO,). The following temperature vapor pressure data wese
measured (CComm): 466,34, 22717, 9.3, 36, 0.0, 39: 10.6, 99:
22,0, 161. The vapor pressure temperature relation is described by
the equation log P = 7.5287  (1571.94/T) (pressure in mmHg and
temperature in K) with a caleulated normal boiling point of 65.2 °C
and a heat of vaporization of 7.19 kcal/mol. A vapor density of 265
2/mol was measured compared to a calculated value of 268 .5 g/mol
for C,F,C104. Strong mass spectral peaks were found for the jons
CiEC10,4%, Gt CFCIOT, CFO* ClFt, CiFt CF 0%, CF S
C.F;0%, Cl0;*, C.F,0%, CF* (base peak). CIO,*. COF:*, C10*.
CF.*, and COF*. The following infrared bands were observed (em .
intensity ): 1330 (shy, 1325 (sh). 1290 (vs), 1250 (sh), 1238 (vs), 1200
(md, FE70 0wy 11S3 (m). 1119 (ms). 1088 (m), 1026 (5), 988 (s).
968 (M s), 78 (w), 746 (m), 723 (w), 676 (m), 641 (m s), 614 (s).
530 (w)

Reaction with Tetrafluoroethylene. Fluorine perchlorate (0.6]
mmol) and C.F, (0.62 mmol} were combined at 196 °Cina 10-ml
stainless steel exlinder. By evaporation of the liquid nitrogen from
a liquid nitrogen dry e slush used 10 cool the reaction cyviinder, the
temperature was allowed o slowly rise to 7% °C and finally over
several davs by loss of sohd CO, o about 45 °C. Fractional
condensation of the products at 112 and 196 °C permitied the
solation of C.FOCIO, (042 mmol. 68% vield) which was identitied
by its known vibrational, NMR . and muass spectra® Smaller amounts
of CHCEO, CF,. Clyoand O were observed as by products

Reaction with Trifluoromethyl lodide. 1nto s cold ¢ 196 °2C) 30-ml
stainfess steel evlinder CEL (0,66 mmody and then FOCIO; (.40
mmol) were condensed. Warm-up to about 45 °C was accomplished
sowly as noted in the preceding example  After several dass ar 45
°C the reactor was recooled 1o 196 °CLoand the presence of
considerable amount of noncondensable gas (ovygen) was noted
I rictionation of the condensable products showed 4 nuxture of COF,.
Cly Clo T TEGand asolid wodine oxide to be the principal species
present. However a smalb amount of CHOCIO (.03 mimol, %
vield) was abso Tound and identified by comparison swaith reported data "
Results and Discussion

U nder carefuliy controlled reaction condiions, similar 1o
those previoushy used for the polar addivons of CIOCTIO, and
BrOCIOL" fluonine perchlorate was found to add aorass
olefinic double bonds in high vield. Wl tetnailuorocthylene
the following reaction occurred

L
Cto O+ FOCIO, < CLOCE OCHO,

With the unsvmmetrical olefin perfluoropropyvlene o minnture
af two somers was found

FR
Ch. + OO, -

CHOECEROCTIO + CHOHOCTOOC T .
(N"h 7} 3«1(

(S

’

These two perfluoropropyi perehlorates are novel compounds
which were dentified by vapor density measurements and
spectroscopie data. The presence of the covalent OClO;
group was demonsirated by inlrared spectroscopy which
showed the intense bands tvpical of this group® at 1290
G CIO0), 1026 IO, and 614 cm ' ((C1 O
Addinonal support for the covalent perchlorate structure was
abtained from the mass spectrum which showed strong peaks
tor the fons, CIO CHOL and CHO® bat not for CIO,* ., as
s generally the case tor (Tuorocarban perchlorates. A parent
1on was ot observed and the highest o e was CFCHO, T
i the parent nunus o CH, group

Gas chromatography of the product revealed a slight
assmmetry for the C-C1Og peak. thereby mmdicating the
presence of somers. This was confirmed by 7F NMR
spectroscopy, showing that both posaible adducts were tormed
The observed chenueal shifts and coupling constants, together

R1/RD8O-134
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Chart f
85.3 93.5 810 897 1288 789 146.0 (ppm)
1 L,-CH,-0C10, CF,<C),-CL1,-0C10, CF .—("l’-(‘l-'3

oClo,
t ot t tqg d b dq
i

t q 4
L y7s— 3§ Lrsd Lygd L2512.5 < ()
05 —

with higher resolution data than previously reported® for
C,FOCiQ;, are summarized in Chart | (d = doublet, t =
triplet, g = quartet, h = heptet). The resonances of fluorines
geminal to a perchlorato group were broadened due 1o chlorine
quadrupole relaxation. On the basis of their relative peak
arcas, the ratio of the two isomers was 7 68% and iso 32%.

The fact that in the reaction of FOCIO, with CF.CF=CT",
both isomers are formed significantly differs from the pre-
viously reported® CIOCIO, and BrOC1O, reactions where
exclusive Markow nikoff 1y pe additions occurred. The latter
produced 1008 of CF.CEXCEOCIO,, as expected for o pofar
addition of the positively polarized terminal halogen to the
carbon with the highest electron density.”

CF.CF==CF, + CI* 0* C10, » CF,CFCICF,0CI0;

The formation of both isomers (1 and iso} in the corresponding
FOCIO, reaction suggests that the F O bond in FOCIO, s
not strongly polarized in cither direction. This is not surprising
in view of the known very small dipole moment (0.023 D) of
the closely related FCIO, molecule” and the expected similar
clectronegativities of a ClOand an OCIO, group. The fict
that the percentage of #isomer was somewhat higher than that
of the o somer can be explained by steric effects (bulky CF,
group) and is insufficient reason to postalate @ strongly positive
fluorine 1n FOCIO;.  The occurrence of a free-radical
mechanism s unlikely in view of the high vield of the products
{74%), the mild ¢ 45 °C) and well-controlled reaction con-
dittons, and the absence of detectable amounts of C,F, and
CEAOCION . in the reaction products,

Notes

In contrast to the ofefin addition reactions, the reaction of
FOCIO, with CF;l was more difficult 1o control. The primary
reaction path appears to have involved oxidation of the iodine
followed by degradation to oxygenated and fluorinated species.
Nevertheless, a modest yield (8%) of the desired perchlorate,
CF,0C1O,, was realized. By comparison, the CIOCIO, -CI§
reaction is also vigorous but can be controlled to give a nearly
quantitative yicld of CF,0C10,.*

In summary. it has been shown that FOCIO, can add to
carbon carbon double bonds to produce alkyl perchlorates in
good vield. The formation of two isomers with the unsym-
metrical olefin CF,CE=CF, indicates that the O F bond in
FOCIO, is of tow polarits and does not justify the assumption
of significant positive character for Ruorine, Since a CF,0
group is considerably less clectronegutive than a O,CIO
group, the above results imply that, contrary o general ac-
ceptance, covalent hypofluorites, such as CFOF, do not
contain a positive fluorine. fndeed. it would be most difficult
to rationalize how the addition of fluorine to a less clectro-
negative element, such as carbon. would render the latter more
clectronegative than fluorine itself

Acknowledgment. W gratefully acknowledge helpful
discussion with Dr. L. R. Grant and {inancial support of this
work by the Office of Naval Rescarch, Power Branch.

Registry No. FOUIO, 10049033 CHCECEOCIO . 70749-47-2:
CFCFOCIONCT L T0749:38-3: O OCI0,, 22675-67-5, CHOCIO.
S2003-45-9: CoF,. 116-15-30 Cobyl 116-14- 30 CFLEL 389-37.5
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SYNTHESIS AND PROPERTIES OF NF,"UF 0~

William W. Wilson, Richard D. Wilson and Karl O. Christe*

Received

Abstract

' A new method for the synthesis of NF;

synthesis of otherwise inaccessible salts derived from nonvolatile Lewis acids

salts is reported. It permits the

g

which do not possess HF - soluble cesium salts. The method was successful.y

. . - + . . .
applied to the synthesis of the novel salt NFAUqu . This compound is a yellow
solid, stable at room temperature. It was characterized by analysis and vibrational

Spectroscopy.
Introduction

. + . - . . .
Most NPl salts, derived from volatile strong Lewis acids, can be prepared
directly ftrom NP;, F, and the Lewis acid in the presence of a suitable activation
energy source [1,2]:

AE +

NFy + Fy + XF > NFL XF

1f the Lewis acid is polymeric and nonvolatile, its NF: salt can usually be
prepared by an indirect metathetical process [3,4], provided a compatible solvent
is available in which the starting materials are soluble and one of the products
is insoluble. This metathetical approach has been demonstrated for several NF;
salts [3 - 7]. A typical cxample is the synthesis of (NF4]QNiF0 in anhyvdrous HF
solution [7] using the cesium salts. The latter salts are preferred because they ﬂ

exhibit the most favorable solubility products fora metathesis in HE[4]:

HF
. c N .
CSZN|F6 + ZN.quF6 -780 ZCsShFéJ + (NFQ)ZN.FE
RI/RD8BO-134
G-1
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However, in cases where the corresponding cesium salt starting material or
both products are insoluble in the solvent and the Lewis acid 1s nonvolatile,
neither one of the above approaches can be used. In this paper a method
which circumvents these problems is described and is applicd to the synthesis

of the novel salt NF;UFSO'.

Experimcntal

Materials and Apparatus. The equipment, handling techniques, and spectrometers

used in this study have previously been described [8}. Literature methods
were used for the syntheses of UF40[9], KUFSO[IO], and NFJSbF6[3]. The CsF
(American Potash) was fused in a platinum crucible and ground in the dry box.
The HF (Matheson) was dried by treatment with FE’ followed by storage over

BiFg to remove last traces of water [4].

. . c et - . . .
Preparation and Properties of NF UFSO . In a typical experiment, a solution of
45—

NFJHFZ (12.5 mmol) in anhydrous HF (12.5g) was prepared from NFJSbe and CsF at
-78%, as previously described [8], and added to UOF , (6.18 mmol). The resulting
mixture was kept at -78° for 40 hours, then warmed to -31° for 6 hours with
stirring, followed by removal of all volatile products in vacuo by slowly raising
the temperature from 2312 o 209, A yellow solid residue (2.70 g, weight

calced for o.18 mmol of NFJUFSO:2.7I ¢) was obtained. This compound was stable

at ambicnt temperature and of low solubility in HF. Tt was identiticd by clemental
analysis and vibrational spectroscopy as NF:UFSO-. For the elemental analysis,

a weighed amount ot sample was hydrolyced ih H,0 and the NFS cvolution was

measured {12].  The hydrolvsate was analyzed for Cs and Sb by atomic absorption
spectroscopy, and for U gravimetrically as U;Oq. Rascd on this analysis, the

compostion (weight %) of the vellow solid was: NF

CsShE 1.4,

10 16.8: NI Sblk =
JUFGD, 90,85 NE SDE , 1.7

O

The thermat decomposition of NF:UF:ﬂ- was studied in a sapphire reactor,
cquipped with g pressure transducer. The onsct and rate of decompasition was
determined by total pressure measurements [13) in a closed system over the
temperature range 10-00°C. For the determination of the decomposition products,

RI/RDBO-1T 34
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a sample of NF

UFSO (2 mmol) was rapidly heated to ISOOC in a dynamic vacuum, and

4
the volatile products were collected in traps, cooled to -126° and -ZIOOC, and

were identified by their infrared spectra. The -126°¢C trap contained 1.1 mmol
of UFG’ and the contents of the -210°C trap consisted of 1.5 mmol of NF; and a

small amount of OF . The infrared spectrum of the pale yellow solid residue
- +

(350 mg) showed strong bands characteristic for UFAO (9], U02F7[Ih], NF4 [2 - 8],
and two broad bands at 520 and 410 cm_l, probably due to UFn vibrations. In
addition, the spectrum indicated the presence of a small amount of UFSO‘ [1o,1117.
Results and Discussion
Synthesis. The metathetical synthesis of NF4UF50 acéording to
HF
¥
NFthF6 + MUFSO - MSbF6 + NFAUFSO
was not possible because both the MUFRO (M = alkali metal) and NF4UF50 salts

possess very low solubilities in anhydrous ilF. Furthermore, in agreement with
a previous report [10], we could not prepare a well defined CSUFSO salt by the
reaction of CsF with UF40 in anhydrous HF solution. The pioduct always
contained a large amount of unreacted UFJO. Attempts to obtain recasonably
pure NFJUFSO by a mectathetical reaction using stoichiometric amounts of UFJO,

Csk, and NFJSbF( in HF as starting materials, werc also unsuccessful due to the
']

unfavorable solubilities. However, preparation of an HF solution of NFJHF7
[8] according to HF
-> + 4
NFquF6 + CSHF2 _780 NFL‘HF2 CsSbF6

followed by removal of the insoluble CsSbF( by filtration at -78% and addition
.

of this solution to UFzO, resulted in NF4UF50 of about 97% purity.

HF

0 - NF,UF_0 + HF

NF HF, + UF WUF e

Lo 4

A twotold excess of NFJHF) was uscd to ensure complete conversion of UFJO

a

to UF_0 . After solvent removal, the excess of unreacted NF HF) was decomposed
2

42
(8] at 10°C to NF., F, and I which were pumped off.
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Properties. NF4UF50 is a yellow, crystallinic solid, stable up to about 50°C.

Its composition was established by elemental analysis. The ionic nature of the

salt was demonstrated by vibrational spectroscopy which showed the presence

of the NFZ cation and UFSO- anion. For comparison, a sample of KUFSO was

prepared from KF and UF40 in HF, as previously reported [10]Jand its spectra

were also recorded. The infrared spectra of NF4UF50 and KUFSO are shown in

Figure 1, and the observed infrared and Raman frequencies are summarized in

Table 1. Whereas the infrared spectrum of KUFSO is in good agreemecnt with
those[10,11] previously reported, the recording of a Raman spectrum with the
available exciting line (4880%) was very difficult due to fluorescence, strong color
and poor scattering. For NF4UF50, a similar, but not quite as severe, problem

. existed. Based on some of the Raman bands, observed: for UF 0" in NFAUF 0, and

5 5
by comparison with the well defined infrared bands, it appears that some ol

T the Raman bands previously reported [10]for KUF.0 are open to question.

The assignments of the bands due to NF; are well established [2-8]and
rcquire no further discussion. For the UFSO_ anion, only the stretching
vibrations can be assigned with some confidence. The band in the 810-835 cm_1
region occurs at too high a frequency for a U-F stretching mode and, thercfore,
is assigned to the UQ stretch. The intensity and band width of the 580-600 cm-1
band in both the infrared and Raman spectra are comparable to those of the UO stretch

and is therefore, assigned to the unique UF stretching mode. The Froad intense infrared

band at about 490 cm-1 should represent the antisymnctric UF, stretch, and

the strong Raman band at about 490 cm—l is assigned to the symmetric in-phase
UF4 stretching mode. The weak infrared band at about 430 cm-1 could be due to
either the symmetric out-of-phase UF4 stretching mode vS(Bl),(assuming that for

the solid the site symmetry of UF.0 is lower than C4V),or the OUF‘1 deformation

5
mode V, (E). However, for the latter assignment, the frequency appears somcewhat
high and is shifted in the wrong dircction when going from KUFSO to NFJUFSO.

Due to the stronger anion-cation interaction in KUFSO, the stretching modes are

expected to be shifted to lower and the deformation modes to higher frequencies.

The thermal decomposition of NF1UFr0 was studied in more detail since the
- D

decomposition of NF, salts containing oxyanions has been shown [8, 15, 16 ]

+
4
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to be a useful synthetic route to hypofluorites. The NFAUFSO salt is stable up

to about SOOC, but started to decompose in a sapphire reactor at 60°C at an
approximately linear rate, resulting in a pressure build-up of about 4.6 mm Hg per
hour for a 2 mmol sample in a 38.7 cc volume. The nature of the decomposition
products was established by rapid pyrolysis at 150°C in a dynamic vacuum. The
main decomposition products, condensible at -ZIOOC, were NFg, UF6, and a small
amount of OFZ' The pale yellow solid residue contained UF40 and U02F2 as

the major products. The formation of UF,O0, UFb and UO,F, as main dccomposition

4

products can be readily explained by assuming
NFMUFSO -~ NF3 + F2 + UFuo

as the primary decomposition step, followed by the well established [9, 17]

decomposition of UF4O

ZUF40 > UF0 + UO.F2

The fact that the recovered amount of UF( cxceeded that expected from this
A
reaction secquence, can readily be explained by partial fluorination of

UF,0 or UF_0 by the formed elemental fluorine.
“ 2

Conclusion.  The resuits of this study show that NF: salts which are derived
from nonve.atile polymertio Loewis acids and are insoluble in HPY, are accessible
by treating the corresponding Lewis acid with an excess of NFJHFj in HF
solutior . Although this approach has so far been demonstrated only for

UF 0, it might be of general use.
4
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Diagram Caption

Figure 1. Infrared spectra of kUFSO and NP4UP50 recorded as dry powders pressed

between AgCl disks. The broken lines represent absorption due to the AgCl window

material.
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‘ APPENDIX H

Evidqpce_fgl;fbglﬁxj§tcnce of Dircctional Repulsion

‘ Effects by Lone Valence Electron Pairs and IT-Bonds

in Trigonal Bipyramidal Molccules

Sir:

The Gillespie-Nyholm valence shell electron pair repulsion (VSEPR) them’_\'l"2

is very usetul for explaining the basic structural features of many classes

ot inorganic compounds. The thcory assumes that the gecometry around a given
central atom is determined by the number of electron pairs in its valence

shell which are arranged as "points-on-a-spherc” in a manner to minimize the
mutual repulsion energy. The finer details of the structure are predicted by
assuming lone or nonbonding electron pairs to be more repulsive than single
bonds, with double bonds being almost as repulsive as the lone pairs. Since

the valence electron pairs arc treated as points, their repulsive effect is

sy -

assumed to be directionally independent. This approximation holds well for
highly symmetric molecules, such as octahedrons or tetrahedrons, and for
valence electron pairs which arc cylindrically syvmmetric with respect to their
axes. However, if a molecule possesses a structure of lower syvmmetry, such

as a trigonal bipyramid, and i{ the valence electron pair is not cyvlindricatlv
symmnetric, such as the 1T bonds of double bonds, directional repulsion effects
h can be expected which should depend on the nature of the orbital and its

clectron density distribution.

Contrary to the ligands in a tetrahedron or octahedron, those in a trigonal
k bipyramidal molecule, when arranged as cquidistant points on a sphere, are

y not cquivalent. The two axial ligands have a greater (ideally by a facter of
Y2} central atom-ligandbond length than the throe equatorial ligands. Consc-
quently, an equatorial ligand posscsses two nonequivalent pairs of ncighbors,
one axial one of greater hond length and ddeally at 90 angles, and one

. - . Q
cquatorial one of shorter bond tength and ideally at 1207 angles.

8 In this paper, two cascs are presented which are strong evidence for the

cxistence of direcrional repul<ion effects in trigonal hipvramidal molecules.
. . IS | -
These two cases are (i) a comparison of the structures of SE 7 "and \:SLI

. a=l0 . N
{(wheve X s 0 or CHL)Y, ]lnnd (i1) the structure of (IL;H.

In the tirest

4
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case, the relative repulsion of the axial and of the equatorial fluorine
ligands by either the Ii-bonds of a double bond or a free valence electron
pair is compared, whereas in the second case, the combined c¢ffect of a lone

pair and of a doubly bonded oxvgen is described.

For a meaningful comparison, we must first establish the relative
replulsive strength of a lone valence clectron pair and of a doubly bonded
oxygen in the absence of directional cffects. Inspection of the known

114

structures of IF 12and IFqusand of XCOF1

5
s’ - q80° Iy
S
P 1> e " e
F F O q1¢°

shows that in these pseudo-octahedral molecules the repulsive strengths of a
lone valence elctron pair and of a doubly bonded oxygen arc very similar, and
that, as demonstrated for XeOFl, the oxygen can be even slightly more repulsive
than a free valence clectron pair.

i
PF§O, the free valence elecctron pair appears to be somewhat more repulsive

tn the pscudo-tetrabedral modecules l‘F_é and

than oxygen. ®)

P P\
e
F/F/ \mfg(’

)
.8
or practical purpeses, the nendivectional

F

\
F 97
The above examples show that, f
repulsive strengths of a free valence clectron pair and of a donbly honded
oxygen are comparable. For a more precisce comparison, coffects such as
changes in the oxidation state of the central atom or in the hyvbridi~ation
of the orbitals, should be ctiminated. This is best achicved by selecting
a compound, such as X(‘OI-“l containing both a free valence clectron pairv and
doubly bonded oxygen at the same time.  To this wmanner, their velative repul<ive

strengths can be compared under identical conditions,

RI/RD80~134
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Returning to the less symmetric case of trigonal bipyramidal melecules

let us consider the structures of SF4, 0=SF, and H7C=SF1.

4
F F F
F H
F o F
- %&‘mﬂ 0= 55L 15 >c= s])—97°
F o~ F
N :
AN\ 730 - 164 H F\”O?r

As recently pointed out by Oberhammer and Boggs,ﬁrhc Fsit bond angles are
surprisingly different in these molecules, but could be well duplicated by

ab initio MO calculations. These calculations showed that the observed differ-
ences in the structures of 0=SF

and H,C=8F,  can be satisfactorily explained

! 1
by the ditferent population ot the X=S Ml-bond orbitals in the equatorial and
the axial planc (OSFd, I =0.1%7a.u.,Il =0.12a.u., H)C=SFJ, n =0.23a.u.,

on ax cq
. .=0.02a.u.).
ax

The comparatively small P SE l bond angle of SF_ can bhe rationalized

eq oy 4
in the following manner. A lone clectron pair can be delocatized rather
. . ~15 . -16 . .
easily, as shown by a comparison of BrF( and [Ph . Although in both ions, the
3\

central atom possesses a lone valence clectron pair, the seize of bromine
permits only a maximum coordination number of six (toward fluorine) and the
lone pair in BrFé is stertcally inactive and centrosymmetric.  In ]F;, the
larger central atom can readily accept scven or cight ligands, as demonstrated
by the cxistence of IF, and TFR~}7'18 and, therefore, the lone valence electron
pair becomes sterically active and is localized.  Due to its case of delocaliza-
tion, a free valence electron pair can then be expected to compress in a
trigonal bipyramidal arrangement preferentially that FSIF angle, which is

more easily compressed. Since in an ideal trigonal bipyramid the cquatorial
FSF angle is 1200, it shonld be compressed move casily than the two axial
fluorine which must be compressed against the fluorine containing cquatorial

plane which is at a 90° angle.

On the other hand, the Tl-orbitals of an S=X double bond are more localiced
and concentrated between the sulfur and the X atom in the cquatorial and the axial

plane of the melecnle.  Depending on the relative population of these orbitals,
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preferential repulsion of either the axial or the cquatorvial fluorines is
possible. Thus the "shape" of the S=X Il-bond is responsible for the preferred
direction of the repulsion effect and must be considered when predicting the

structure of an unknown molecule.

In view of these dircctional repulsion effects, the change in a single
bond angle is not a good measure for the overall repulsive strength of a
ligand or a free valence electron pair. Since the repulsion of all the other
ligands must be considered, the average quadruple nngloloshould be used for
such a comparison. In SFA’ OSF4 and ”2C5F4’ these average quadruple angles
are 111.5, 110.3 and 113.30, respectively, indicating that the overall
repulsive strengths of a free valence electron pair and of a S=X Il-bond arc,
within experimental error, quite similar, but that they strongly differ in

their directions.

Since the molecular structurce of SFjO has not vet been cestablished
beyond doubt (four models have hecn proposed based on an clectron diffraction
study)? and since onc migﬁt arygue that secondary effects, such as the difference
in the oxidation state of the sulfur central atom, might be of importance, the
structural study of a trigonal bipvramidal molcecule containing both a lone
valence electron pair and a doubly bonded oxygen atom, was important. Such

. . . . 11
a molecule 1s C1F30, the structure of which was recently established.

Feq

o o
913 IF\/%’Z > 1405 A /O
N {-/o .
) —— Ce/\,_‘loe-s’ SIDE VIEW |——C'£ TOP VIEW
l—’(j JFb ;:\\\\
ax

£ £7.9°

The fact that the axtal fluorine atoms are repelled much stronger by the
oxvgen ligand than by the lone pair, confirms the existence of dirvectional

repulsion effects in trigonal hipvranmidal molecules and supperts the conclusions

reached from the comparison of the SV, OqFj, H’('Slf1 SCries.

!
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In summary, in trigonal bipyramidal molecules, cylindrically nonsymmetric

valence electron pairs can result in dircectional repulsion eftects. These

effects can be rather pronounced and cannot be accounted for by simple VSEPR

5
4

theory.l

Acknowledgement. One of us (KOC) is indebted to the Office of Naval Rescarch,

Power Branch, for financial support.

oy~

RI/RD8O-134

N 4
H-5




-y

s Ty . eeesR AT T

References

(1) R. Gillespie and R. S. Nyholm, Q. Rev., Chem. Soc., 11, 339 (1957};
R. Gillespie, J. Chem. Educ., 10, 295 (1963); 47, 18 (1970.
(2) R. J. Gillespie, "Molecular Geometry,'" Van Nostrand Reirhold, London, 1972.
(3) W. M. Tolles and W. D. Gwinn, J. Chem. Phys., 36, 1119 (1962).
(4) K. Kimura and S. H. Bauer, J. Chem. Phys., 39, 3172 (1963).

(5) G. Gundersen and K. Nedberg, J. Choewm, Phys., 51, 2500 (1909Y.
(6) H. Oberhammer and J. E. Goggs, J. Mol. Struct., 56, 107 (1979);
H. Bock, J. E. Bogg, G. Kleemanu, D. Lentz, H. Oberhammer, E. M. Peters,
K. Seppelt, A. Simon, and B. Solouki, Angew. Chem.Int. Ed., 18, 944 (1979).
(7) K. S. R. Murty and A. K. Mohanty, Indian J. Phys., 45, 535 (1971),
K. S. R. Murty, Bull. Nat. Inst. Ind., 30, 73 (1965).
(8) J. D. Graybeal, Sixth Austin Symposium on Gas Phase Molecular Structure,
Austin, Texas, 1970.
(9) K. 0. Christe, €. J. Schack and E. C. Curtis, Spectrochim. Acta, Parr A,
33, 323 (1977).

—

(10} Hargittai, J. Mol. Struct., 50, 301 (1979).

(11) H. Oberhammer, unpublished resuits.

(12} A. G. Robiette, R. H. Bradley, and P. N. Brier, J. Chem. Soc. D, 1567 (1971),
R. K. Heenan and A. G. Robictte, J. Mol. Struct., 55, 191 (1979).

(13) L. S. Bartell, F. B, Clippard, and E. J. Jacob. Inorg. Chem., 15, 3000 (1976) .

(14} J. F. Martins and E. B. Wilson, J. Mol. Specrtr., 20, 410 (1965??

(15) R. Bougon; P. Charpin, and J. Soriano, C. R. Acad. Sc. Paris, Ser. C,

272, 565 (1971).

(l6) K.
(17)y C. J. Adams, Inorg. Nucl. Chem. Letters, 10, 831 (1974).
{18) F. Seel and M. Pimpl, J. Fluor. Chem., 10, 413 (1977).

0. Christe, Inorg. Chem., 11, 1215 (1972},

Rocketdyne, A Division of Rockwell International, Canoga Park, CA 91304

K. 0. Christe*

Department of Chemistry, University of Tubingen, 7400 Tuibingen 1, West Germany

. Oberhammer

RI/RDEO-1 34
H-6




[y

JRE—

. B .
(XU

L

316 fnorguanic Cnenusiry, voi. 18, ivo. v, tys9

Lhriste, Wilson, and Curtis

Contribution from Rocketdyne, a Division of Rockwell International,
APPENDIX I

Canoga Park, California 91304

Novel Onium Salts. Synthesis and Characterization of the Peroxonium Cation, H,O0H*

KARL O. CHRISTE,* WILLIAM W. WILSON, and E, C. CURTIS

Received March 5, 1979

The synthesis and properties of H;0,*Sb,Fy;~, H;0,*SbF,", and H;0,*AsF ", the first known examples of peroxonium
salts, arc reported. These salts were prepared by protonation of H,0, in anhydrous HF solutions of the corresponding
Lewis acids. They were isolated as metastable solids which underwent decomposition to the corresponding H,0* salts
and O, in the temperature range 20-50 °C. The H;0,* salts were characterized by vibrational and NMR spectroscopy.
Modified valence force fields were computed for the isoelectronic series H,OOH*, H,NOH, and H,NNH-. The similarity
of their observed spectra and computed force {ields suggests that the ions are isostructural with H,;NOH which possesses
C, symmetry with the unique hydrogen being trans to the other two hydrogens. The influence of protonation on the stretching
frequency of the two central atoms is discussed for the series HOO™, HOOH, H,0OH*, H,NNH", H,NNH,, H;NNH,*,
and H;NNH;™. Attempts to protonate both oxygen atoms in H,0, to form H,0,2*(SbF;); resulted in H;0,*Sb,Fy,~
as the only product. The strongly oxidizing Lewis acid BiFs underwent a redox reaction with H,0; in HF, resulting in
quantitative reduction of BiF, to BiF;, accompanied by O, evolution. When a 2:1 excess of BiFs was used, an adduct formed
having the approximatc composition BiFyBiFs. Heating a mixture of solid H;0,*Sb,F,;~ with a strongly fluorinating agent,
such as BiFy or Cs,NiF,, resulted in a green chemiluminescence band centered at 5150 A

Introduction

Anhydrous HF-Lewis acid solutions are ideally suited to
protonate less acidic substrates. This technique has suc-
cessfully been applied to the isolation of novel salts containing
the H,0%,'* H,S*,56 NH,F,*,” and AsH,* ¢ cations. Since
all these cations contain a single central atom, it appeared
interesting to extend this-method to a substrate containing two
central atoms, such as H,0,. In such a case, both single and
double protonation are possible, and the influence of pro-
tonation on the strength of the bond between the two central
atoms can be studied. Such effects are well-known?® for the
related hydrazine molecule. Although the HO,™ anion is
known,>® to our knowledge the corresponding cations derived
from H,0, have only been postulated,!’ but not characterized
or isolated as salts.

Further interest was added to this study by the fact that
H,0, is a starting material for the generation of excited
molecular oxyger which in turn is of great interest for a near
resonant encrgy-transfer iodine laser. Therefore, the com-
bination of an H,0,* cation with a strongly oxidizing anion
in the form of a stable salt could provide a suitable solid-
propellant gas generator for excited oxygen.

Experimental Section

Materials and Apparatus. Volatile materials used in this work were
manipulated in well-passivated (with CIF, and HF) vacuum lines
constructed cither entirely from Monel Teflon-FEP or entirely from
Teflon-PFA with injection-molded fittings and valves (Fluoroware
Inc.). Nonvolatile materials were handled in the dry nitrogen at-
mosphere of a glovebox. Hydrogen fluoride was dried by treatment
with Fy, followed by storage over BiF to remove last traces of H,0.}
Antimony pentafluoride and AsFg (Ozark Mahoning Co.) were
purified by distillation and fractional condensation, respectively,
Bismuth pentafluoride (Ozark Mahoning Co.) was used as received.
Hydrogen peroxide (90%, FMC Corp.) was purificd by repeated
fractional crystallization,'? and material of 99.95% purity, as analyzed
by titration with KMnO, solution, was obtainable by this method.
All equipment, used for handling H,0,, was washed with 12 N H,80,,
thoroughly rinsed with distifled H,0 and dried in an oven prior to
use. For the hazards and necessary precautions of handling con-
centrated H,0, sce ref 12, The synthesis of Cs,NiF, has previously
been described. !

Infrared spectra were recorded in the range 4000-200 ¢m™ on a
Perkin-Elmer Model 283 spectrophotometer. Spectra of dry powders
at room temperature were obtained by using pressed (Wilks minipellet
press) disks between AgCl windows. Low-temperature spectra were
obtained as dry powders between Csl plates with a technique similar
to one previously reported.™

The Raman spectra were recorded on a Cary Mode! 83 spec-
trophotometer using the 4880-A exciting line and a Claassen filter!

for the elimination of plasma lines. Sealed quartz or Teflon-FEP tubes
were used as sample containers in the transverse-viewing, tran-
sverse-excitation technique. The low-temperature spectra were re-
corded with a previously described’® device. Polarization measurements
were carried out according to method V111 listed by Claassen et al.'$

Debye-Scherrer powder patterns were taken with a GE Mode!
XRD-6 diffractometer. Samples were sealed in quartz capillaries

-(~0.5-mm o.d.).

The 'F and *H NMR spectra were recorded at 84.6 and 90 MHz,
respectively, on a Varian Model EM 390 spectrometer equipped with
a variable-temperature probe. Chemical shifts were determined relative
to external CFCl, and Me,Si, respectively.

A Perkin-Elmer differential scanning calorimeter, Model DSC-1B,
was used for the determination of the thermal stability of the
compounds. The samples were sealed in aluminum pans, and heating
rates of 2.5 and 10°/min were used.

For the chemiluminescence experiments, H;0,Sb,F;; was mixed
with cither solid BiFs or Cs;NiF, and placed into the bottom of a Pyrex
glass tube which was equipped with a stopcock. The tube was
connected to a vacuum manifold and heated in a dynamic vacuum
by a stream of hot air until gas cvolution and chemiluminescence were
observed. The emitted light was analyzed with a 0.5-m McKee-
Pedcrson monochromator over the range 2000-10000 A using a
spectral slit width of 25 A,

Preparation of H;0,*AsF,", In a typical cxperiment, AsFs (15.39
mmol) and anhydrous HF (50.76 mmol) were combined at ~196 °C
is a passivated Teflon-FEP ampule equipped with a valve. The mixture
was allowed to melt and homogenize. The ampule was then taken
to the drybox, and H,0, of 99.95% purity (15.29 mmol) was syringed
in al =196 °C. The ampule was transferred back to the vacuum line
and evacuated at =196 °C; it was then kept at =78 °C for 2 days to
allow reaction. After this period, no evidence was found for material
noncondensable at 196 °C, i.c., no O, evolution. The mixture was
warmed to -45 °C, and a clear solution resulted. Material volatile
at -45 °C was removed by pumping for 10 h and was collected at
-196 °C. A white solid residue resulted which was of marginal stability
at ambicent temperature. On the basis of the observed material balance
(weight of 15.29 mmol H;0,AsF: caled, 3.423 g; found, 3.47 g),
the conversion of H,0, to Hy0,AsF was complete within experimental
error, The compound was shown by infrared and Raman spectroscopy
to contain the H;0,* cation and AsF, anion }17-20

Thermal Decomposition of H;0,*AsF,~. A sample of Hy0,AsF,
(28,93 mmol) was allowed to decompose at ambient temperature. An
exothermic reaction occurred, gererating 14.6 mmol of O, and a white
solid residuc which was identified by vibrational spectroscopy as
H,0*AsF,")!

Preparation of H,0,*SbF, . Antimony pentafuoride (27,96 mmot)
was added in the drybox to a passivated Teflon-FEP U-tube equipped
with two valves and a Teflon-coated magnetic stirring bar. Anhydrons
HF (522.9 mumo!) was added on the vacuum line at ~196 °C, and
the mixture was homogenized by stirring at 20 °C. In the drybox
hydrogen peroxide (27.97 mmol) was syringed into the U-tube at ~196

IReprinted from Inorganic Chemistry, 18, 2578 (191“9)‘.] : _
Copyright © 1979 by the American Chemieal Society and reprinted by permission of the copyright owner,
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°C. The cold tube was transferred back to the vacuum line and was
cvacuated. The tube was warmed from ~196 to -78 °C for 1 h with
agitation which resulted in the formation of a finely divided white
solid, suspended in the liquid HF. When the mixture was warmed
to 20 °C, the white solid completely dissolved. No gas evolution was
observed during the entire warm-up operation, and no noncondensable
material conld be detected when the mixture was cooled again to ~196
°C. The HF solvent was pumped off at -22 °C for 3 h resulting in
7.566 g of a white solid (weight calculated for 27.96 mmol of
H;0,8bF, = 7.570 g), stable at 20 °C. The compound was shown
by vibrational spectroscopy to be composed of Hy0,* cations and SbF,
anions.!"*1819 Additional support for the compositinn of the produet
was obtained by allowing a sample of H;0,SbF 1o thermally de-
compose at about 45 °C. This decomposition produced O, and the
known H;OSbF; salt! in almost quantitative yield.

Preparation of H,0,S,F,;,. The synthesis of this compound was
carried out in a manner identical with that described above for the
preparation of H;0,SbFg, except for using an excess of SbFs. Thus,
the combination of SbFs (14.83 mmol), HF (407 mmol), and H,0,
(6.83 mmol) produced 3.581 g of a white solid {weight calculated
for 6.83 mmo! of H;0,SbF¢1.17SbF = 3.581 g), stable up to about
50 °C. The compound was shown by vibrational and NMR spec-
troscopy to contain the H;O,* cation and Sb,F,,” as the principal anion.

The H,0,-HF-BiF System. Bismuth pentafluoride (10.68 mmol),
HF (394 mmol), and H,0,; (10.15 mmol) were combined in a
passivated Teflon ampule in a manner analogous to that described
for the preparation of H,O,SbF,. The mixture was warmed from
-196 °C to ambicnt temperature. During the warm-up operation gas
evolution was observed which was accompanied by the formation of
a copioms white precipitate which showed little solubilityjn HF at

ambicn tinperaiure, Bunds duv Lo vriner "_ii?s Yo Bi.rs I bt
are strong Raman scatterers) could not be detected in the Raman
spectra of either the liquid or the solid phase. The evolved gas was
removed from the ampule at -196 °C and consisted of 10.1 mmol
of O,. The material volatile at 20 °C was pumped off, leaving behind
2.897 g of a white solid which was identified by vibrational spectroscopy
as BiF,*¥ (weight calculated for 10.68 mmol BiF, = 2,841 g).

When BiFs and H,0,; in a mole ratio of 2:1 were combined in a
similar manner in anhydrous HF solution, the weight of the resulting
white stable solid product closely corresponded to that expected for
BiF,-BiFFy. The product was characterized by vibrational spectroscopy
which showed it 1o be an adduct and not a simple physical mixture
of BiFy and Bils.

Results and Discussion

Synthesis. On the basis of the observed material balances,
H,0, is protonated in HF-MF; (M = As, Sb) solutions
according to

H,0, + HF + MF, — H,0,*MF’

No evidence was found for double protonation, i.e., H,0,%*
formation, cven when SbF, was used in a twofold excess.
Instead, the polyanion Sb,F,,” was formed according to

H:Oz + HF + 2SbF5 g H_102+Sb2F“-

It is interesting to compare these results with those previously
reported? for the N,H ,~HF-TaF; system for which double
protonation, i.c., N,H*(TaF,7); and N,H*TaF,;* for-
mation, has been observed. Although other effects, such as
the relative solubilities of the possible products, are certainly
important, the predominant reason for the exclusive single
protonation of H,0, appears to be its decreased basicity.
Whereas N,H, is a weak base in aqucous solution (pKy =
5.77), Hy0, is a weak acid (pX, = 11.6). With increasing
protonation, the basicity of the resulting cations further de-
creases, and NyH* (pK, = 6.1) becomes a weak and N,H >
(pK, = -1) a strong acid.**** Whereas NyHg* has an acidity
comparable to that of H,S (pA, = 7) which is known** to form
stable H,;S* salts, H;0,* is too acidic to undergo further
protonation to H,0,*.

Attempts to prepare 1,0,* salts derived from BiFs were
unsuceessful, The latter is o relutively strong oxidizer and is
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readily reduced by H,0, in HF solution according to
BiF5 + HzOz had BiFJ + 2HF + 02

When a twofold excess of BiF; was used, the following reaction
was observed:

2BiF; + H,0, — BiF-BiF, + 2HF + O,

The resulting BiFy-BiF product was shown by vibrational
spectroscopy [Raman: 591 (10), 583 (4.6), 538 (1.5), 521
(0.1), 496 (0.6), 475 (sh), 232 (0.5, br), 120 (0.2, br) cm™!,
IR: 708 (w), 615 (s), 606 (sh), 575 (s), 550 (sh), 535 (vs),
400-500 (m, vbr) cm™'] not to be a physical mixture of BiF,*?
and BiF;.2'?? By analogy with the known BiF,~SbF; and
SbF;-SbF; systems, 2 a BiF,.BiF-type adduct appears most
plausible. However, in view of the complexity of the products
formed in the SbF;~SbF, system,?”28 a detailed characteri-
zation of this BiF,-BiF; adduct was beyond the scope of this
study.

Properties. The H;0,*SbF,, H;0,"Sb,F,;-, and
H;0,*AsFy salts are white crystalline solids. X-ray powder

patterns were taken for H;0,*Sb,F,;~ but contained too many """

lines to ailow indexing. All these H30,* salts are of marginal
thermal stability and were shown to undergo exothermic
decomposition to the well-known' H;O" salts according to

H302+M FG- i H]O+M FG- + l/202
Of the above H,0," salts, the AsF, salt is the least stable and

cesily decomnesrs af room temperatire. The H .(GLSh.Fy, salt
was found to be most stable. Un the basis of DSC data, its
decomposition starts with a small endotherm at 51 °C, fol-
lowed by a large cxotherm. In a sealed melting point capillary,
decomposition accompanied by foaming was observed at about
65 °C. The thermal stability of H;0,SbF, is intermediate
between those of HJOzASFg and HJO;’szF”. It should be
pointed out that the thermal stability of these H;O,* salts
appears to decrease in the presence of free H,O,. Probably,
the highly acidic H;0.* salt catalyzes the exothermic de-
composition of H,0,, with the evolved heat promoting the
decornposition of the H,0,* salt itself.

The reaction of H,0,* salts with fluorinating agents ap-
peared interesting as a potential method for the generation
of excited molecular oxygen (O,*). Antimony pentafluoride
or SbF¢~ were not strong enough oxidizers to fluorinate H,O,*,
and BiF, reacted at too low a temperature with H,0, to
permit isolation of the desired H,0,BiF, salt. Therefore, the
concept could not be directly tested to produce O,* by the
simple thermal decomposition of a salt composed of H,0,*
and an oxidizing anion. However, when solid H,0,Sb,F,, was
mixed at room temperature with a solid oxidizer, such as BiF;
or Cs;NiFg, and when this mixture was heated to about 80
°C, a reaction occurred which was accompanied by green
(5150-A) chemiluminescence. This 5150-A band did not
exhibit detectable fine structure, and no additional bands were
observed over the range 2000-10000 A. Consequently, the
5150-A emission is not attributed to either vibrationally excited
HF¥ or 0,

Nuclear Magnetic Resonance Spectra, The 'F NMR
spectrum of Hy0,SbF,1.17SbFs was recorded for a SO,
solution at =90 °C. It showed resonances (¢ 91, multiplet;
111, doublet of doublets; 133, quintet) characteristic®' for
Sb,F);". In addition, a weaker doublet at ¢ 102 was observed
which is characteristic*'-? for SbF.SO,. The quintet part of
this species could not be directly observed since it exhibits a
chemical shift similar to that of the quintet of SbyFy,~. The
observation of some SbF S0, is in excellent agreement with

a previous report® that the highest polyanion observed for...- -

SbF,nSbFs in SO, solution is Sb,F,,", with any remaining
SbF, being converted to SbFSO,. In addition to the signals
due to Sb,F,” and SbFSO, n weak unresolved signal was
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Table 1. Vibrational Spectra of 1,0, AsF, H,0,5b1,, and H,0,5b,F,, and Their Assignments

Christe, Wilson, and Curtis

obsd freq, cm™' (rel Iintens)®

H,0, A1, H,0,SbF, H,0,5b,F,, assignt (pt group)
Raman Raman Raman Raman * ‘e
IR (--196 °C) (~100°C) IR (196 °C)  (~110°C) (25 °C) IR (25 °C) (25°C) H?g,!;’ ?gz,ib
3440 sh 3440 (0.8) 3440 sh 3440 (0+) 3447 s 3435 (0+) v, (A")
3400-3150 vs 34003150 vs 3400 b v, (A")
3228 vs 3230 (0+) br  3230vs 2600 § ¥ ¥°r vy (A")
- 2178w - ——
1535w 1547 (0.4) 1539 (0+) 153t m 1530 (0+) vy (A)
1425 mw 1417 (1) 1421 mw 1426 (0+) 1420 ms 1419 (0+) v (A)
1280 w
1228 mw 1227 (0+) vy (A")
1115 m 1126 mw 1130 (0+) br 11375 1135 (0+) v, (A")
1100} m. vbr 1065 sh
900} 965 sh
915w
870 m 873 (10) 876 mw 879 (8.6) 880 (5.4) 878 (1.5)}
869 m 868 (3) ve (A")
771(0.2)
728 vs 734 (39) 689 (5) 730 688 (10)
711 (1.5) 677 (10) 667 (10) vs, br 664 (0.5) v, (Ayg)
665 vs 673 (9.5) 666 vs 642 (7) 640 649 (5.4)
635 sh 615s
585 m 571 ms 594 mw
559 (2.4) 560 (2)
550 ms 514m 555(0.7)br  565m 576 (0.7) v, (Ep)
528 (1.4) 530 (0.5)
470 m 375 mw 508 m
ADN {04y 326 (1) 301 (2 8
388 s ’ 309 mns
370 (5.0) 283 (5) 282 (4) 280 (1) vs (I';g)
348 ms 263 (0.9)
316 (1.2) 226 (0.5) 226 (0+) 236 (2)
202 (2.5) 200 (1.5)
189 sh 174 (3.2) 167 (0+) 167 sh
149 sh 126 (2.4)  122(04) 144 (0.6)
129 (3.2) 112 sh

a Uncorrected Raman intensities. ® The assignments given for Sbl’,~ are for the room-temperature Raman spectrum of H,0,Sb¥, in which
In the low-temperature spectra the symmetry of the MF,~ anion is much lower

SbF, = appears to be octahedral due to rotational averaging.
than O, (scc text).

observed at ¢ 106, in agreement with previous observations®!
on the 1-BuF-3.8SbF; system. This signal is tentatively as-
signed to some SbF-H,0- or SbF-H,0-SbF,-type species.’
Attempts to observe the characteristic SbF¢™ signal in the
9F NMR spectra of H;0,SbF in different solvents were
unsuccessful. In SO,CIF the compound was insoluble. In
either HF or HF acidified with AsF; only a single peak was
observed due to rapid exchange between all fluorine-containing
specics. In SO, at -85 °C only two unresolved signals were
observed at ¢ 107 and 127 with an area ratio of 4:1 indicating
the possible presence of some (SbF),H,O-type species.’> The
failure to observe SbF4™ for H3;0,SbF, in SO, parallels the
previous report®! by Bacon and co-workers who found that,
unlike CsSb,F |, the CsSbF; salt is rather insoluble in SO,
and Sb,F,,™ is the only observable anion in this solvent.
The '"H NMR spectrum of H;0,Sb,F,; in CH,SOCH;,
solution showed a single broad asymmetric peak. Its line width
and chemical shift were temperature dependent. At 20 °C
its line width at half-height was 81 Hz, and § was 11.80 rclative
to external Me,Si with a shoulder on the upficld side. AtO
°C the line narrowed tc 36 Hz and broadened ugain at —60
°C to 72 Hz. With decreasing temperature the line became
more symmetric and shifted downfield (6 12.20 at -60 °C).
The fatlure to observe two different types of protons and the
variation of the obscrved line widths incicate rapid proton
exchange for H;0,*. The assignment of the observed signal
to H,0,* is supported by its large downficld shift. For
comparison, 99% pure H,0, exhibits between 20 and -30 °C
a chemical shift of 5 10.3 relative to external MeSi. On
protonation, this signal is expected to be shifted further

RI/RD80-134
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downfield, as has previously been demonstrated® for numerous
other species. The signal assigned to H;0,* also occurs
significantly downfield from those previously reported for
H,0* 343 and SbF:H,0% and therefore cannot be due
mainly to these species.

In HF-ASsF solution at ~80 °C, only a single broad signal
at § 11.06 was observed for H;0,Sb,F,, indicating rapid proton
exchange between H,0,* and the HF solvent. In SO, solutions
of Hy;O,Sb,Fy,, two lines at 3 9.94 and 11.84, respectively, were
observed at ~80 °C. The relative intensity of the § 9.94 signal
varied from sample to sample and also as a function of
temperature. With decreasing temperature the peak area of
the § 9.94 signal decreased more rapidly than that of the &
11.84 signal. These observations suggest that the two signals
cannot belong to the same species. By comparison with
previous reports,'**35 the 4 9.94 signal is assigned to H,0*,
and the more intense § 11.84 signal is attributed to H,0,%,
in good agreement with our observations for the CH,SOCH,
solution. The line width of the é 11.84 signal was temperature
dependent and showed a minimum (~7 Hz) at about —60 °C,
but no splittings could be observed. With increasing tem-
perature, the 5 9.94 and 11.84 signals moved closer together, ~
indicating the onset of chemicul exchange between the two
specices,

The observations of H,O* in the proton spectrum and
possibly of a small amount of an (SbF),+H,0 adduct in the
fluorine spectrum suggest that H,O,Sb,F,, may undergo either
a redox reaction or decomposition in SU, solution.

Vibrational Spectra. The infrared and Raman spectra of
H,0,AsF,, H;0,SbF,, and H,O,Sb,F, are shown in Figures
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Figure 1. Vibrational spectra of H;0,*AsFg: trace A, infrared spectrum of the solid as a dry powder between Csl disks recorded at -196
°C; trace B, Raman spectrum of the solid in a glass tube recorded at -100 °C with a spectra) slit width of 8 cm ' and a sensitivity of 100000:
inserts C and D were recorded with a spectral slit width of 10 cm ! at sensitivitics of 380000 and 250000, respectively.
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Figure 2. Vibrational spectra of Hy0,*SbF, : traces A and B. infrared spectra of the solid recorded at -196 °C a1 two different sample
concentrations; traces C and E, Raman spectra of the solid recorded at 25 °C with spectral slit widths of S and 10 cm', respectively: trace

D. Raman spectrum of the solid recorded at - 110 °C.
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Figure 3. Vibrational spectra of Hy0,*Sb,F), : trace A, infrared spectrum of the solid as a dry powder between pressed AgCh disks: traces
B, C, and D, Raman spectra of the solid recorded at 25 °C with spectral slit widths of 5, 10, and 2.5 cm !, respectively.

1, 2, and 3, respectively, and the observed frequencies are
summarized in Table I.  For the thermally more stable
antimonate salts, spectra could be obtained at ambient
temperature without the samples undergoing significant de-
composition to the corresponding H,0* salts. For H;0.AsF,.
only low-temperature spectra could be obtained.

The vibrational spectra of H;0,SbF, (see Figure 2) showed
a pronounced temperature dependence. At room temperature,
the Raman spectrum (traces C and E) exhibited three bands
at 667, 555, and 282 cm ', respectively, characteristic for
octahedral SbF, .'*71%1% When the sample temperature was
lowered, the number of bands due to SbF, significantly in-
creased, indicating that the symmetry of SbF, became lower
than O,. This transition was found to be reversible and to
occur close to room temperature. Similar transitions have
previously been observed for the corresponding H,0*.! D,O*.*
and O.* V7 salts. They can be attributed to rapid motions of
the ions in the crystal lattice at room temperature, causing
rotational averaging. With decreasing temperature, these
motions are frozen out, causing the observed effects of
symmetry lowering of the anions. Since the symmetry of the
corresponding cations is fow (no degeneracies), their vibrational
spectra are much less affected.

Assignments for the H,0.* Cation. The assignments for
H,;0,* were made on the basis of the following arguments.
With the exception of the O O torsional mode, which by
comparison with the known frequency™ of the corresponding
N- O torsion in the isoelectronic H-NOH molecule is expected
10 occur below 400 em ', all of the fundamental vibrations of
H,0,* should have trequencies higher than those of the anions.
The bands duc to the anions can be further identificd by
compirison with the ambicnt and low-temperature spectra
previously reported for the corresponding H,O* ' and NH,LF,*’
salts. In view of the complexity of the low-temperature anion
spectria, in Table | only the room-temperature Raman
spectrum of rotationally averaged SbF, has been assigned.
Keeping in mind that Sb,F,, spectra strongly depend on the
nature of the countercation, the room-temperature spectrum
of Sb.F,, in H,0,8b,F,, is in fair agreement with those
previously observed for this anion in numerous other salts, ™ *!

Thus, the intense bands occurring above 800 ¢m ! should
belong to H,O.*. By comparison with the known trans

Table {l. Comparison of the Vibrational Specttum ot H,O " with
Those of Isoclectronic H,NOH and H ‘N

ohsd Inq an’ !

assignt tor

H,XYH in  approx desenipt H,- H,- ||:-
pt group Cg of nmd\ ()()Il‘ N()Il" NNH ¢
A r, rtYH) 3440 JoS6 32m2

v, tgymtNIL) 3229 31297 3o
vy bepisst NH ) 1536 1605 1599
v, H(XYH) in plane 1421 1387 1330
b byagNI) 1136 1S 1103
v, rXY) 875 895 R4”
AT eemtXHL) 3s S0 3ss
IR r(\I) 1228 1297 120
v, riXY) 13861 86 JREE R

| gtimated frequency vatues. ® Data trom ref 46, but 1evined
according to ref 38, € Data from ref 48, but with revised assipne
ments foregand v,

structure of isoelectronic H.NOH.* this cation should have
the following structure of symmetry €

o
/\ /O/’7

N
H.( \//

Consequently, nine fundamentals (6 A”+ 3 A”) are expected
for H,0.*. These fundamentals should all be active in boih
the infrared and the Raman spectra. Of these. cight should
occur above 8O0 cm ' (see above).  As can be seen from
Figures 1 3 and Table I, indeed cight bands were observed
in this frequency region. An approximate description of the
H,0.* fundamental vibrations is given in Table 11, There
should be four stretching modes. Three of these should volve
hvdrogen ligands, while the fourth one is the oxygen oxygen
stretching mode.

The three hydrogen oxygen stretehing modes should occus
above 2500 ecm ' Their assignment. however, s somew hat
complicated. By comparison with the known spectra of relaed
molecules, such as CHNHLA HNOH ™4 1O, CH,OH.
and >CH, group containing molecules.” we would expect the
H,O group to exhibit two intense infrared bands in the O
stretching region. Of these two, the antissmmetric stretching
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mode should have a frequency S0 100 cm ' higher than that
of the symmetric stretching mode. In the Raman spectrum
the symmetric stretching mode should be much more intense
than the antisymmetric one. The unique -OH stretching mode
should be of considerably lower infrared intensity than the two
-OH, stretching modes.

Inspection of the Raman spectrum of H,O,AsF, shows a
very narrow Raman line at 3440 ¢m ' and a barely detectable
broad line at 3230 em ', Since the 3440-cm ' Raman line
shows only a rather weak infrared counterpart while the
3230-cm ! one exhibits a very intense infrared counterpart and
since no intense infrared band occurs above 3340 ¢m ', the
3440-cm ! band is assigned to the unique  OH stretch and
the 3230-cm ' band to the symmetric - OH, stretch of
H.OQH*. The 3228-¢m ' infrared band exhibits a shoulder
on both its high- and its low-frequency side.  Instead of as-
signing these two shoulders 1o 1wo separate bands, one might
equally well attribute them to a single broad band onto which
the sharper 3228-cm ! band is superimposed. Such a broad
band nught be expected for the antisymmetric O, stretching
mode, and its center (3275 ecm ') results in a frequency value
which agrees well with the above predicted frequency dif-
ference between the symmetric and the antisymmetric OH,
stretehing mode. In the spectrum of HL,0,.8bE, the situation
is almost identical. For HO:8b,t | the infrared counterpart
to the 3435-cm ' Raman band is also rather narrow and occurs
at the very edge of the intense and extremely broad infrared
band. These observations seem (o support our assignments,
although it 1s not obvious why the Raman line for the unique

OH streteh should be so much sharper than that for the
symmetric O stretch 1 the OH streteh and the sym-
metric OH, stretch would have comparable Raman hine
widths, the latter should have o greater peak height than the

OH streteh and should be casily observed.

Whereas the modes invobving mainiy O H bonds should be
of low Ruman und of high anfrared intensity, the O O
stretching mode should be guite intense 1in the Raman
spectrum and oceur in the frequency range 800 1000 cm
It as theretore assagned to the strong Raman hine occurring
i all samples between 8N and X8Ocm ' As expected. this
band shows . counterpart of medium mtensits i the intrared
speetra In the spectra of O SHESV TISbECCHONbE )
this band shows a1 splitting 1nto two components, separated by
about 10 em 't This sphitting nught be due to the sample not
having an exact 12 stoichiometrs and theretore contaimng
a muxture of different pofvantimonates  For the two well
detined 11 adducts HLO ST, and HLOSBE, L no splittings
of this band could be detected

OF the finve deformation modes evpected for HLOL® of
ssmmetry C, tour mvolve the O H bonds and should occur
i the frequency ramee 1000 1700 cm - Indeed. tour minned
bands were observed in this trequeney range tor H O Sb i
with counterparts i the Raman spectram Ther assignment
to the indiadual modes (see Table T was maede by analogy
10 those known?” tor rebated molecules, such as HLOCHLOHL
CHNHL and CHLXL

The OHL sassormg mode should have the highest tre-
queney and occur between 1300 ynpd 1o em ' 1o theretore
assigned to the band observed i most spectra at about 18338
em b The NHoanr plane detormation maode s usualiy veny
intense i the intrared spectium and oceors for TENOC D
and HONOR Y G0 1s0 and 1S em ' respedtinels e
H.OOH" 11t is theretore assigned 1o the strong ifrared band
atabout THOGn The NYHomwishng made is usually ven
weak and occurs m HENSH O BENOBE ™ and HENNH N
126001297 and 1232 am L respectnely Teis therefore as
sighed to the micdiam weak band observed tor HOSh
122 cm " Thae s onlv one Treguenes £~ 1420 em ) et
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Table HIl.  Geometries® Used for the Normal-Coordinate Analyses
of the Isoelectronic H; XYH Molevules and lons

H.ooNn" H,NOH H,NNH"
r (XH) 0.98 1.016 1.03
RYH) 0.99 0.962 1.03
D (XY) 1.475 1.453 1.47
a (aHXIH) 107.06 107.06 107.06
B(aXYH) 101.22 101.22 101.22
¥ (21IXY) 103.45 10315 103.15

9 Bond distances in A and angles in degrees.

for assignment to the - OOH in-plane deformation mode. This
assignment is in fair agreement with the value of 1345 cm!
attributed to the corresponding  COH deformation in

The fifth deformation mode, the O O torsion, is expected
to oceur in the 300 400-cm ! frequency region. Since nu-
merous bands due to either the anion or anion cation in-
teractions occur in this region, no assignments are proposed
at this ime for this mode.

In summary, with the exception of the O O torsional mode,
all fundamentals of H,O0H* have been observed and as-
signed. The assignments are summarized in Table 111 and are
compared to those of isoefectronic HNOH ™ and H,NN-
H * The similarity of the vibrational spectra of HyOOH®*,
H,NOH. and HONNH suggests that the two ions are iso-
structuraf with NH.OH for which a trans structure of
symmetry C, was established® by microwave spectroscopy and
confirmed* by ab initio molecular orbital theory. As expected
for salts containing cations with hyvdrogen ligands and anions
with fluorine ligands, strong cation anion interiactions were
observed. These result in g lowering of the oxsgen hydrogen
stretching frequencies and cause splittings of the anion bands
1 the spectra il Jow temperatore 41 which rotanonal-averaging
processes are frozen vut

Normal-Coordinate Analyses. Normal-coordinate analyses
were carred out for H.OOH* and the isoelectronic H.NOH
molecule and HNNH amon o support the above assignments
and the contention that the three noefectronic species are
vostructural  Furthermore, st was important to establish
whether the fundamental vibration assigned to the stretching
mode of the two cential atoms s highhy charactenstic and
theretfore can be taken as o direct measure for their bond
strength

For the computation of the toree fields, the vibrational
trequencres and wssipnments of Table 11 were used. The
required potential and hinetic enerpy metries were computed
by machine method™ usang the geometries given in Table
HE Since the frequeney of the v Y orson made 1 (A7) s
unknown tor both HLOO® and HANNH and since, on the
basis of s expected low frequeney, couphng with other modes
should be neghgible. this tundamental was onntted from the
norml-coordimate analises  For OO and HWNNH | the
bond angles were assumed to be dennical wath those known
for HENOHL and the bond lengths were estimated by com-
paron with those known tor the silar HAOp and NGH,
molecules  The bending coordinates were weighted by unit
(1 A distance

The Torce constants of these XY H-tvpe species were
adjusted by b and error wath the aid of & computer o give
an et it between the absersed and computed frequencies
Since i the A block the XY stretching foree constant #,
was tound tostronghy depend on the vatues of the streteh bend
mteraction constants £, and £ the dugonal-swmmetry force
comtants were computed s a function of Fyoand F As can
be seen from Frgures 4 and Sothevalues of YH oF ) and XHL
VE L stretching toree constants are unaltected by the chowe
ot Fooand P but the XY strerch 17,0 depends strongly on
the choree of Fooand B In the absence of addimonal e
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Table 1IV. Anharmonic Symmetry Force Constants® and Potential Energy Distribution? of H,00H*, H,NOH, and H,NNH" ¢

symmetry force constants PED
H,00H* H,NOH H,NNH" H,00H"* H,NOH H,NNH"
A F,=fr 6.607 7.46 5.675 F,, 100 100 100
Foo=fr+fr 5.92 6.i3 5.42 F,, 100 100 100
Fou=1a 0.628 0.733 0.748 F,, 95 99 99
Fo=/ 1.054 0.902 0.977 Fe 94 98 98
F =l£ + oy 0.715 0.72 0.728 Fq, 95 97 96
Fo=Ifn 393 3.87 3.15 F,, 101 99 103
Fp=2" oy 0.1 0.1 0.1
Fu=lpg 0.2 0.2 0.2
Fo=2"p, 0.3 0.3 0.3
A" Fo=fr [ 5.884 6.089 5.401 F,, 100 100 100
Fa=fy~fyy 0.782 0.922 0.850 Fo 100 100 100

@ Stretching constants in mdyn/A, deformation constants in mdyn A/rad?, and stretch-bend interaction constants in mdyn/rad. b percent
contributions. Contributions of less than 9% to the PED are not listed. € Computed with the frequencies and assignments of Table 111; all
interaction constants except for £, £, and F,, were assumed to be zero.

o -
6of . o
59] % }
gl Fgs ‘
a4l |
oo ‘

4.0 .

— Faa!

Figure 4. Diagonal symmetry force constants {stretching constants
F,,. Fy. and Fyo in mdyn/A and deformation constants Fi,, Fy,. and
Fss in mdyn A/rad?) of the A’ block of H,O0H* as a function of
the stretch-bend interaction constant Fg, (in mdyn/rad). All the
remaining off-diagonal symmetry force constants were assumed to
be zero.

perimental data. such as oxygen isotopic shifts, the uncertainty
in the value of Fi, obtained by underdetermined force fields
must therefore be considered to be substantial. In the absence
of such additional data, we have chosen for the isoclectronic
H,XYH series a force field which resulted in a highly
characteristic potential energy distribution (PED) for all
fundamentals (sec Table 1V).  The X-Y stretching force
constants obtained in such a manner represent minimal values
but could be higher by as much as 0.4 mdyn/A if larger
positive values are assumed for Fy, and Fo. A moderate size
value was found necessary for Fiq to obtain a characteristic
PED for »; and »s.

In a recent paper, Botschwina and co-workers have
reported®' a partial ab initio harmonic force field for H,NOH.
Since this type of computation can yield valuable information
about the off-diagonal force constants, a comparison with the
results of Table IV appeared interesting. Botschwina et al.
report a value of 0.629 mdyn/rad for Fy, (using the force
constant designation of Table IV of our work) and predict
values of 8.1 £ 0.1 mdyn/A and 0.9 £ 0.05 mdyn A/rad’ for
F,, and Fy,, respectively. The fatter two values and the positive
sign of Fye are in fair agreement with the anharmonic force
field of Table 1V, although the value computed®! for F,
appears to be high. A calculation of a torce field with Fy =
0.63 and Fy, = 0 resulted in v and «, becoming almost equal
mixtures of Fo and Fg, and an unacceptably high value of
about S mdyn/A for F,. Assuming a positive value for Fy,
resulted in even less acceptable force constants.

ol
.

Fyg

F22
59

Fes
48
44

Figure 5. Diagonal symmetry force constants of the A’ block of
HLOOH?* as a function of Fy,.

A comparison of the results of Table 1V shows that the force
fields of isoelectronic H,OOH*, H.NOH, and H.NNH' are
indeed very similar and suggests that all members of this series
are isostructural. The small deviations observed within the
series (higher values of F\y, Fi,, and F+- for H;NOH) can be
readily explained. For HiNOH, gas-phase frequencies of the
isolated molecule were used, whereas in the HL,OOH* and
H.NNH salts the anion cation interactions lower the
stretching frequencies somewhat (see above).

The question whether v, the funuamental vibration assigned
to the stretching mode of the two central atoms, is highly
characteristic or not also needed to be answered. The fact that
1o 18 of very high Raman intensity, whereas v is barely ob-
servable, and the known high polarizabilities of the centrai
atoms relative to those of the hydrogen tigands argue strongly
in favor of v, being predominately the O-O stretching mode.
Furthermore, the value of the O-O stretching force constant
Fy (3.93 mdyn/A) and the highly characteristic nature of v,
(101% F,) of HOOH™ arc in excellent agreement with the
previously reported® findings for gaseous HOOH (Fp o =
1776 mdyn/A; vg o = 105% of F, o). For solid HOOH, a
value (Fy o = 3.999 mdyn/A) was found®* which is slightly
higher than that in H,OOH*. A further argument in {avor
of highly characteristic X Y stretching frequencies in these
and closely related molecules 1s based on the vibrational spectra
observed for deuterated molecules, such as DOOD.*>** If the
fundamental assigned to the Q- O stretch in HOOH would
contain strong contributions from X H bending modes, its
frequency should significantly decrease on deuteration.
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Table V. Preferred Rotational Isomers, Number of Vicinal Ligand Repulsions (R), and Attractions {A). and Frequencies (cm™' ) of the
Stretching Mode of the Two Central Atoms of H,NNH,?* ¢ H,NNH,‘." H,NNH, ¢ H,NNH" % H,00H* 4 HOOH® and HOO- !

3R 2R-1A IR-2A
H,NNH,** H,NNH,"* H,NNH,
1048% 9498968} 850-938/

o

3A 2A-IR 1A-2R
H,NNH"

847%

H,00H"* HOOH HOO~
875! 864-881™M 836"

@ Geometry of preferred rotational isomer is based on that of isoelectronic C,H,.* b Geometry assumed 1o be analogous to that of iso-
clectronic CH,NH,.** € Reference §7. 9 Geometry is based on that of isoclectronic H,NOH.** ¢ Reference 58. 7 T'or HOO™, u preferred
rotational isomer does not exist.  The structure is given exclusively for didactic purposes. # From Raman spectrum of NI, I, in anhydrous

HF solution (B. Friec and H. H. Hyman, Inorg. Chem., 6, 2233 (1967)).

From infrared spectrum of solid (N, H)Tab.** " 'rom Raman

speetrum of N H Clin aqueous HCL solution (J. T. Edsall, J. Chem. Phys., 5,225 (1937)):see also J.C. Decws and D. P, Pearson. J. Am.
Chem. Soc., 75,2436 (1953). 7 The assignments for the N-N stretching mode in N H, are not well established and significantly differ for
the pas and condensed phases (sce example ret 48 und J. R, Durig, S, F. Bush, and L. 1 Mercer S (lriem Phyvs 44,4238 (19660, The
latter authors assigned the N-N stretch in N H, to bands in the 1087-1126-cm ' frequency region which does not it the general trends
listed in this table. * From infrared spectrum of solid NaN,H .*® IThis work. ™ Reference 12, " Reference 10,

In summary, it appears justified to assume that the fun-
damentals, assigned to the stretching modes of the two central
atoms in these molecules and ions, are highly characteristic
and that a highly characteristic PED might be a good criterion
for selecting a plausible force field.

Influence of Progressive Protonation on the Bond Strength
of the Two Central Atoms. 1t scemed interesting to examine
how in an H,, XYH,-type species the replacement of a [ree
valence electron pair of a central atom by a hydrogen ligand
influences the strength of the X-Y bond. Further interest was
added to this problem by the fact that these X Y bonds are
single bonds, thus resulting in hindered rotation and rotational
conformers. In the literature ™ the concept has been ad-
vanced that in a singly bonded X -Y system the replacement
of a free valence electron pair on X or Y by a bonded tigand
will diminish the overall tigand or electron-pair repulsions,
thereby strengthening the X Y bond. The results of the
present study combined with previous literature data offered
an excellent opportunity to examine the validity of this simple
repulsion concept for the progressively protonated serics HOO |
HOOH, and H,OO0H*, which is isoclectronic with H.NNH |
followed by H,NNH., H,NNH*, and H,NNH,**.

For this series the encergetically most favored rotational
isomers and the stretching frequencies of the two central atoms
are summarized in Table V. Stretching frequencies are
preferred over force constants because for HOOH,*' HLOOH®,
and H.NNH  these frequencies are highly charactenistic and
because of the lack of refiable fully determined farce ficlds
for most of these species. In Table V, frequency ranges are
given for HOOH., HNNHL ' and NLH,. For the first two,
these ranges are caused by the fuct that the frequencies vary
somewhat for different phases. For NGHy, the farge given
range is mainly due to the uncertainty in the assignment of
the N N stretching mode (see footnote A of Table V). In spite
of these limitations, inspection of the listed frequencies reveals
not only that there is a definmite XY stretching frequency
increase with progressive protonation but also that the increase
of the O O stretching frequency from HOO 1o FLOOH?® (30
em ) is much smaller than that (201 em ') encountered for
the HoNNH to HENNHLT part of the series,

This marked difference is difficult to explain by the simple
free valence electron panr repulsion concept™ ™ which should
result in & more umiform trend and cannot account for the
echipsed structure of HLNOH A better explanation for the
observed trends can be given on the basis of the foltowing
considerations. (1) The preferred rotational isomers (see Table
V)andicate that in an H, XY H -ty pe species. in which the X
and Y central atoms possess free valenee electron pairs, at-

tractive forces exist between a free valence electron pair on
one central atom and a hydrogen ligand bonded to the other
central atom. In terms of molecular orbital theory, this effect
can be considered to be the result of both dipolar attraction
and back-donation from lone-pair orbitals of one central atom
into antibonding orbitals of the other.* On the other hand,
free valence clectron pairs on X are repelled by free pairs on
Y. and the same holds for vicinal hydrogen ligands. These
effects explain the eclipsed configuration of H.NOH.* the
staggered one of C.H,."* and the gauche ones™ * of the
remaining species. (i) When going from HOO to
HNNH,™*, one observes that the number of repulsions be-
tween vicinal ligands (including the free valence electron pairs)
decreases from two for HOO 10 zero for H.OOH* and
H.NNH and then increases again to three for HyNNH,?*,
(11i) It is known that for peroxides a weakening of the oxy-
gen ligand bonds results in a strengthening of the O--O bond
(FOOF. 1y o 1237 cm ' HOOH, 1, (, 864 cm 1)**7 and vice
versa. Furthermore, it is known® that the * X-H* polarity
of an X H bond increases by the addition of a second HY to
X. This increase in bond polarity upon progressive protonation
weakens the X H bonds and therefore should strengthen the
X X bond. In addition. protonation is expected to shift more
s character to the orbital involved in the X X bond, thereby
strengthening this bond. In our opinion, these two effects are
the major reasons for the observed increase of the X X
stretching frequency within this series.

The fact that the stepwise wereases within the series of
Table V are small to the right of FLXXH and large to the left
of it suggests that the attractions between a free valence
clectron pair and a vicinal hydrogen ligand are at a maximum
for XX and counteract the general polarity effect caused
by the progressive jrotonation. This explanation seems
plausible because both dipole teraction and back-donation
should decrease the ¥ X H* polarity of the X H bond by
transferring clectron density from the free valence electron
pair orbital to the vicinal hydrogen ligand.  Although this
picture is oversimplified and neglects other effects, such as
possible changes in hyvbridization, it can nevertheless quali-
tatively account for the observed trends within this series.
Molccular orbital calculations would be desirable but were
bevond the scope of this study - Inview of the great difficulties
encountered with FQOE™ such caleulations might not be
trivial

The above analvsis indicates that the replacement of a free
valence clectron pair on one of the two central atoms by a
haydrogen ligand could cither decrease or increase the vicinal
ligand or clectron pair) reputsion The direction of the effect
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depends on whether the two central atoms possess less than
three or three and more hydrogen ligands. With less than three
hydrogen ligands, a free pair-free pair repulsion is replaced
by a free pair-XH bond attraction, whereas with three or more
hydrogen ligands an attraction is replaced by a vicinal hy-
drogen-hydrogen ligand repulsion. The importance of the
attractive forces in this type of molecule is in agreement with
the results from molecular orbital calculations.*>!

The above results suggest that the previously proposed®
simple free valence electron pair repulsion concept applies only
to H,,XYH,, species with 3_(m + n) < 3. In these limited
cases, replacement of a free valence electron pair by a ligand
will result in decreased ligand-ligand repulsion. However, this
decreased repulsion counteracts the polarity effect and
therefore does not strengthen but actually weakens the bond
between the two central atoms. Consequently, the simple free
valence electron pair repulsion concept cannot account, even
in these limited cases, for the observed increase in the
stretching frequency of the two central atoms.

The above results show that for a comparison, such as that
given in Table V, a large enough number of molecules and ions
must be available to have confidence in the observed trends.
Furthermore, the assignments must be well established, the
fundamental vibrations used must be highly characteristic, and
interionic or intermolecular effects, such as hydrogen bridging
in ionic solids or condensed phases, must be less pronounced
than the trends to be observed. Finally, force constants should
be compared only if their differences are significantly larger
than their uncertainties.
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APPENDIX J

Sulfur tetrafiuoride. Assignmes: of vibrational spectra and force field
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Abstract—The i.r. spectra of 8F, isolated in Ar and Ne matrices were studied. The observed S-™§
isotopic shifts were used to resolve the existing ambiguities concerning the assignments of the
deformation modes and to obtain an improved valence force field.

INTRODUCTION

Although numerous papers have been published on
the vibrational spectra and assignments of SF, [1-
12]. this molecule is still poorly understood and the
assignment of most of the deformation modes is
still open to question.

In this paper, we report new matrix isolation data
and S-S isotopic shifts which allow unambigu-
ous assignments for the deformation modes and the
computation of an improved valence force field.

EXPERIMENTAL

The Ar or Ne matrix isolated samples of SF; werc
prepared by the reaction of S.Cl, with AgF. using a
previously described flow system [13) and the crvostat
[14] altered to use as a He-floweryostat. The isotopically
enriched samples were prepared from S (>98% purity)
and Cl,. The ir. spectra were recorded on a Perkin-
Elmer Model 325 spectrophotometer with an accuracy of
+0.5cm ' Most of the S-%S isotopic shifts were de-
termined with an accuracy of £005cm '. The methods
used for the normal coordinate analyzes have previously
been described [11].

RESULTS AND DISCUSSION

infared spectru .

Infrared spectra were recorded of SF, in both Ar
and Ne matrices at 4 K for SF, of natural sulfur
isotope abundance. 1:1 mixtures of “SF, and “'SF,
and pure "'SF, using sample to matrix ratios of
1:1000. The observed frequencies and S-S
1sotopic shifts are summarized in Table 1.

In  agreement  with  previous  experience
[6. 13,15, 16]. ncon matrices produced the best
spectra and exhibited frequencies closest to those
of the gas phase values. Because accurate anhar-
momicity corrections were not possible. all observed
wotopic shifts were corrected by a factor of 1.01, a

value close to those previously used for similar
molecules [13, 16, 17]. The observed isotopic shifts
arce in fair agreement with the values previously
reported [11] for some of these bands in an N,
matrix.

For some of the bands, matrix splittings were
obscrved. The use of 'S enriched samples facili-
tated distinction between isotopic and matrix split-
tings. For the 353 cm ' fundamental, the splitting
observed in a N, matrix had previously been in-
terpreted [11]in terms of a coincidence of the twa
fundamentals v, and »,. Although varying degrees
of splitting were observed during the present study
for the 353¢m ' fundamental in Ar and Ne mat-
rices (see Fig. 1) these splittings are identical for
both “SE, and “'SF,. Since it appears unlikely that
iy and v, should exhibit identical sulfur isotopic
shifts, these splittings are attributed to matrix split-
tings of a single fundamental. This conclusion is
supported by the normal coordinate analysis. given
below, which shows that the large isotopic shift
observed for the $32c¢m ' deformation mode can
be explained only by assigning this frequency to v,.
Similar matrix splittings were observed and iden-
tificd for several other bands and are denoted in
Table 1.

Normal coordinate analysis and assignments

A listing of the nine fundamentals of SF, and
their assignment in point group C,. is given in
Table 2, together with an approximate description
of these modes. Based on the previous studies
[1-12]. the assignments for i, v, and v, in the A,
block, 1, in the B, block. and v, in the B, block are
well established. The remaining four modes are alt
deformation modes. Assuming no  coincidences,
three fundamentals at $32, 475 and 353 cm ' are
avaable for assigment to these four modes. Based
on relative intensity considerations and the fact that
all three fundamentals are r. active, the missing
fundamental should be the torsional mode » (A))
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Table 1. Observed frequencies and *28-**S isotopic shifts (cm ') of Sk, in Ar and

s

Ne matrices
Ar Ne Gras-phase
Frequency Av Frequency Av Aw* frequencies  Assignment-
8835 11.2+0.1 887.2 11.22+0.05 11.33 892 vilAp
858 10.4£0.1  859.7 10.42+0.05 10.52 867 v (B
705+ 12.7+0.1  721% 13.00+0.05 13.13 730 v (B
550.5 0 557t 0 0 558 A
529t 39+0.2  530.1 4.05£0.05 4.09 s32 V(A

3541 2.35+0.1 352+ 24101 242 353 vy (B

*Corrected for anharmonicity.

+These bands showed matrix splittings.

which is i.r. inactive. In similar molecules. this
mode is generally of very low Raman intensity.
Therefore, it would not be surprising that this mode
has up to date not experimentally been observed
for SF,.

The assignment of the 532, 475 and 353cm !
fundamentals was established in the following man-
ner. The 353cm ' band has previously been as-
signed [5,6.8,10,11] to v, (B,). and this assign-
ment has recently been supported by microwave
spectroscopy [ 1]. Since the “S-"'S isotopic shifts of
v, and of the 353 cm ' fundamental are now both
known, a force field computation can be used to
test the correctness of this assignment. If the as-
signment is correct, both observed isotopic shifts
must result in an identical force field. As can be
seen from Fig. 2, the isotopic shifts observed for
the 867 and the 353 cm ' fundamental result in the
same force field, thus establishing the 353c¢m '
fundamental as v, (B.).

325k,
Ar
sk,
w
Q
2
«
-
=
- 32¢¢,
b
EN@
345k,
PO (D WA G G S WS SN SR R U WYY S R S S G

|
360 355 350 345
FREQUENCY, cm'!

Fig. |. Infrared spectra of “SF, and “SF, in argon and
neon matrices. The observed splittings are attributed to
matrix cffects.
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A distinction between the two possible assign-
ments (532 and 475 ¢cm ') for »; (B, can be made
in a similar manner. since the sulfur isotopic shifts
of v, (B,) and of the 532¢m ' deformation mode
(4.05)em ' are known. From a computation of the
B, force field (sce Fig. 3) it becomes obvious that
the sulfur isotopic shift of i~ has to be less than
lem ' in order to agree with the foree ficld ob-
tained from the isotopic frequencies of r,.. Since the
isotopic shift of 4.05c¢m ', observed for the
532c¢cm ' band. is much too large for .. the
532cm ' fundamental must be ¢ (A)) and the
475 cm ' one must he v (B)). Additional support
for this assignment was obtained from the compu-
tation of the A, block force field (See Table 31 No
difficulty was encountered to duplicate the isotopic
shifts observed for . r. and »..

The missing frequency of 1o (A} was caleulatec
to be 437 cm ' assuming Foo = F--. This assumption
seemed most plausible because of the three possi-
ble f.. interaction constants, the one which in-
volves two angles sharing a common cquatorial
fluorine ligand. i.c. [. should have the largest
value and because in Fooand F-- £ has the same
sign.

The assignments. thus obtained for SF,. are sum-
marized in Table 1 and can now be considered as
being well established. They are in good agreement
with the previously published [3] ir. gas-phasc
band contours and compare favorably with those
[ 18] recently published for the closely related SE,Q
molecule. Based on the results of this study on Sk,

Fable 2. Assignment of narmal modes of St
|3 1

Frequency

Species Approximiate deseniption of mode em 'y
Ay rsym XF; eq 8492

vy esvm XFEan S5N

ry & sciss XFaeq and av. ssm ocomb 832

ry 8 seiss XEyay and ego asvm comb 228
Ay re XE.wist 437
B, v, asym XFaan 730

o Xk,eq waggimy 478
B,v,  rassm Xb.ey R6”

vy 8 sciss XELan vut of plane is3

*Value calculated from +. 1.




T

Y PV o L ane —r
. Caee B e . - -
‘ Sulfur tetratluoride. Assignment of vibrational spectra and force field 1349
’ 130 0.6 mdynrad '. Therefore the chosen ratio be-
. ~. SF4 By BLOCK tween F,; and F,, is somewhat arbitrary, and their
i 12.0}- \ ve = 867 om=1 values were made about equal for cosmetic reasons.
. \ y:‘;m em=1 The potential energy distribution (PED) is given
L in Table 3 and shows that all fundamentals are
3 | Swg highly characteristic, with the exception of v, and
@ 100} v,. The latter are almost equal mixtures of F;, and
. § | F,,. As previously discussed in detail [10, 11] and
9 9ol 4 shown by their eigenvectors (see Table 3), », is a
§ B R At h symmetric and v, is an antisymmetric combination
2 301 of the symmetry coordinates S, and S,. i.e.
o
3
& 261 F— F—
] | )Z Awg , N
F, F
2.2t . —s— \\ s
- / , \F ! \F
18}
/'/ F— F— /
e O
I e v, symmetric combination . antisymmetric combina-
54 Fgg = 5.165 +0.015 /F of axial and equatorial tion of axial and equatorial
E | _— 88 bending bending.
gg 8.0} //
Eq
‘7"% e In view of thse facts, a discussion is rather
«38 hitd R meaninglesss whether v, or v, is mainly axial or
8y N\, Fgg = 1.914 +|0.002 equatorial bending. Furthermore. it shows that v, is
~a gé 2,00 /.,
w
190} Fgo - 0.70+{0.02 Fag 190 T~
" n 1 a— " L
0 02 04 06 08 10 12 Fg . SFaBaBLOCK
: N 120 \ rg = 730 em~ 1
Fig. 2. Soluton range of force constants and computed - X vy=475¢cm™)
wulfur isotopic shifts for the B, block of SF,. The rectang- £ \
wes indicate the uncertanities of the observed anharmonic- w 100 ) \
ity corrected isotopic shifts and the vertical line the result- H Awg
ing general valence force field. The units are cm ' for the “ g0 '
isotopic  shifts  and mdyn A 'L mdynArad 7 and g AN
mdvn rad ' for F_. F,., and F. respectively. = 0 .
g ¢ |
. 3 |
it becomes necessarv. however, to exchange the G -
. L]
assignments of ¢, (A and r, (B)) for SFLO. //

The force field of SF, is summarized in Table 3.
The B, and B, block values represent a general
valence force ticld. The A, block is still under-
determined (ten symmetry foree constants and
seven frequency values). but is expected to be a
good approximation to a general valence force field
in view of the good agreement between the ob-
senved and caleulated  isotopic shifts. The off-
diagonal symmetry force constants listed in Table 3
were required in order to be able to duplicate the
obscrved sulfur isotopic shifts. The value of F,, is
necessary to make 3o close to zero. The relatively
large isotopic shift of », can only be achieved by
the use of an b, value which concentrates the
isotopic shifts of roand r, almost exclusively in ¢,
and by the use of B and by, which transfer some
of the sotopie shift from ¢y to o Since 1, s an
almost equal mivture of Fooand Fyy tsee PED of
Fable 3. the isotopie shaft balance between vy and
. can be cqually well achieved by etther Fi,oor
tyooas long as their sum  cequals  to about

20 /

— -_
.40 L
/.
/
3.00 - |
E r Fgg = 2621+ 0025 !
;,"_’ 2680 [
2
2/
F
2% 220 66
25
zU
O\M
Qe
« 200
29 Fyy= 167340010
180 . ~
\\.\_ o — 2]
160 Fg7=053+ 002

i i L J
02 04 1] os 10 12 14 Fey

Fig 3 Solution range of force constants and computed
sulfur sotopic shifts for the B, blovk of S, For further
explanations see caption of kg 2
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Table 3. Force field®, computed and observed harmonic sulfur isotopic shiftst, potential energy distributiont and
eigenvectors of SF,

Eigeavectors
Aw comp Aw observed PED S, S: S S.
A, Fiu=f+f, 5.884 11.37 11.3520.05 95F,, -0.278 0014 0.123 0.194
Fi: = fu * frn 3.476 0.07 0 99F,, 0010 0229 0014 -0.028
Fy3 = 0.99 fs +0.01f, - 0.15f,, 1414 4.14 4092005 30F;,+29F,, +26F,,  0.045 [LXY% ] 0187 0.238
Fas =0.004 f, +0.71f, 0.863 0.08 91F, . + 89F,, - ROFy, ] -0.005% 0141 -0.178

+0.29 (f + faa + faa:
+faa)+0.13 fup
+ 1.80f., +0.11 f4,

Fis 0.320
Fi, 0.300
Fa 0.100
F.. 0.4913
Az Fyi=fo~fan— fla*fim 1.673 0 S, S,
By Fen=fx ~frr 2.821 1304 1303£0.05 101F,, + 22F - 23F,, 0.335  ~0.203
Fro= fu + fon = fia = f2 1.673 0.87 B4 + 10F,o 0050 0259
For=v2(fx, - fu,) 0.530 Su Sa
B; Fu=f -fn 5.165 1053 10.52£0.05 105Fu - 9Fw 0.297  -0.09
Foo = fo = fan *fia =2 1.914 248 24201 101F,, ~0.0032  0.196
Fuo = V2Ufa — f,'.. ) 0.700
i 5.825
fa 3149
f. 0.360
frn 0328

*Stretching constants in mdyn A ', deformation constants in mdyn A rad . and stretch-bend interaction constants in
8 y

mdyn rad '. For the force field computation, the frequency values of Table 2 were used and fitted to within 0.1 ¢cm

tin em

1

$Per cent contributions. Contributions of less than 10% to the PED are not listed.

the fundamental mainly involved in an in-
tramolecular exchange process as suggested by
Berry [19].

Additional experimental data which could be
used as a constraint for the SF, assignment and
force field. are centrifugal distortion constants [12]
and mean amplitudes of vibration [20]. Since the
observed centrifugal distortion constants “‘are not
well determined™ and have been shown [12] to be
insensitive towards changes in the assignment of
the deformation modes. they are not a useful con-
straint. Mean amplitudes of vibration have previ-
ously been reported [ 10} for SF, using five different
assignments and force fields. These data showed
that only (q")"" F....F, and ¢¢))'° F,...F, are
sufficiently sensitive to v7 -fation of the assignment
of the deformation modes in question. As can be
secen from Table 4, the revised force field given in
Table 3 results in mean amplitudes of vibration
which are in excellent agreement with the observed

Table 4. Computed® (298 K} and obscrved
[20] mean amplitudes (in A) of vibration of

SE,
S—Fm 041 0041 £ 0.008
S-F,. (L0498 Q047 ¢ 0,008
Fog-Fey 0.073 0.068 1 0,010
eq Fax 0.069 D067 2 0.008
Fa-Fae 0.061 aser 0010

*Using the force field of Table 3.

RI/RD80-134
J-4

values. thus lending additional support to our as-
signment. It should be pointed out that both the
centrifugal distortion constants and the mean amp-
litudes of vibration, although useful for the detec-
tion of gross errors in the assignments, are not
sensitive enough to be useful constraints for the
force ficld of SF,.
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1

SELF-CLINKERING NF:+ COMPOSITIONS FOR
NF1-F2 GAS GENERATORS AND METHOD OF
PRODUCING SAME

The invention herein described was made in the
course of or under a contract or subcontract thereun-
der, (or grant) with the United States Navy.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to compositions of matter and
methods of producing the same and is particularly di-
rected to improved solid propellant NF3-F; gas genera-
tors derived from self-clinkering NF,+ salts, together
with methods for producing such gas generators.

2. Description of the Prior Art

NFs* salts are the key ingredients for solid propel-
lant NF3-F; gas generators, as shown by D. Pilipovich
in U.S. Pat. No. 3,963,542. These propellants consist of
a highly over-oxidized grain using NF4+ salts as the
oxidizer. Burning these propellants with a small amount
of fuel, such as aluminum powder, generates suificient
heat to thermally dissociate the bulk of the oxidizer.
This is shown for NF4BF; in the following equation:

NF4BF,—+NFj+F)+BF)

As can be seen from the equation the gaseous combus-
tion products contain the volatile Lewis acid BF3. This
disadvantage of a volatile Lewis acid byproduct is
shared by all the previously known NF4+ compositions.
These volatile Lewis acids possess a relatively high

molecular weight and a low y value (¥ =C,,), relative to

Cy

the preferred diluent helium and frequently act as a
deactivator for the chemical HF-DF laser. Conse-
quently, these volatile Lewis acids must be removed
from the generated gas prior to its use in an efficient
chemical laser. Based on the state of the art, heretofore,
this would be achieved by adding a clinker forming
agent, such as KF, to the solid propellant formulation.
The function of this additive served to convert the
volatile Lewis acid, such as BF3, to a non-volatile salt as
shown by the following equation:

KF + BF:--KBF,

The principal disadvantges of this approach are that,
even if an excess of KF is used, complete clinkering
cannot always be guaranteed, and that the addition of
the KF severly degrades the yield of NF3-F2 obtainable
per pound of formulation. This problem could be solved
by using NF4+ containing compositions derived from
non-volatile Lewis acids. However, the synthesis of
such compositions has previously been unknown, since
highly stable and non-volatile Lewis acids are poly-
meric and contain coordination-wise saturated central
atoms. Consequently, these compounds possess very
little or no acidity, which renders the synthesis of such
salts very difficult.

BRIEF SUMMARY AND OBJECTS OF THE
INVENTION

The above described problem of obtaining a Lewis
acid frec NF;:-F) gas stream from NFs+ compositions
without clinker forming additives is overcome by the
present invention. We have found that NF4 ¢+ salts, de-
rived from the polymeric non-volatile Lewis acids
SnF4 (subliming at 704° C.) and TiF4 (1 atm vapor pres-
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sure at 284° C.) can be prepared. The lack of acidity of
SaF4 at temperatures, at which NF¢30 salts can be
formed and exist, was demonstrated. It was shown that
mixtures of NF3, F2, and SnF4, when heated to temper-
atures of up to 300° C. at autogenous pressures of about
150 atm, did not show any eevidence for NF4+ forma-
tion.

Since a direct synthesis of an NF¢+ salt derived from
SnF4 was not possible, we have studied metathetical
and displacement reactions. Because SnF¢— — salts are
stable in anhydrous HF, the metathetical and displace-
ment reactions were carried out in this solvent. The
following methathetical reaction

2NF(SbF; +Cs2SnFellliolution,, 2CsSbFy; +(NFinSnFe

was carried out. It resulted in the precipitation of the
rather insoluble salt CsSbFs, while the soluble
(NF4)28nF¢ remained in solution. The two products
were separated by a simple filtration step. The composi-
tion (in mol%) of the crude product was: (NF4),SnFs,
83; NF(SbFs, 13; CsSbFs, 4. The purity of this product can
be easily increased by following the procedures outlined
for NF.BF, in our co-pending application Ser. No.
731,198 filed Oct. 12, 1976, and now U.S. Pat. No.
4,107,275.

Another NF;+ salt derived from SnF; was obtained
by the following quantitative displacement reaction in
anhydrous HF as a solvent.

NFBF4+ SnFAW_"—”“> NFSnF; +BF,

For TiFg, the direct synthesis of an NF4+ salt from
NF3, Fy, and TiFa s still possible, since TiF4 possesses
already some vapor pressure at temperatures where
NF4+ salts can be formed. However, the product thus
obtained is very rich in TiF4, as shown by the following
equation:

NF3 + F; + 6TiF, 130 lc' ‘s'?nd‘ 3 NF4TigFys

The NF4+ content of this salt could not be significantly
increased by any changes in the reaction conditions.

Displacement reactions between NFsBF4 and TiFs,
either in HF solution or in the absence of a solvent,
produced NF4+ salts according to

NF4BF4 4+ n TiF4—NF TiFs.(n - 1)TiF¢+BF3

where, depending on the exact reaction conditions, n
equals either 3 or 2.

A further increase in the NF4+ content was possible
by the following metathetical reaction which yielded
(NF4);TiFg:

INF4SbFg + Cs) TiF ol soluony, 3CsSbFg | + (NFe);TiFe

The separation and purification procedure for this prod-
uct is analogous to that outlined above for (NF4);SnFe.

The advantages of the above disclosed concept of
using these novel self-clinkering NF4+ composition for
NF;-F, gas generators become obvious from a compari-
son of their theoretical performance data. In Table I,
the theoretical yields of usable fluorine, expressed in
weight percent, of (NF4);SnFs and (NF4);TiFe are
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3
compared to that of KF clinkered NF(BF4, the highest
performing presently known system. The novel self-
clinkering compositions clearly outperform KF clin-
kered NF(BF¢. Furthermore, the risk of incomplete
clinkering which always exists for a clinkered formula-
tion is avoided.
TABLE 1

A Comparison of the Theoretical Performance
of Self-clinkering (NF4);SnF¢ and

(NFy),TiFg with KF-chnkered NF4BF
System Performance (Weight % Usable F)
NF¢BF, . 1.2KF 388
(NF¢);SnFy 4.0
(NFq)2TiFg 556

Accordingly, it is an object of the present invention
to provide higher performing solid propellant NF:-F;
gas generator compositions.

Another object of the present invention is to provide
self-clinkering NF4+ compositions capable of generat-
ing Lewis acid free NF3and F).

Another object of the present invention is to provide
processes for the production of self-clinkering NF4+
compositions.

These and other objects and features of the present
invention will be apparent from the following examples.
It is understood, however, that these examples are
merely illustrative of the invention and should not be
considered as limiting the invention in any sense.

DETAILED DESCRIPTION OF THE
INVENTION

EXAMPLE |

Metathetical reactions were carried out in an appara-
tus consisting of three Teflon FEP U-traps intercon-
nected by Monel unions and closed off at each end by a
Monel valve. The union between trap H and trap III
contained a Teflon filter and was held in place by a
press fit. The passivated apparatus was taken to the dry
box and CsSnFe and NF4SbF, (in a 1:2 mole ratio)
were placed into traps I and I, respectively. The appa-
ratus was connected to the vacuum line through flexible
corrugated Teflon FEP tubing. Anhydrous HF, in an
amount sufficient to just dissolve the starting materials,
was added to traps I and [I. Trap [ was flexed to allow
the Cs2SnFs solution to run into trap 11 containing the
NF;SbF, solution. Upon contact of the two solutions,
copious amounts of a white precipitate (CsSbFg)
formed. The contents of trap 1l were agitated for sev-
eral minutes to obtain good mixing. Then the apparatus
was inverted to allow the solution to run onto the filter.
To generate a pressure differential across the filter, trap
ITI was cooled to —80° C. After completion of the
filtration step, trap 111 was warmed to ambient tempera-
ture and the HF solvent was pumped off. The solid
residue on top of the filter consisted mainly of CsSbFq,
whereas the solid collected in trap 111 was mainly the
desired (NF4)2SnF.

The following example gives a typical product distri-
bution obtainable with the above procedure and appara-
tus. Starting materials: NF48bF4 (9.72 mmol). Cs2SnF,
(4.86 mmol); weight of solid on filter =: 4.24 g; weight of
solid in trap 111 = 1.36 g (weight calcd for 4.86 mmol of
(NF3):SnF, =2.01 g). Elemental analysis for solid from
trap (I Found: NF3, 31.5: 8n, 251, Sb, 5.9; Cs, 1.3
Calculated analysis for a mixture (mol %) of 82X

28

45

o

0

(NF4)2SnFs, 12.9 NF,SbFe, and 4.3 CsSbFs NF;,
31.72; Sn, 24.60; Sb, 5.24; Cs, 1.43.

(NF4)28nF, is a white, crystalline, hygroscopic solid,
stable at room temperature but decomposing at 240° C.
Its characteristic x-ray powder pattern is listed in Table
I1. Its ionic composition, i. . the presence of discrete
NF4+ cations and SnF¢~ — anions was established by
I9F nmr, infrared and Raman spectroscopy.

The 'F nmr spectrum, recorded for 8 BrFs solution,
showed in addition to the solvent lines a triplet of equal
intensity with ¢=—220, Jnra229.6 Hz, and a line
width at half height of about 5 Hz, which is characteris-
tic of tetrahedral NF4+. In addition, a narrow singlet at
& =149 was observed with the appropriate 117/1198n
satellites (average Jsar= 1549 Hz), characteristic of
octahedral SnF, The vibrational spectra of
(NF4):SnF, and their assignments are summarized in
Table {1

EXAMPLE II

A muxture of NF(BF4and SnF¢(9.82 mmol each) was
placed into a passivated Teflon-FEP ampoule contain-
ing a Teflon coated magnetic stirring bar. Anhydrous
HF (10 ml iquid) was added at —78° C,, and the result-
ing suspension was stirred at 25° C. for 2 hours. The
volatile matenal was pumped off at 35° C. leaving be-
hind a white stable solid which, on the basis of its
weight (3.094 g) and Raman spectrum, consisted of 83
mo! percent NF,SnFs and 17 mol percent unreacted
starting materials. The HF treatment was repeated
(again for 2 hours) and the non-volatile residuc (2.980 g,
weight calcd for 9.82 mmol of NF¢SnFs=2.982 g) was
shown by infrared, Raman, and !9F nmr spectroscopy
to be essentially pure NF(SnFs. Anal. Calcd for
NF.SnFs: NF3, 23.38; Sn, 39.08. Found: NF3, 23.6; Sn,
38.7.

TABLE 11
X-RAY POWDER DATE FOR {(NF4),SnFg?
d obsd d caled Int hk!
60.27 6.36 w 1t
567 570 vs 002
4.99 $.04 vw 102
kX 34 169 w 212
358 9 s 103
142 342 s Jio
2990 2990 s 213
2.851 2.851 ms 004
2492 249 m 331
2,347 2.156 w 323
2230 2228 s 422
2120 211 mw 510
2023 2.024 mw 502
1961 1.963 w 404
1.917 [914 m 440
1.882 1.881 mw 503
1834 1802 w $31
1813 1814 mw 442
1763 1.768 vw 532
1712 1712 w 620
1 b86 1.686 m 5403006
1.662 1 6bY m J1e
1616 1.614 mw 630
1570 1.570 mw 5058
1500 150 mw 640
w7 1 396 mw 643
b7 1 386 w 650
1359 1359 mw 7065458
1 mw
1 314 mw
126} w
LR w
[N mw
RN “
[ mw

ferragonal 4 IV RIRA 1L3nA Cu K, tadistion No fileer
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TABLE III EXAMPLE IV
VIBRATIONAL SPECTRA OF SOLID (NFg)SnFg The metathetical synthesis of (NF¢)2TiF¢ from satu-
Obed Freq (cm— 1) rated HF solutions of NF(SbF¢ (10.00 mmol) and
and . Cs:TiFs (5.00 mmol) was carried out in the apparatus
i », . .
E_ﬁlﬂ_&___ —-ﬂ—(——m-—-—-:‘: + ‘(‘_‘r“‘)“ Point (;;:“ —on 5 described in Example I for the synthesis of (NF4);SnF.
Rams LARLT: ¢ A After combination of the solutions of the two starting
:f:(‘) mw 18 (19) :"‘g;‘* E+R) materials at room temperature and formation of a
e ' T vi + v3(Flu) CsSbF precipitate, the mixture was cooled to --78° C.
shvw 10 and filtered. The volatile materials were pumped off at
1059 vw v2 + va(F1 + F2) 50° C. for 1 hour. The filter cake (3.85 g) was shown by
1026 vw 81 0.) WiA) + A + E) v+ v3 (Fiu + Fau) its x-ray powder diffraction pattern and vibrational
854 vww 853 (10) vi (A1) spectroscopy to be mainly CsSbFs containing, due to
613 mw 613 (5.0 ) the hold up of some mother liquor, a small amount of {
(NF4);TiFe. The filtrate residue (1.55 g, weight calcd !
s mw &7 g;; v (F2) vi (Arg) 13 for 5 mmol of (NF4);TiFs=1.71 g) had the composition
$50 vs v3 (F1u) (mol%): 88.5 (NF¢):TiF, and 11.5 CsSbFs. Found: !
470 (04) br v2 (Eg) NF;3, 36.2; Ti, 12.21; Sb, 4.11; Cs, 4.4. Calcd for a mix- 3
“I3. ) ture of 88.5 (NF4);TiFg and 11.5 CsSbFs: NF3, 36.43; E
4422.9) v2 (E) 20 Ti, 12.29; Sb, 4.06; Cs, 4.43. Based on the observed )
251 3.9 o vs (Fag) Raman spectrum, the composition of the filtrate residue ¢
. 84 (0.3) Lattice Vibration was estimated to be 90 (NF¢)1TiF¢ and 10 CsSbFg, in i
. good agreement with the above elemental analysis.
. NFSnFs is a white, crystalline, hygroscopy solid, sta(!‘:l‘F‘)tzTr'an'ls h Wh“e'f'y":'l‘l't“ﬁ hygroscopic s;’;“’- ;
stable at room temperature and decomposing above 25 )¢ at room (emperature, €composing above Y
L 200" C. Its characteristic x-ray powder pattern is listed 200 C. Its characteristic x-ray powder pattern is listed !
o in Table IV. in Table V1. f
TABLE V :
) TABLE IV VIBRATIONAL SPECTRA OF SOLID NFSoF; ;
X-RAY POWDER DATA FOR NF¢SnFs 30 Obsd Freq (cm~ ') and Rel .-
d obsd Int d obsd Int Intens ) ) .
112 mw 257 mw NFSnFy Assig (Point Groupf ..
632 vs 2519 w IR Raman NF4* (Tg)
g-g‘; w m: w 1222 mw 2w4(A| + E + F) ]
: - y w 1168 (0.4) S
4.51 m 2.064 ms 35 liesvs 1159 (0.8) ) v3 (F3) :
4.19 m 1.965 mw 1150 sh . i
3.80 vs 1.929 w 1134 w.sh ;
oo & |
) v2 + ve(F + F). !
i mw 1.787 mw 1048 w )
2868 w 1702 mw 40
2802w 1700 mw 850 wy g;: 2?62)) ‘2,';’(2)' +A1+ B
2743 m 1.661 vw 635 vs 11
2683w 1639w ; 622 9.2) !
1013 w 605 mw 606 (3.3) ve (F) !
4 575 vs l
* its ionic structure, i.c., presence of NF4+ cations, was 559 w. sh :;; gg; i
established by its '9F nmr spectrum in BrFssolution. In - 400 1’ 490(0+) ‘
addition to the solvent lines, it showed the triplet (see 458 m i
i above) at ¢ = — 220, characteristic of NF¢+. Two reso- “g Q29 !‘i
* nances were observed for SnFs— at ¢ =145.4 and 162.4, 0 “wn v2(E)
respectively, with an area ratio of 1:4. At —20° C. the 272 (0.6)
resonances consisted of broad lines, but at lower tem- 247 (1.4) ,
peratures the ¢ = 162.4 signal showed splittings. Based 22 (1.1 ‘
on a more detailed analysis of these data, the SnFs- m :g':))
anion appears to have a diameric or polymeric struc- oo 135 (0.2) .
ture. The vibrational spectrum of NF4SnFs is listed in ]
Table V and again establishes the presence of discrete TABLE VI i
NF4+ cations. X-RAY POWDER DATE FOR (NE) TiF?
EXAMPLE 111 d obsd d calcd Int hkl n
When a mixture of NF4BF4and SnF4in a mol ratio of 60 g;; ;’;: :r' :“') ; ’
2:1 was treated 8 times, as described in Example 11, with 493 493 w 102 -
liquid HF for a total of 35 days, the resulting non- 349 3.50 B 103
volatile residue consisted mainly of NF4SnFs, unre- ;';: ;;: :m ; : (" T
acted NF4BF, and only a small amount of (NF4):SnFo. (¢ 2.782 2778 ™ 004 - §
i
!
i
[
:
RI/RDB0O-134
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TABLE Vl-continued

X-RAY POWDER DATE FOR (NF4),TiFg’

fluorotitanate (1V) anion (probably TisF2s - ) having its
strongest Raman line at 784 cm - 1. During the next two

d obsd d calcd Int bkl heating cycles (190°-195° C. for 14 days and 180° C. for
7465 746 - 331 35 days) the solid ggincd 149 and 41 mg, respectively, in
2318 2318 mw 323 s weight. The vibrational spectra did not show any evi-
2.201 2200 s 422 dence of unreacted TiF4, and the relative intensities of
2.100 2.101 w s10 the bands due to NF4¢+* had significantly increased.
s Toe W 320302 Furthermore, the 784 cm - ! Raman line had become by
1789 1789  mw 600442 far the most intense Raman line. Additional heating to
1.663 1.664 mw 226 10 230° C. for 3 days did not result in significant changes in
1.641 1.644 mw Joe

“etragonal. a = 10.715A, ¢ = 11.114A, Cu Ka radiation Ni filter

Its ionic structure, i.c. the presence of discrete NF;+
cations and TiF¢~— — anions was established by '°F nmr
and vibrational spectroscopy. The !'°F nmr spectrum
showed the triplet at ¢=—220, characteristic for
NF4+ as shown above, and the characteristic TiFe
signal at ¢ = —81.7. The vibrational spectra are listed in
Table VII.
TABLE VII

VIBRATIONAL SPECTRA OF SOLID (NFyp TiFg
Obsd Freq (cm ~ 1) and

5

20

either the weight or the vibrational spectra of the solid.
Based on the observed weight increase and on the iack
of spectroscopic evidence for the presence of lower
polyperfluorotitanate (IV) anions, the solid product
appears (o have the approximate composition
NF4TisF2s (caicd weight increase, 205 mg; obsd weight
increase 198 mg).

EXAMPLE VI

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 cylin-
der. For the HF solution reactions, the solid starting

Ret Intens Assignments (Point Group) materials (6 mmol of NF4BF4 in each experiment) were

IR Raman NF¢ * (Tg) TiFs (Os) 25 placed in a passivated Teflon FEP ampoule and 15 ml of

1219 mw v(Ar + E + F2) liquid anhydrous HF was added. The mixture was

1160 vs 1158 (1.4) stirred with a Teflon coated magnetic stirring bar at
1132 sh.vw vi(F2) room temperature for a given time period. The volatile i
:g‘z"? w v + va(Fr + E2) products were pumped off at 50° C. for 3 hours and the :

910 vw vy + ve(F1a) 30 composition of the solid residue was determined by

883 (0.1) 2viAL + A + B)
850 sh.vw 853 (100 vitAD

elemental and spectroscopic analyses and from the ob-
served material balances.

TiFs (11.3 mmol), NFy (200 mmol), and F; (200
mmol) were heated in a passivated 90 ml Monel cylin-
der 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° C. for 3 days resulted in a weight gan of 8 mg and
the vibrational spectra showed mainly unreacted Tiky
in addition to a small amount of NF¢* and a polyper-

60

65

Obwviously, numerous vanations and modifications
may be made without departing from the present inven-
tion. Accordingly, 1t should be clearly understood that
the forms of the present mvention described above are
tlustrative only and are not intended to imit the scope
of the present invention

We claim

1 A compound for use in an improved NF1—F: gas
generator, said compound having the general composi-
ton (NFy A% | wheremm A7 denved from TiF,
and s self clinkering

R1/RDBU-134

K-
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' 804 w The thermal displacement reactions were carried out :
611 mw 612 () va(F2) . . . .
607 sh in a prepassivated 90 ml Monel cylinder which was 4
601 (8.0) vi(Arg) 35 heated in an electric oven for a specified time period.
:63 vs 0 vi(Fiu) The volatile products were separated by fractional con-
52 vw Py iz'o: viE} densation in a vacuum line, measured by PVT, and
289 82) va(Fap) identified by infrared spectroscopy. The solid residues
107 (0 +) were weighed and characterized by elemental and spec-
86 () Lattce Vibrations 40 troscopic analyses. The results of these experiments are :
summarized in Table VIIL ;
TABLE VIII i
Results from the Displacement Reactions between NF4BE4 and TiFg '
Reactants (mol) Reaction Conditions  Products (mol) ,
NF4BF410), untreated TaFg(6) HE. 24° C, 18h NF4T1:Fo(4), NF4BF (4 l
NF(BF4(0), untreated TiF4(12)  HF, 24° ¢, 72h NE4aFo(o) i
NFBF4(6), prefluor TaFy(6) HF, 24" C, 138h HEsThF a0~ 2). NFyBF4(~ &), )
small amount of NF4TI;Fe
NEBF(6), prefluor TiFg(12)  HF, 24° C ., 96h NEsTHE | 1(4), NF4BF4(2),
NF4BF4(0), untreated TiFg(6) 190° . 18h NEsTiFo ~ 1), NFA( =3, BFy~06).
small amounts of NFBF4 and NF¢TniF )3
NF¢BF4(6), untreated TiF4(6) 160° C, 60h NEsId 132y, NFGBF (1 4, NFy2 6), !
BE 4 6) i
NF4BF4(0), prefluor. TiF4(6) 170° ., 20h NE¢ToFo(d), NFsBE D). BF oD
NF4BF4(6), prefluor. TiF4(1) 170° C, 20h NEsTi:Fo(d o), NFsTRE (1 6),
RE (S 41, NFsBF 40 6
NFBF4(0), prefluor. TiFg(12)y 170" ¢, 192h NEgTokao), BE o)
EXAMPLE V J
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3. A compound for use in an improved NF3—F; gas
generator, said compound having the general composi-
tion (NF4+)sA" -, wherein A*— is TiF¢— — and is self-
clinkering

3. A compound for use in an improved NF3—F; gas
generator, said compound having the general composi-
tion (NF¢t)sA"—, wherein A"~ is Ti;Fo— and is self-
clinkering.

4. A compound for use in an improved NFy—F gas
generator, said compound having the general composi-
tion (NF4+)aA"—, wherein A"~ is Ti3F13~ and is self-
clinkering.

3

15

23

3s

45

55

65

10

§. A compound for use in an improved NF)-F; gas
generator, said compound having the general composi-
tion (NFy)a+ A”?—, wherein A” - is TigFys -~ and is self-
clinkering.

6. A process for the production of NF4+*TiFs - .
nTiFs, comprising the steps of treating NF(BF with
TiF4 in anhydrous HF solution at room tempersture.

7. A process for the production of NF¢*TiFs .
nTiF¢, comprising the step of treating NF4BF¢ with
TiF4 at temperatures ranging from 150° 1o 200° C.

8. A process for the production of NF¢TicF1s, com-
prising the step of heating a mixture of NF;, F; and
TiFst0 170° C. to 200" C. at elevated pressure.

L]

RI/RDBO-134
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1

SELF-CLINKERING BURNING RATE MODIFIER
FOR SOLID PROPELLANT NF;-F; GAS
GENERATORS FOR CHEMICAL HF-DF LASERS

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a composition of matter
which is useful in NF3-F; gas generator formulations.

2. Descniption of the Prior An

In the recent past, certain new self-clinkering NF¢+
salts have been synthesized. Among these are
(NF()2SnFy, NF4SnFs, (NF(),;TiFs, NF(TiFs,
NF Ti3F 3. NF4TieF2s and (NF4);NiFs. When such
self-clinkering salts are utilized as oxidizers and com-
bined with a fuel such as aluminum, NF; gas, F gas and
solids are produced when the combination is burned.
The gases are useful as lasing materials. The fact that
solids or *‘clinkers™ are produced is important in that it
overcomes a disadvantage present when, for example
NF4BF4 is used as the oxidizer. When NF4BF4 is used,
NF;, F: and another gas, BF;, are produced. The gase-
ous BF3 is not useful as a laser material and acts to
deactivate the laser. By producing a solid or “clinker"
instead of gases other than NF;and F;, the self-clinker-
ing salts overcome this problem.

Frequently, formulations containing NF4+ salts re-
quire burning rate modifiers. Typically, N)F3+ salts
which are more reactive than NF + salts can be used.
However, insofar as is known from the prior art, no
self-clinkering N;F3 + salts are available.

SUMMARY OF THE INVENTION

According to this invention, a self-clinkering NaF3 ¢
salt which is useful as a burning rate modifier has been
prepared. The salt has the formula N;F;SnFs. Synthesis
is accomplished by means of a reaction between
N;F)SbF¢ and CsSnFe in HF. Insofar as is known by
the inventors, the salt of this invention is the first self-
clinkeiing N;F3+* salt ever produced.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

The salt, N;F3SbFe, may be prepared according to
the procedure set forth in the following example

EXAMPLE 1

Synthesis of N;F;SbFs. A Teflon amplule, containing
a Teflon coated magnetic stirring bar and equipped with
a stainless steel valve, was loaded with 14.4 mmol of
SbFsin s glovebox. The ampule was then attached to a
vacuum line and 2 mi of anhydrous HF was condensed
into the ampule at —78° C. while stirring and warming
to ambient temperature. The system was then pressur-

45

b}

65

2

ized with NoF4 (1 atm). A gradual decrease in the pres-
sure was noted due 1o uptake of N;Fq. Periodic cycling
to below 0° C. secemed to increase the rate of N;F4
uptake. After several hours the unreacted N;F¢and HF
solvent were pumped off at 40° C. until constant weight
was achieved. The observed weight gain corresponded
to the reaction of 12.1 mmol of N2F4. When the reaction
was repeated on a larger scale with 8 ml HF for 3 days,
it was found that 74.0 mmol of SbFs reacted with 73.5
mmol of N;Fq to give 23.66 g of NF3iSbFe (weight
calcd for 74.0 mmol of NF3SbFe 23.74 g), which was
characterized by !9F NMR and vibrational spectros-
copy.

To produce the salt of this invention, N;F3SnFs, one
utilizes N;F;SbF¢ obtained from Example 1 and
Cs2SnF, and carries out the procedure set forth in the
following example.

EXAMPLE 11

Solid N;F3SbFe (6.43 mmol) and Cs;SnFe (3.24
mmol) were placed in a well passivated (with CIF3;)
Monel vacuum line equipped with Teflon-FEP U traps
and diaphragm values. Approximately 2 ml of anhyrous
HF was added. After stirring and shaking vigorously
for 30 minutes at room temperature, some of the HF
was removed under vacuum and the mixture was
cooled to —78" C. The solid and liquid phases were
separated by pressure filtration and the volatile prod-
ucts were removed by pumping at 25° C. for 15 hours.
The volatile material was separated by fractional con-
sideration and consisted of the HF solvent and N;F¢
(3.2 mmol). The filtrate residue (0.3 g) was analyzed by
means of vibrational and NMR spectroscopy and
shown to be N;F:SnFs.

When N;FiSnFs< 1s combined with a fuel such as
aluminum and burncd NFj gas, F» gas, N; gas and a
soiid are obtained. (Since Ny is normally used as an inert
diluent its formation does not degrade the performance
of a laser.) Thus N;F3SnFsis self-clinkering. That is, a
non-gaseous product (the solid or ““clinker™) rather than
a gasecous product (such as the BF;3 produced when
NF4BF4 1s burned) results upon burning of NaFiSnFs.
In addition, the useful gases NFi and F; (and N;) are
produced. Insofar as is known by the inventors,
N:F3SnFsis the only self-clinkering N F3+ salt that has
ever been produced to date.

What is claimed is:

1. NaFiSnFs.

2. A method for preparing NaFySnFs comprising the
steps of:

forming a solution of N;F3SbF salt and Cs;SnF salt

in HF,

allowing the salts to react.
. L] L * .
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1
N;F3SBF, AND ITS PREPARATION

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to the salt NaF3SbFe and to its
preparation.

2. Description of the Prior Art

The use of solid compositions to produce fluorine and
NF; for chemical lasers is known. For example, Pilipo-
vich in U.S. Pat. No. 3,963,542, describes such a compo-
sition. The need for buer rate modifiers for solid gas
generating compositions is also well known.

SUMMARY OF THE INVENTION

According to this invention, a salt that is uscful as a
burn rate modiifier for NF;-F; gas generators is pro-
vided. The salt is a fluorine containing salt having the
formula N;F3SbF, and is prepared by reacting NF,
and SbFs in anhydrous HF. Insofar as is known by the
inventors, N;F3SbF¢ has not been previously synthe-
sized.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

The preparation of the salt of this invention is illus-
trated by the following example.

EXAMPLE

Synthesis of N2F3SbFs. A Teflon ampule, containing
a Teflon coated magnetic stirring bar and equipped with
a stainless steel valve, was loaded with 14.4 mmol of
SbFs in a glovebox. The ampule was then attached to 8

R1/RD80O-134
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vacuum line and 2 ml of anhydrous HF was condensed
into the ampule at —78° C. while stirring and warming
to ambient temperature. The system was then pressur-
ized with N2F¢ (1 atm). A gradual decrease in the pres-
sure was noted due to uptake of NyFs. Penodic cycling
to below 0° C. seenied 10 increase the rate of NaFg
uptake. Afier several hours the unreacted NF¢and HF
solvent were pumped off at 40° C. until constant weight
was achieved. The observed weight gain corresponded
to the reaction of 12.1 mmol of N2F4. When the reaction
was repeated on a larger scale with 8 ml HF for 3 days,
it was found that 74.0 mmol of SbFs reacted with 73.5
mmo)} of N2F, to give 23.66 g of N2F3SbF¢ (weight
calcd for 74.0 mmol of N3F3SbFe 23.74 g), which was
characterized by 'F NMR and vibrational spectros-
copy-

Tests in which small amounts of N;F3;SbFe¢ were
incorporated into aluminized NF3-F; gas generator
compositions showed that the salt was effective as a
burn rate modifier.

What is claimed 1s:

1. The salt having the formula:

N;F ) ShFe

2. A method for preparing the salt having the formula
N;F3SbF comprising the steps of:
forming a solution of N2F4 and SbFs in anhydrous
HF; and
reacting the N:F; and SbFs at room temperature.
3. A method according to claim 2 wherein the HF

solvent is removed by distillation.
. L] L] * L]
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1

DISPLACEMENT REACTION FOR PRODUCING
NF.PF,

The invention herein described was made in the
course of or under a contract or subcontract thereun-
der, (or grant) with the United States Navy.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of Ser. No.
732,275 filed Oct. 14, 1976, and abandoned Dec. §, 1977,
now abandoned.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to methods of producing com-
positions and is particularly directed to a method of
producing NF4PF, by a displacement reaction between
NF4BF and PFs.

2. Description of the Prior Art

NF,+ salts are the key ingredients for solid propel-
lant NF3;—F; gas generators, such as that disclosed by
D. Pilipovich in U.S. Pat. No. 3,963,542, for chemical
HF-DF lasers. Whereas NF4SbF¢ and NF4AsFs can be
prepared with relative ease, according to the methods
taught by W. E. Tolberg et al, in U.S. Pat. No.
3,708,570, and K. O. Christe et al, in U.S. Pat. No.
3,503,719, these compounds suffer from the disadvan-
tage of containing a relatively heavy anion, thus de-
creasing their performance in an NF;—F) gas genera-
tor. This disadvantage can be overcome by replacing
the SbFe — or AsFg¢— anion by the lighter PFg¢— anion.
The existence of this salt has previously been claimed
by Tolbert et al in U. S. Pat. No. 3,708,570, but their
production process was so inefficient that they could
not isolate an amount of material sufficient for its isola-
tion, identification and characterization.

BRIEF SUMMARY AND OBJECTS OF THE
INVENTION

This problem of synthesizing NF4PF¢is overcome by
the present invention. The method of the present inven-
tion involves a displacement reaction between the
readily available NF4BF4 and PFs according to:

NF4BF¢ + PFs -NF(PFs + BF;

Applicants have found that the displacement reaction
can be carried out at any temperature above the melting
point of PFs (—94° C.) and below the decomposition
temperature of NF4PF¢ (above 245° C.). Moreover, the
pressure is not essential and is given by the reaction
temperature (that is, the vapor pressure of PFs).

This method provides NF4PFs of high purity.

Accordingly, it is an object of the present invention
to provide an improved process for the production of
NF4PFe.

This and other objects and features of the present
invention will be apparent from the following examples.

DETAILED DESCRIPTION OF THE
INVENTION

In a typical experiment, pure NF¢BF4 (2.07 mmol)
was combined at — 196° C. with an excess of PFs(40.01
mmol) in a 10-m] 316 stainless steel cylinder. The mix-
ture was kept at 25° C. for 64 h. The volatile materials
were removed in vacuo and separated by fractional
condensation. They consisted of BF3 (2.0S mmol) and
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unreacted PFs (37.93 mmol). The white solid residue
had gained 120 mg in weight. Based on the above mate-
rial balance, the conversion of NF4BF4 to NF4PF¢ was
essentially complete. This was further confirmed by
vibrational spectroscopy which showed the solid to be
NF4PF¢ containing no detectable amounts of NF4BF.

The salt NF4PFq is a white, crystalline, hydroscopic
solid, stable at room temperature, but rapidly decom-
posing at 245° C. Its characteristic x-ray diffraction
powder pattern is listed in Table I. Its vibrational spec-
trum is listed in Table II and establishes the ionic nature
of the salt, i.e. the presence of discrete NF4+ cations
and PFg- anions. This was further confirmed by !°F
nmr spectroscopy in HF solution which showed the
triplet JnF=230 Hz at ¢= —217) characteristic for
NF4+.

TABLE 1
X-RAY POWDER DATA FOR NF4PFy?

d obsd d calced Int hk!

5.40 5.36 ms 1o

4.55 4.53 s 101

391 31.89 v§ 111

379 379 s 200

2.9]) 291 ms 214

2.65 2.65 m 102

240 240 vw 310
2.307 2308 m 301
2204 2.205 vw 3t
2471 2171 mw 212
1.882 1.883 ms 302003
1.825 1.827 vw 312103
1.784 1.785 w 330
1.747 1.747 mw 411
1.685 1.685 w 322203
1.646 1.646 w 213
1.622 1.622 w 421
1.536 1.540 vw 412
1.485 1.486 vw 510
1.464 1.463 vw 501

1.437 1.437 w 511
1.408 1.407 vw 520
1.365 1.365 vw s21.114
1.333 1.338 w 502
1.318 1.319 vw 440
1.302 1.304 vw 214
1.259 1.259 w 423
1.214 1.216 w 611

“Tetragonal. 8 = 7577, ¢ = $6353A. Cu K, radiation Ni filter

TABLE 11

VIBRATIONAL SPECTRUM OF NF4PF¢
Obsd Frequency (cm— 1)

Ir Raman Assignments for NF4* (Tg)
2380 vw 2vi(A1 + E + F2) = 2320
2320 w
2005 w vi + w)(Fy) = 2008
1765 w vy + vw(A; + E + F)) = 1769
1457 w vi + va(Fy) = 1457
1221 mw ug(A1 + E + F)) = 1218
1166 vs 1168(1.5) vi(Fy)
1150(0.8)
1135 vw
1056 vw vy + v(F) + F)) = 1049
880(0.2) vyAy + Ax + E) = 880
849(8.2) vi{Ay)
6lim
609(7 4} vy(F)
608 m
4129 vy(E)
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TABLE Il-continued TABLE Il-continued
VIBRATIONAL SPECTRUM OF NF4PF, VIBRATIONAL SPECTRUM OF NFPF,
b 469(1.2) vs(Fag)
5
Assignments for PFe~ (On) Obviously, numerous variations and modifications
1590 w V1 4+ v)(Fi) = 1590 may be made without departing from the present inven-
1414 w v2 + vi(Fl, + Fp) = 1413 tion. Accordingly, it should be clearly understood that
1308 vw v + ve(F1a) = 1307 10 the form of the present invention described above is

illustrative only and is not intended to limit the scope of
the present invention.

842 vs :
838(1.5) vi(FL) We claim:
1. A process for the production of NF4PFgcharacter-

89w

ts ized by combining NF4BF,4 with an excess of PFs at
749 w 748(10) vi(Alg above about —196° C., reacting the reactants while

ST1(0.8) viEg warming the reaction system to a temperature less than
559 s ve(F14) about 25° C. and removing the volatile reaction prod-
ucts by pumping.

474 vw } 2 LN L
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SELF-CLINKERING NF4+ COMPOSITIONS FOR
NF;-F2 GAS GENERATORS AND METHOD OF
PRODUCING SAME

The invention herein described was made in the
course of or under a contract or subcontract thereun-
der, (or grant) with the United States Navy.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a division of Ser. No. 734,153 filed
QOct. 20, 1976, and now U.S. Pat. No. 4,152,406.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to compositions of matter and
methods of producing the same and is particularly di-
rected to improved solid propellant NF3—F; gas gener-
ators derived from self-clinkering NF4+ salts, together
with methods for producing such gas generators.

2. Description of the Prior Art

NFg4+ salts are the key ingredients for solid propel-
lant NF3—F; gas generators, as shown by D. Pilipovich
in U.S. Pat. No. 3,963,542. These propellants consist of
a highly over-oxidized grain using NF;+ salts as the
oxidizer. Burning these propellants with a small amount
of fuel, such as aluminum powder, generates sufficient
heat to thermally dissociate the bulk of the oxidizer.
This is shown for NF4BF; in the following equation:

NF(BF¢ -+NF;+F:+BF;

As can be seen from the equation the gaseous combus-
tion products contain the volatile Lewis acid BF ;. This
disadvantage of a volatile Lewis acid byproduct is
shared by all the previously known NFs+ composi-
tions. These volatile Lewis acids possess a reiatively
high molecular weight and a low y value (y=C,i/C.),
relative to the preferred diluent helium and frequently
act as a deactivator for the chemical HF-DF laser. Con-
sequently, these volatile Lewis acids must be removed
from the generated gas prior to its use in an efficient
chemical laser. Based on the state of the art, heretofore,
this would be achieved by adding a clinker forming
agent, such as KF, to the solid propellant formulation.
The function of this additive served to convert the
volatile Lewis acid, such as BF3, to a non-volatile salt as
shown by the following equation:

KF + BF, .KBF,

The principal disadvintages of this approach are that,
even 1f an excess of (F s used. complete clinkering
cannot always be guar *~*:.u. and that the addition of
the KF severely degrades the yield of NF1—F: obtain-
able per pound of formulapon This problem could be
solved by using NF4* contaming compositions derived
from non-volatle Lewrs acids However, the synthesis
of such compositons has previously been unknown,
since highly stable and non-volatite Lewis acids are
polymernic and contain coordination-wise saturated cen-
tral atoms Consequently, these compounds possess
very hittle or no acidity, which renders the synthesis of
such salts very difficuit.

25

15

60

65

2

BRIEF SUMMARY AND OBJECTS OF THE
INVENTION

The above described problem of obtaining a Lewis
acid free NF3—F gas stream from NF4+ compositions
without clinker forming additives is overcome by the
present invention. We have found that NF4+ salts, de-
rived from the polymeric non-volatile Lewis acids
SnF4 (subliming at 704° C.) and TiF4 (1l atm vapor pres-
sure at 284° C.) can be prepared. The lack of acidity of
SnF4 at temperatures, at which NF.+ salts can be
formed and exist, was demonstrated. It was shown that
mixtures of NF3, F3, and SnF4, when heated to temper-
atures of up to 300° C. at autogenous pressures of about
150 atm, did not show any evidence for NFs+ forma-
tion.

Since a direct synthesis of an NF4+ salt derived from
SnF4 was not possible, we have studied metathetical
and displacement reactions. Because SnF, - - salts are
stable in anhydrous HF, the metathetical and displace-
ment reactions were carried out in this solvent. The
following methathetical reaction

INF{SbF + CsaSnFe HE solution
2CsSbF, | + (NF4)SnFo

was carried out. It resulted in the precipitation of the
rather insoluble salt CsSbFe, while the soluble
(NF4)28nFg remained in solution. The two products
were separated by a simple fiitration step. The composi-
tion (in mol%) of the crude product was: (NF4)2SnFy,
83. NF4SbF, 13; CsSbFe, 4. The purity of this product
can be easily increased by following the procedures
outlined for NF4BF; in our co-pending application Se-
rial 'No. , filed

Another NF4* salt derived from SnF4 was obtained
by the following quantitative displacement reaction in
anhydrous HF as a solvent.

NFBF + SnEq HF soluion NFSnFs + BF,

For TiFs, the direct synthesis of an NF4* salt from
NF;3, F,, and TiFq s still possible, since TiFs possesses
aiready some vapor pressure at temperatures where
NF4+ salts can be formed. However, the product thus
obtained s very rich in TiFs, as shown by the following
equation:

. > s .
NFi s Fy o oTiby 2L 20000 g 1y

The NF4+ content of this salt could not be significantly
increased by any changes in the reaction conditions.

Displacement reactions between NF4BF, and TiF,,
either in HF solution or in the absence of a solvent,
produced NF4+ salts according to

NFBFs+ nThF¢ NETIFsin DTFg + BF

where, depending on the exact reaction conditions, n
equals either 3 or 2.

A further increase in the NFy+ content was possibie
by the following metathetical reaction which vielded
(NF4):TiFg:

INFE4SOFq « Oy TiFy 1 wluir
2CsSbhFn, + (NEg):TiF,

R1/RD80O-134
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The separation and purification procedure for this prod-
uct is analogous to that outlined above for (NF4),SnF.

The advantages of the above disclosed concept of
using these novel self-clinkering NFs t composition for
NF3—F; gas generators become obvious from a com-
parison of their theoretical performance data. In Table
1, the theoretical yields of usable fluorine, expressed in
weight percent, of (NF4)SnFe¢ and (NFy);TiF, are
compared to that of KF clinkered NF4BFj, the highest
performing presently known system. The novel self-
clinkering compositions clearly outperform KF clin-
kered NF4BFs. Furthermore, the risk of incomplete
clinkering which always exists for a clinkered formula-
tion is avoided.

TABLE I

A COMPARISON OF THE THEORETICAL PERFORMANCE
OF SELF-CLINKERING (NF4)28nFs AND
(NF¢)TiFy WITH KF-CLINKERED NF4BF4

System Performance (Weight % Usable F)
NF4BFs . 1.2KF 8.5
(NF4)SnF¢ 46.0
(NF4),TiFe 55.6

Accordingly, it is an object of the present invention
to provide higher performing solid propellant NF;—F;
gas generator compositions.

Another object of the present invention is to provide
self-clinkering NF4* compositions capable of generat-
ing Lewis acid free NF; and F.

Another object of the present invention is to provide
processes for the production of self-clinkering NF4+
compositions.

These and other objects and features of the present
invention will be apparent from the following examples.
It is understood, however, that these examples are
merely illustrative of the invention and should not be
considered as limiting the invention in any sense.

DETAILED DESCRIPTION OF THE
INVENTION

EXAMPLE 1

Metathetical reactions were carried out in an appara-
tus consisting of three Teflon FEP U-traps intercon-
nected by Monel unions and closed off at each end by a
Monel valve. The union between trap II and trap III
contained a Teflon filter and was held in place by a
press fit. The passivated apparatus was taken to the dry
box and Cs;SnFs and NF4SbF¢ (in a 1:2 mole ratio)
were placea into traps | and 11, respectively. The appa-
ratus was connected to the vacuum line through flexible
corrugated Teflon FEP tubing. Anhydrous HF, in an
amount sufficient to just dissoive the starting materials,
was added to traps I and II. Trap I was flexed to allow
the Cs;SnF solution to run inte trap Il containing the
NF4SbFs solution. Upon contact of the two solutions,
copious amounts of a white precipitate (CsSbFe)
formed. The contents of trap II were agitated for sev-
eral minutes to obtain good mixing. Then the apparatus
was inverted to allow the solution to run onto the filter.
To generate a pressure differential across the filter, trap
111 was cooled to —80° C. After completion of the
filtration step, trap 111 was warmed to ambient tempera-
ture and the HF solvent was pumped off. The solid
residue on top of the filter consisted mainly of CsSbFe,
whereas the solid collected in trap 11 was mainly the
desirect {*F4):SnF,.

The following example gives a typical product distri-
bution obtainable with the above procedure and appara-
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tus. Starting materials: NF4SbF (9.72 mmol), Cs;SnF,
(4.86 mmol); weight of solid on filter =4.24 g; weight of
solid in trap 111 =1.36 g (weight calcd for 4.86 mmol of
(NF4)2SnFy=2.01 g). Elemental analysis for solid from
trap IIl. Found: NF3, 31.5; Sn, 25.1; Sb, 5.9; Cs, 1.3.
Caliculated analysis for a mixture (mol %) of 82.8
(NF4)2SnFe, 12.9 NFiSbF,, and 4.3 CsSbFe: NF;,
31.72; Sn, 24.60; Sb, 5.24; Cs, 1.43.

(NF4)2SnFeis a white, crystaliine, hygroscopic solid,
stable at room temperature but decomposing at 240° C.
Its characteristic x-ray powder pattern is listed in Table
IL. Its ionic composition, i.e. the presence of discrete
NF4+ cations and SnFg  anions was established by
9F nmr, infrared and Raman spectroscopy.

The 19F nmr spectrum, recorded for a BrFs solution,
showed 1n addition to the solvent lines a triplet of equal
intensity with ¢= —220, Jar=229.6 Hz, and a line
width at half height of about 5 Hz, which is characteris-
tic of tetrahedral NF4 - . In addition, a narrow singlet at
¢ = 149 was observed with the appropriate !7/1198q
satellites (average Jsnr=1549 Hz), characteristic of
octahedral SnFe¢- -. The wvibrational spectra of
(NF4):SnFg and their assignments are summarized in
Table HI.

EXAMPLE 11

A mixture of NF4BF4and SnF4(9.82 mmol each) was
placed into a passivated Teflon-FEP ampoule contain-
ing a Teflon coated magnetic stirring bar. Anhydrous
HF (10 ml liquid) was added at —78° C., and the result-
ing suspension was stirred at 25° C. for 2 hours. The
volatile material was pumped off at 35° C. leaving be-
hind a white stable solid which, on the basis of its
weight (3.094 g) and Raman spectrum, consisted of 83
mol percent NF4SnFs and 17 mol percent unreacted
starting materials. The HF treatment was repeated
(again for 2 hours) and the non-volatile residue (2.980 g,
weight caled for 9.82 mmol of NFsSnFs=2.982 g) was
shown by infrared, Raman, and 'F nmr spectroscopy
to be essentially pure NF:SnFs. Anal. Calcd for
NF4SnFs:NF3, 23.38; Sn, 39.08. Found: NF;3, 23.6; Sn,
38.7.

TABLE 11
X-RAY POWDER DATE FOR (NF¢)2SnFg?

d obsd d caled Int hkl!
627 6.16 w 1
567 s70 vs 002
499 504 vw 102
367 369 w 212
1SS 159 s 103
142 ja2 s 310
2990 2990 s 213
2 851 1851 ms 004
2.492 249 m 331
2547 2.356 w KIPR]
2.230 2.228 s 422
2120 211 mw S0
2023 2024 mw S02
1961 196} w 404
1917 1914 m 440
1 R82 | 881 mw S0}
t R34 1832 w s3¥1
1813 1814 mw 442
1763 1 768 vw $32
712 1782 w 620
1 686 | 686 m S403006
1662 1 662 m 116
t6lb 1614 mw 610
1570 1470 mw 508
1s0n 1501 mw 6840
1 197 1396 mw X R

R1/RD8O-1134
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TABLE ll-continued

X-RAY POWDER DATE FOR (NF¢);SnFg?

6

Table V and again establishes the presence of discrete
NF4+ cations.

d obsd d caled Int hk! EXAMPLE Il
1.387 1.386 w 630 When a mixture of NF4BF4and SnF¢in a mol ratio of
:;;‘: 1.359 i 706345 2:1 was treated 8 times, as described in Example I1, with
1314 mw liquid HF for a total of 35 days, the resulting non-
1.263 w volatile residue consisted mainly of NF4SnFs, unre-
:ﬁ; “‘:Vw acted NF4BFy, and only a small amount of (NF4);SnFe.
1192 w 0 EXAMPLE IV
1.177 mw . ) .
@ fetragonal. a = 10828A. v = 11.406A. Cu Kgradiation Ni filter The metathetical sY“theﬁs of (NF4)2T1F6 from satu-
rated HF solutions of NF4SbF¢ (10.00 mmol) and
TABLE 111
Vibrational Spectra of Solid (NF4)SnFg
Obsd Freq (cm ™ 1) Assignments
and Rel Inten (Point Group)
IR Raman NF4t (Tg) SnFs—(On)
1224 mw ve(A} + E+ Fy
1160 vs 1158 (1.5) vi(Fp)
1132 sh,vw vi + v3(Fip)
1059 vw vy + va(F1 + Fp)
1026 vw va + vi(Fy, + Fp)
811 (0.1) 2viA1 + A7 + E)
854 vvw 853 (10) vi(Ag)
613 mw 613 (5.0)
605 mw 607 (1.5) ) va (F2)
579 (8.3 vi(Ag)
$50 vs v3(FL)
470 (0+) br v (Ep)
49 (3.1)
42(29) ) v2 (E)
251 (3.3) vs (Fap)
84 (0.)) Lattice Vibration
Cs,TiFe (5.00 mmol) was carried out in the apparatus
NF4SnFs is a white, crystalline, hygroscopy solid, ~ described in Example I for the synthesis of (NF4):SnF,.
stable at room temperature and decomposing above After ‘combination of the solutions of the two starting
200° C. Its characteristic x-ray powder pattern is listed ~ materials at room temperature and formation of a
in Table IV. © CsSbF, precipitate, the mixture was cooled to —78° C.
TABLE IV and filtered. The volatile materials were pumped off at
50° C. for 1 hour. The filter cake (3.85 g) was shown by
X-RAY POWDER DATA FOR NF4SnFs its x-ray powder diffraction pattern and vibrational
d obsd Int d obsd Int spectroscopy to be mainly CsSbF¢ containing, due to
172 mw 25 mw the hold up of some mother liquor, a small amount of
632 vs 2319 vw 4 (NF);TiFe. The filtrate residue (1.55 g, weight calcd
: ‘2’: : g:f;’: : for 5 mmol of (NF4),TiFs=1.71 g) had the composition
T m 2,004 ms (mol%): 88.5 (NFs):TiFs and 11.5 CsSbFs. Found:
419 m 1968 mw NF;, 36.2; Ti, 12.21; Sb, 4.11; Cs, 4.4. Calcd for a mix-
380 vs 1929 w ture of 88.5 (NF4)2TiFe and 11.5 CsSbFo: NF;, 36.43;
e m 1820 ™ %0 Ti, 12.29; Sb, 4.06; Cs, 4.43. Based on the observed
317 mw 1757 mw Raman spectrum, the composition of the filtrate residue
2868 w 1.732 mw was estimated to be 90 (NF4):TiF, and 10 CsSbF,, in
21802 w 1.700 mw good agreement with the above elemental analysis.
i‘;;': m :‘::; vw (NF4)2TiFs is a white, crystalline, hygroscopic solid,
3 w . wss .
1615 w stable at room temperature, but decomposing above
200° C. Its characteristic x-ray powder pattern is listed
_— . . in Table VI
Its ionic structure, i.e., presence of NF¢+ cations, was
established by its '°F nmr spectrum in BrFs solution. In TABLE V
addition to the solvent lines, it showed the triplet (see 60 Vibrationa! Spectra of Solid NF¢SnFy
above) at ¢ = — 220, characteristic of NF4+. Two reso- Obsd Freq (cm 1)
nances were observed for SnFs at ¢=145.4 and 162.4, and Rel Intens .
respectively, with an area ratio of 1:4. At —20° C. the NF4SnFs A nts (Point Group)
resonances consisted of broad lines, but at lower tem- IR Raman NF¢! (Ta)
peratures the ¢ =162.4 signal showed splittings. Based 65 1222 mw We(A| + F + Fp
on a more detailed analysis of these data, the SnFs- 1168 v }{‘;5 :8:; ) vs (F)
anion appears to have a diameric or polymeric struc- ’ 1150 sh T
ture. The vibrational spectrum of NF4SnFs is listed in 1134 w.sh

R1/RDBO-134
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TABLE Vll-continued

Vibrational Spectra of Solid NF¢SnFy
Obsd Freq (¢cm~ 1)

VIBRATIONAL SPECTRA OF SOLID (NF4);TiFg
Obsd Freq (cm - ') and

Rel Intens Assignments (Point Group)
IR Raman NF4* (Tq) TiFe~ ~(Oy)
601 (8.0) vi(Ag)
563 vs vi(Fy)
452 vw 450 (3.3)
4“2 (2.6) v2 (E)
10 289 (8.2) vs(Fzg)
107 (0+)
86 (2) Lattice Vibrations
15 EXAMPLE V

TiF4 (11.3 mmol), NF3; (200 mmol), and F; (200
mmol) were heated in a passivated 90 m! Mone! cylin-
der 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° C. for 3 days resulted in a weight gain of 8 mg and
the vibrational spectra showed mainly unreacted TiF,
in addition to a small amount of NF4+ and a polypes-
fluorotitanate (I1V) anion (probably TigFas ) having its
strongest Raman line at 784 cm - |. During the next two
heating cycles (190°-195° C. for 14 days and 180° C. for
30 35 days) the solid gained 149 and 41 mg, respectively, in
weight. The vibrational spectra did not show any evi-
dence of unreacted TiFg, and the relative intensities of
the bands due to NFs+ had significantly increased.
Furthermore, the 784 cm - ! Raman line had become by

35 far the most intense Raman line. Additional heating to
230° C. 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 spectroscopic evidence for the presence of lower

40 polyperfluorotitanate (1V) anions, the solid product
appears to have the approximate composition
NF4TisF;: (calcd weight increase, 205 mg; obsd weight
increase 198 mg)

45 EXAMPLE Vi

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 cylin-
der. For the HF solution reactions, the solid starting
materials (6 mmol of NF4BF4in each experiment) were
placed in a passivated Teflon FEP ampoule and 15 ml of
liquid anhydrous HF was added. The mixture was
stirred with a Teflon coated magnetic stirring bar at
55 room temperature for a given time period. The volatile

products were pumped off at 50° C. for 3 hours and the
composition of the solid residue was determined by
elemental and spectroscopic analyses and from the ob-
served material balances.

60  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 con-
densation in a vacuum line, measured by PVT, and

65 identified by infrared spectroscopy. The solid residues
were weighed and characterized by elemental and spec-
troscopic analyses. The results of these experiments are
summarized in Table VI
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and Rel Intens
NF4SnFs Assignments (Point Group)
IR Raman NFt (T4
1061 w v2 + vs(F1 + F))
1048 w
881 (0.2) va(A} + Az + E)
850 vw 851 (10) vy (A)
635 vs
622 (9.2)
605 mw 606 (3.3) ve (F2)
575 vs
574 (0.5)
559 w, sh 558 (2.0)
490 m 490 (0+)
458 m
448 (2.5)
) v2 (E)
440 (2.3)
272 (0.6)
247 (1.4)
22(0.)
. 197 (0.6)
154 0+)
* 135 (0.2)
.
. TABLE V1
}- X-RAY POWDER DATE FOR (NF),TiFy?
¢ d obsd d calcd Int hkl
6.23 6.26 vw 111
. 5.57 5.56 vs 0012
493 4.93 w 102
3.49 3.50 s 103
139 339 s jt1o
294 293 ms 21}
2782 27718 m 004
2.465 2.463 w 3
2315 2.318 mw 323
2.201 2.200 s 422
2.100 2.101 w 510
1.990 1990 vw 520502
1.892 1.894 m 440
1.789 1.789 mw 600,442
1.663 1.664 mw 226
1.641 1644 mw 306
Stetragonal, & = 10.715A, ¢ — 11 114A, Cu Kyradstion N filter
¢ Its ionic structure, i.e. the presence of discrete NF4+
cations and TiF,~ — anions was established by 19F nmr
and vibrational spectroscopy. The I9F amr spectrum
showed the triplet at &= —220, characteristic for
NF4+ as shown above, and the characteristic TiFe - -
signal at ¢ = —81.7. The vibrational spectra are listed in
Table VII.
TABLE VI
VIBRATIONAL SPECTRA OF SOLID (NFy);TiF,
Obsd Freq (cm 1) and
Rel Intens Assignments (Point Group)
) IR Raman NF4*+(T4) TiFo~ (OW
r 1219 mw (A + E + F))
-' 1160 vs 158 (1 4)
4 1132 sh.vw vy (F))
1060 vw vy + va(F) + F2)
1021 w
910 vw vi + va(Fyy)
883 (0.1} 2vy(Ay + Ay + E)
t 850 sh.vw 853 (10) vi (A
. L. 804 w
: 611 mw 612(%) va(F)
607 sh
.
P
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4,172,884

9
TABLE VIII

10

RESULTS FROM THE DISPLACEMENT REACTIONS

BETWEEN NF¢BF; AND TiFg

Reactants (mol) Reac- Products (mol)
tion
Conditions

NFBF(6). untreated TiF4(6) HF, 24° C,, 18h
NF4BF4(6). untreated TiF4(12) HF, 24° C., T2h
NF4BF«(6). prefluor. TiF(6) HF, 24’ C,, 138h

NF,TiyFo(6)

NFTiFg(4), NF4BF4(4)
HFE4TisF13(~2), NF4BFy(~4),

small amount of NF,TijFg

NF(BF4(6), prefluor. TiF(12) HF, 24° C., 96h
NFBF4(6). untreated TiF¢(6) 190° C,, 18h

NF;TisF11(4), NF(BF4(2).
NFTisFo(~3), NFy(~3), BFy(~6),

small amounts of NF4BF4 and NF4Ti3F 3

NF4BF((6). untreated TiF¢(6) 160" C., 60h
BF;3(4.6)
NF(BF¢(8), prefluor. TiF4(6) 170° C., 20h
NF¢ BF(6), prefluor. TiFe(12) 170° C., 20h
NE(Ti2F(3.6),
NF Ti3F3:4.6),

NF4Ti3F13(2), NF4BF(1.4), NF3(2.6),
NFTizFo(3) NF4BF((3) BF3(3)

BF3(5.4). NF4BF4(0.6)

NF(BF4(6), prefluor. TiF4(12) 170° C., 192h

NF4Ti2Fo(6). BF3(6)

Obviously, numerous variations and modifications
may be made without departing from the present inven-
tion. Accordingly, it should be clearly understood that
the forms of the present invention described above are
illustrative only and are not intended to limit the scope
of the present invention.

We claim:

1. A compound for use in an improved NF1—: gas
generator, said compound having the general composi-
tion (NF4+)nAn—, wherein A7~ is derived from SnF,
and is self-clinkering.

2. A compound for use in an improved NF;~—F; gas
generator, said compound having the general composi-
tion (NF4+)nA”—, wherein A"~ is SnF¢ - — and is self-
clinkering.

RI/RD8O~134
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3. A compound for use in an improved NF;—F; gas
generator, said compound having the general composi-
tion (NFs+)nA7—, wherein A?— is SnFs— and is self-
clinkering.

4. A process for the poduction of (NFs+)2SnFe~ -,
comprising the steps of combining a soluble NFs+X -
salt with a soluble alkali metal salt of SnFe— -~ in a suit-
able solvent to produce an insoluble alkali metal X salt,
and filtering off the precipitated insoluble alkali metal X
salt from the solution containing the soluble
(NF4+);SnFe—- - salt.

§. A process for the production of NF¢SnFs, com-
prising the steps of treating NF4BF4 in an anhydrous
HF solution with an equimolar amount of SnF4 and

removing all products volatile at room temperature.
] L ] . L [ ]
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