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The research reported herein was supported by the U. S. Army Research Office with Dr. R. Husk
a as Scientific Officer. This report covers the period 1 April 1988 through 31 March 1991. The
g program has been directed by Dr. K. O. Christe. The scientific effort was carried out mainly by
Drs. K. O. Christe, W. W. Wilson, C. J. Schack, E. C. Curtis and Mr. R. D. Wilson, and the
3 program was administered by Dr. 8. C. Hurlock.

3

Other contributors to these research efforts, at no cost to the contract were Dr. D. A. Dixon (Du
k Pont); Drs. R, Bougon, P. Charpin, J. Isabey, M. Lance, M, Nierlich, and J. Vigner (French

Atomic Energy Commission); Drs. G. Schrobilgen, J. Sanders, R. Chirakal, and H. P. Mercier
(McMaster University); Dr. R. Bau, J. Feng, S. Sukumar, and D. Zhao (University of Southern
California); Dr, M. Lind (Science Center of Rockwell International); Dr, N, Thorup (University of
Lingby, Denmark); Drs. D. Russell and J. Fawcett (University of Leicester, U. K.); and Drs. J.
Gilbert and R. Conklin (University of Denver).
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INTRODUCTION

This is the final report of a research program carried out at Rocketdyne between 1 April 1988 and
31 March 1991. The purpose of this program was to explore the synthesis and properties of
energetic inorganic halogen oxidizers. Although the program was directed toward basic research,
applications of the results were continuously considered.

Only completed items of research, which have been summarized in manuscript form, are included
in this report. A total of 12 technical papers were published and 6 papers are in press in major
scientific journals, In addition, 11 papers were presenter at international and national conferences,
and 6 invited lectures were given in the U.S. and abroad. A further testimony to the creativity of
this program is the fact that it resulted in 4 U.S. patents. The technical papers and issued patents
are given as Appendices A through V.

During this year, the author is serving on a Foreign Applied Sciences Assessment Center (FASAC)
Panel on Soviet Chemical propellant R&D and is responsible for the liquid propellant area.
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PUBLICATIONS AND PATENTS GENERATED UNDER THIS PROGRAM

Bublished Papers

1.

10.

11.

12.

"Formation of Chlorine-Fluorine and Nitrogen-Fluorine Bonds Using Carbonyl Difluoride
as the Fluorinating Agent," by C.J. Schack and K.Q. Christe, Inorg. Chem., 27, 4771
(1988).

"Crystai Structure of NF4% Salts,” by K.O. Christe, M.D. Lind, N. Thorup,
D.R. Russell, 1. Fawcett, and R. Bau, Inorg. Chem., 27, 2450 (1988).

"Preparation and Characterization of Ni(BiFg), and of the Ternary Adducs

[Ni(CH3CN)¢](SbFg)2," by R. Bougon, P. Charpin, K.O. Christe, J. Isabey, M. Lance,
M. Nierlich, J. Vigner, and W.W. Wilson, Inorg. Chem., 27, 1389 (1988).

"Anion Exchange in NF4* Salts Using Graphite Salts as an Oxidizer- and Acid-Resistant
Anion Exchange Medium," by K.O. Christe and R.D. Wilson, Inorg. Chem., 28, 4175,
(1989). )

"Reactions of Chlorine Fluorides and Oxyfluorides with the Nitrate Anion and Alkali-Metal
Fluoride Catalyzed Decomposition of ClFs,” by K.O. Christe, W.W. Wilson,
R.D. Wilson, Inorg. Chem., 28, 675 (1989).

"Reactions of BrFs with the Azide, Nitrite and Sulfate Anions,” by K.O. Christe,
W.W. Wilson and C.J. Schack, J. Fluorine Chem., 43, 125 (1989).

"Fluorine-Oxygen Exchange Reactions in IFs, IFy, and IF5Q0," by K.O. Christe,
W.W. Wilson, and R.D.Wilson, Inorg. Chem., 28, 904 (1989).

"Reaction of the Fluoride Anion with Acetonitrile, Chloroform and Methylene Chloride,"
by K.O. Christe and W.W. Wilson, J. Fluorine Chem., 47, 117, (1990).

"Syntheses, Propc..ies, and Structures of Anhydrous Tetramethylammonium Fluoride and
its 1:1 Adduct with trans-3-Amino-2-Butene Nitrile," by K.O. Christe, W.W. Wilson,
R.D. Wilson, R.Bau, J. Feng, J. Amer, Chem. Soc., 112, 7619 (1990).

"The Hexafluorochlorate (V) Anion, CIFg~," by K.O. Christe, W.W. Wilson,
R.V. Chirakal, J. Sanders, G.J. Schrobilgen, Inorg. Chem., 29, 3506 (1990).

"New Synthesis of IFs0," by C.J. Schack and K.Q. Christe, J. Fluorine Chem., 49, 167
(1990).

Synthesis and Vibrational Spectra of Chlorofluoroamines,” by J.V. Gilbert, R.A. Conklin,
R.D. Wilson, and K.QO. Christe, J. Fluorine Chem., 48, 361 (1990).
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Submitted Papers

13,

14.

15.

16.

17.

18.

19.

20.

21.

22,

23,

"The NoF* Cation. An Unusual lon Containing the Shortest Presently Known Nitrogen-

Nitrogen and Nitrogen-Fluorine Bonds," by K.O. Christe, R.D. Wilson, W.W. Wiison,
R. Bau, S. Sukumar, J. Amer. Chem. Soc.

“The Pentafluoroxenate (IV) Anion XeFs™; the First Example of a Pentagonal Planar AXs

Species,” by K.O. Christe, E.C. Curtis, D.A. Dixon, H.P. Mercier, J.P.C. Sanders, and
G.J. Schrobilgen, J. Amer. Chem. Sox.

“X-ray Crystal Structure and Raman Spectrum of Tribromine (1+) Hexafluoroarsenate (V),
Brz*AsFg~, and Raman Spectrum of Pentabromine (1+) Hexafluoroarsenate (V),

Brg*AsFg™," by K.O. Christe, R. Bau, and D. Zhoa, Z. anorg, allg. Chem.

“"Controlled Replacement of Fluorine by Oxygen in Fluorides and Oxyfluorides,"
by K.O. Christe, W.W. Wilson, and C.J. Schack, contributed chapter to a book
on "Synthetic Fluorine Chemisiry.”

"High Coordination Number Fluoro- and Oxofluoro-Anions; 1Fg O™ TeF;™, IFg™ and

Tngz'," by K.O. Christe, J.C.P. Sanders, G.J. Schrobilgen, J. Chem, Soc. Chem.
Commun.

"A Quantitative Scale for the Oxidizing Strength of Oxidative Fluorinators," by
K.O. Christe and D.A. Dixon, J. Amer. Chem. Soc.

r n in

"Xenon Oxyfluoride Chemistry," by K.O. Christe and W. W. Wilson, Third Chemical
Congress of North America, Toronto Canada, June 1988.

"lon Exchange Process for the Production of Advanced NF4* Salts," by K.O. Christe and

R.D. Wilson, 12th Intemational Symposium on Fluorine Chemistry, Santa Cruz, CA
August 1988,

“Formation of Chlorine-Fluorine and Nitrogen-Fluorine Bonds Using Carbonyl Fluoride
as the Fluorinating Agent," by C.J. Schack and K.O. Christe, 12th International
Symposium on Fluorine Chemistry, Santa Cruz, CA, August 1988.

“The Nitrate Anion, A Useful Reagent for Fluorine-Oxygen Exchange," by W, W, Wilson
and K.Q. Christe, 12th Intemational Symposium on Fluorine Chemistry, Santa Cruz, CA,
August, 1988.

"Synthesis and Characterization of [N(CHz)4]*CIF4~ and [N(CHz)4]*BrF4™," by
W.W. Wilson and K.O. Christe, 9th Winter Fluorine Conference, St. Petersburg, FL,
February, 1989.

RI/RD91-165
3




L4 M S L

24,

25.

26.

“"Structural Studies at Rocketdyne and Their Relationship to VSEPR Rules,"” by
K.O. Christe, Chemistry Symposium to Honor Ronald J. Gillespie, Hamilton, Ontario,
June, 1989,

"Recent Advances in the Synthesis of New Energetic Materials,” by K.O. Christe and
W.W. Wilson, 9th European Symposium on Fluorine Chemistry, Leicester, U.K,,
September, 1989.

"Twenty-five Years of Excitement in Oxidizer Chemistry," by K.O. Christe, 24th Pauling
Award Symposium, Portland, OR, November, 1989.

27. ‘"Inorganic Halogen Oxidizers," by K.O. Christe, Loker Symposium on Synthetic Fluorine
Chemistry, Los Angeles, CA, February, 1990.

28. "Synthesis and Characterization of Unusual, Highly Coordinated Anions," by
K.O. Christe, W.W. Wilson and E.C. Curtis, 10th Winter Fluorine Conference, St.
Petersburg, FL, February, 1991.

29. "Lewis Acid Behavior of Xenon(Il) Cations and the Synthesis of the XeFs™ Anion," by
N.T. Arner, K.O. Christe, H.P. Mercier, M. Rokoss, J. Sanders, G. Schrobilgen, and
J. Thrasher, 10th Winter Fluorine Conference, St. Petersburg, FL, February, 1991. -

Invited Lectyres

Invited lectures on work done under this contract were given at:

30. University of California, Berkeley
31. Free University of Berlin, Germany (series of four lectures)
Issued Patents
32. "Synthesis of RfOTeFs," by C.J. Schack and K.O. Christe, U.S. Pat. 4,675,088.
33. "Method for the Selective Separation of Gases," by K.O. Christe, U.S. Pat. 4,695,296.
34, "Pure Fluorine Gas Generator,” by K.O. Christe, U.S. Pat. 4,711,680.
35. "Radiation Augmented Energy Storage System," by K.O. Christe, U.S. Pat. 4,903,479.
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RESULTS AND DISCUSSION

Like under the previous program [Ref, 1], a vast amount of data was generated under the current
program. Therefore, this discussion will be limited to a highlight of some of the major
achievements. For more detail, the interested reader is referred to the Appendices.

Development of a Quantitative Oxidizer Strength Scale

Although a major effort of oxidizer chemistry is the development of new oxidizers of increased
oxidizer strength, no quantitative methods existed until now to either define, measure or compute
the strength of an oxidizer. the only data available were some isolated observations that some
oxidizers were capable to fluorinate a given substrate while others were not. However, even these
qualitative data were inconsistent because it was impossible to distinguish whether the failure of an

attempted oxidative fluorination was due to an insufficient oxidizer strength or poorly chosen
reaction conditions or excessively high activation energy barriers,

These problems were now overcome by the development of a quantitative oxidizer strength scale
(see Appendix R). 1t was shown from Born-Haber cycles that the oxidizer strength of an oxidative
fluorinator is exclusively a function of the F* dctachment energies. Since the required F*

detachment energy values are not directly available and are very difficult to compuie, we have in
collaboration with Dr. Dixon from Du Pont determined differences in F* detachment energies
between given oxidizers by total energy computations using local density functional calculations.
The resulting relative oxidizer strength scale was then converted to an absolute scale by defining a

zero point for the scale and by anchoring the scale to the zero point by an experimental number.
We have chosen F* as the zero point and an experimentally known KrF* value as the anchor point.

The validity of the resulting quantitative scale was tested for XeF" and ArF" and gave excellent

agreement with experimental values.

In this manner, the oxidizing strengths of 27 oxidizers were computed and summarized in Table 1
of Appendix R. This oxidizer strength table was also used to calculate the heats of formation of
these oxidizers, thus providing yet another set of valuable information.

The development of a quantitative oxidizer strength scale is a significant advancement in oxidizer
chemistry and will be invaluable for future experimental and theoretical work. The F* detachment

energies (or their negative values which are the F* affinities) are the equivalents to the proton

affinities in organic chemistry.

RI/RD91-165
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Nitrogen Fluoride Chemistry

Nitrogen fluorides are the most promising candidates for energetic halogen oxidizers. They offer
the best compromise between a high energy content and chemical and thermal stability. During the
current program, significant progress was made in the areas of NF4* and NFCl, chemistry,

unusually short N-F bonds, and the formation of N-F bonds.

In the area of NFq* chemistry, a novel process was developed for the production of more energetic
NF,* salts (see Appendix D). The NF4* cation is the most useful and stable highly energetic
cationic oxidizer presently known. Its most accessible salt is NF4SbFg. The drawback of the
latter is the high molecular weight and relatively low energy content of its anion. To obtain more
useful NF4* salts, NFq SbFg must be converted to more energetic NF4* salts such as NFq BF,.
In the past, this had been achieved by low temperature metathesis [Ref. 2], but this approach
involved a batch process with cumbersome low-temperature filtrations and recrystallizations and
produced an impure (~10% impurities) product in about 80% yield. Our new process (Appendix
D) is a continuous ion exchange process which can be operated at room temperature and produces
pure NF4* salts in quantitative yield. The major difficulty which had to be overcome was the

finding of an anion exchanger which is stable towards the very strongly acidic HF solvent and the
powerful NF4* oxidizer. The anion exchangers which were found to work in our process were

graphite salts and therefore, extensive efforts were made in the field of intercalation chemistry.

Also in the NF4* area, in collaboration with four different groups located in the U.S., Denmark,
France, and England, we have finally succeeded in solving the crystal structure of an NF4* salt

(Appendix B) after 20 years of futile efforts.

Another fascinating problem in nitrogen fluoride chemistry was the bonding in the N, F* cation.
Our previous spectroscopic studies [Ref. 3] had indicated that NoF* either possesses an unusually

short N-F bond [Ref. 4] or was a rare exception to Gordy's rule [Ref. 5] which correlates force
constants with bond distances. A crystal structure determination of NoF* AsFg ™, carried out in

collaboration with Prof. Bau's group at USC, confirmed the extreme shortness of the N-F bond
(1.217 A) in NoF* while also showing a very short (1.098 A) N-N bond (Appendix M). A
theoretical analysis of this problem using local density functional calculations revealed that the
shortness of the N-F and the N-N bonds is due to the high s-character of the sigma bonds. This
feature had previously been demonstrated only for carbon compounds.

RI/RD%91-165
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Another sarprising result in N-F chemistry was our discovery that an N-F bond can be formed
from a fluorinating agent as mild as COF, (Appendix A).

In collaboration with Prof. Gilbert's group of the University of Denver we have worked out
improved syntheses of NFCl, and NF,Cl (Appendix L). These compounds are precursors for

excited state nitrenes, such as 'ANF which are of importance for chemical lasers.
Qxygen-Fluorine Exchange Reactions

Our systematic study of oxygen-fluorine exchange reactions was completed. Whereas many
methods are known for the replacement of oxygen by fluorine, very little work had been done on
the opposite reaction, the controlled replacement of fluorine by oxygen. We have shown
(Appendices E, F, G and Q) that oxoanions, such as NOz™ or 5042‘, are effective, readily
available, nontoxic, and low cost reagents for controlled, stepwise fluorine-oxygen exchange in
highly fluorinated compounds of the more electronegative elements. Product separations can be
facilitated greatly by appro. iate choices of the oxoanion, the coutercations and the mole ratio of

the reagents. These reactions appear to be quite general, controllable, safe, and scalabie. It was
also shown (Appendix K) that in IF; the PF3O molecule readily replaces two fluorine ligands for a

doubly bonded oxygen, thereby providing a new and convenient synthesis for IFsO,

New Anions af the Limits of Oxidation and Coordlivation

Our discovery of a synthesis of pure and truly anhydrous tetramethylammonium fluoride
(Appendix I) has led to significant advances in oxidizer chemistry. The N(CHz)4F provides a

fluoride ion source which, contrary to the alkali r. etal fluorides, is highly soluble in solvents such
as CHzCN, CHFz, or alcohols. Furthermore, it was found that the N(CHx)4* cation and
solvents such as CHzCN or CHFz possess a high activation energy barrier towards strong
oxidizers. These surprisi g properties were exploited. Thus, we have succeeded to combine for
the first time an organic cation, i.e. N(CHz)4*, with a chlorine fluoride anion, i.e. CIF4~. The
resulting salt, N(CHz)4* CIF4~ is stable up to 100°C and is not shock sensitive [Ref. 6]. This
reaction chemistry was extended toward the synthesis of the previously unknown ClF¢™ anion
(Appendix J). Although the isolation of a stable CIFg™ salt was not possible due to consistent
explosions, the existence and octahedral structure of the ClFg™ anion has now been established by
low-temperature Raman and NMR spectroscopy. The synthesis of ClFg™ had been unsuccessfully

pursued for more than 30 years.

RI/RD91-165
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Relatively little information had been available on fluoride structures with coordination numbers in
excess of six and, in particular, on struct.res containing free valence electron pairs. Depending on
the maximum coordiration number of the central atom, the free valence electron pairs can be

sterically either active or inactive. If these pairs are active, they can also induce fluxionality in
these molecules. The availability of N(CHz)4F as a highly soluble fluoride source, combined with

the stabilizing effect of the large N(CHgz)4* cations and the ease of growing single crystals of these

salts for crystal structure studies, provided us with a unique opportunity to synthesize novel anions
at the limits of oxidation and coordination and to study the structures of these new and also of other
previously known anions.

As a typical example, we have discovered the novel XeFs™ anion. To our great surprise, it was

found that this anion is perfectly planar, i.e. all six atoms are in the same plane (Appendix N).
This is the first known example of a pentagonal planar AXg species and as such is very unique.

Another novel anion discovered in the course of this study is the [FgO™ anion (Appendix R). Its

structure can be derived from a pentagonal bipyramid in which the axial positions are occupied by
one fluorine and the oxygen ligand.

These structural studies are carried out in collaboration with the groups of Profs. Schrobilgen at
McMaster University and Seppelt at the Free University of Berlin who have excellent x-ray

diffraction and NMR facilities and with Dr. Dixon from DuPont who is a leading expert on ab
initio and LDF computations. Other ions currently under investigation include IFg™, TeFy~,

TeFg2™, TeFgO%~, XeFs™, XeFy™, and XeFg2™,

Miscellaneous

Other achievements include thc inventions of solid propellant pure fluorine gas generators
(Appendix U), a radiation augmented energy storage system (Appendix V), and a method for
selectively removing unreactive gases from highly reactive gas streams consisting mainly of
fluorine (Appendix T). The solid propellant pure fluorine gas generator is a direct spin off from
the first chemical synthesis of elemental fluorine discovered by the author under the previous
program [Ref. 1].

RI/RD91-165
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CONCLUSION

Our work during this contract period has again been extremely fruitful. The development of a
quantitative oxidizer strength scale is of great significance. Furthermore, the discovery of a
synthesis for anhydrous tetramethylammonium fluoride has led to the first successful combination
of organic cations with chlorine fluoride anions and the first synthesis of the long sought ClFg~

anion. It has also opened the door to a systematic study of novel and known anions at the limits of
oxidation and coordination. So far, the new IFgO™ and TeF¢O?" and the spectacular XeFs™
anions have been prepared and characterized. This study is expected to greatly contribute to our
understanding of structures with coordination numbers in excess of six and of the influence of free
valence electron pairs on the structure and fluxionality of these anions.

In spite of the basic nature of most of our studies, useful applications are always kept in mind as
exemplified by the developments of an ion exchange process for the production of advanced NF4*
salts, of a solid propellant pure fluorine gas generator, or improved syntheses of precursors for
chemical NF lasers. These and the other examples highlighted above demonstrate again the
benefits which can be expected from well-planned, goal-oriented basic research and prograni
continuity.

RI/RD91-165
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Using Carbonyl Diflucride as the Fluorinating Agent

Carl J. Schack and Karl O. Christe®*

Received May 19, 1988

Previous studies by Shreeve and her co-workers have shown
that carbonyl diftuoride (COF,) is a useful reagent for displacing
¢ither hydrogen by fluorine from P-H, N-H, and C~H bonds!
or cxygen by fluorine from the oxides of V, Nb, Ta, Cr, Mo, W,
B, Si, Ge, Sn, P, Se, Te, I, and U.2  The latter study prompted
us to examine whether COF, could also be used for the formation
of CI-F and N-F bonds from their oxides. The formation of CI-F?
and N-F* bonds usually requires relatively powerful fluorinating
agents and previously has not been achieved with a flvorinating
agent as mild as COF,. Thermochemical calculations that were
carried out by us revealed the feasibility of reaction | for M =
Liand Na. It increases with decreasing atomic weight of M and

M = Li, Na, K, Rb, Cs )

for M = Li and Na results in AH values of -9.5 and -4.5 kcal
mol-, respectively. Reaction 2 was found to be thermochemieally
feasible by comparable amounts with A values of -20.6 and
-11.2 keal mol™ for M = Li and Na, respectively.

M = Li, Na, K, Rb, Cs 2)

In view of the thermochemical results, reactions 1 and 2 were
experimentally studied. It was found that LiINO,, when heated
with a slight excess of COF, in a steel cylinder at 45-90 °C,
formed CQy, N,0,, and O, 1n ligh yield. These products are best
explained by reaction 3, followed by the attack of the steel cylinder

LiNO, + COF, — LiF + FNO, + CO, 3

(1) Gupta, 0. D.; Shreeve, J. M. /. Chem. Soe., Chem. Commun 1984, 416
and references therein. Wilhamson, S. M.; Gupta, O. D.; Shreeve, J.
M. Inorg. Synth. 1986, 24, 62.

(2) Mallela, S. P, Gupta, O. D., Shreeve, J. M. Inorg. Chem. 1988, 27, 208.

(3) Chnste, K. O., Schack, C. J. Adv, Inorg. Chem Radiochem. 1976, 18,
319,

(4) Gmelin Handbook of Inorgamic Chenusiry. Spninger-Verlag  Berlin,
FRG, 1987, Fluorine Supplement Vol 5, Compounds wath N

by FNO,. Since HF generally promotes the attack of steel by
oxidizers such as FNQ,, small amounts of CsF were added to the
reaction as an HF getter (see reaction 4). In this manner, FNO,

CsF + HF — CsHF, (4)

was isolable in essentially quantitative yield according to (3), with
12 mol % of CsF as an additive at 85 °C. For NaNOQ, with CsF
addition, an 85% yleld of FNO, was obtained under comparable
conditions. For CsNQ,, either with oz without CsF, no reaction
was observed with COF,, in agreement with the above thermo-
chemical predictions.

The postulate that CsF serves only as an HF getter and not
as a catalyst was confirmed by carrying out reaction 3 in an
all-Teflon reactor, Insuch a reactor, high vields of FNO, were
obtainable without CsF addition.

For the reaction of NaClQ, with COF;, reaction conditions
similar to those used for NaNO;, i.c. 85 °C and CsF catalysis,
were required. The best yield obtained for FCIO, was about 44%
based on the limiting reagent NaClO,, but no systematic effort
was underiaken to maximize this yield.

Attempts failed to prepare FCIO, from LiClO, and COF,.
Although this reaction is thermochemically favored by 14.8 kcal
mol™, no reaction was observed up 0 120 °C. At 160 °C, a 30%
conversion of LiClO, to LiF was obtained, but even in the presence
of CsF only chlorine and oxygen and no FCIQ; were isolated.

In summary, the successful formation of N-F and Cl-F bonds
from the corresponding ox’des by the very mild fluorinating agent
COF, was quite unexpected and significantly expands the utility
of this fluorinating agent.

Experimental Section

Materials and Apparatus. LINO, (J. T. Baker, 99.7%) and NaNO,
(J. T. Baker, 99.5%) were dried 1n a vacuum oven at 120 °C for | day
prior to their use. The CsNO, was prepared from Cs,CO, and HNO,
and dried in the same manner. The CsF was dried by fusion in a plat-
inum crucible, followed by immediate 1ransfer of the hot clinker to 1he
dry N, atmosphere of a glovebox The NaClO, and LiCIO, (Baker,
Analyzed reagenis) were used as received The COF; (PCR Inc.) was
used without further purification afier removal of any volalile matenal
at =196 °C.

Volatile materials were handled in a stainless steel=Teflon FEP vac-
uum line® and solids in the dry N, atmosphere of a glovebox.

Syntbesis of FNO;. In a typical expeniment, LINO; (2.10 mmol) and
CsF (0.25 mmol) were loaded n the drybot into prepassivaied (with
CIF,) 30-mL. stainless sieel cylinder, which was closed by a valve. On
the vacuum hne, COF; (2.38 mmol) was added to the cylinder at -196
°C. The cylinder was Kkept 1n an oven z1 85 °C for 16 h and was then
cooled again to -196 °C 11 did not contain any significant amount of
gas noncondensable at -196 °C. The matenal volanle a1 25 °C was

(5) Chniste. K O, Wilson, R D., Schack, C. J. frorg. Synth. 1986, 24,3
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scparated by fractional condensation, measured, and identified by in-
frared spectroscopy. It consisted of FINO; (2.09 mmol), CO; (2.1 mmol),
and COF; (0.2 mmol}. The white solid residue {91 mg, weight calculaied
for 2.10 mmol of LiF and 0.25 mmol of CsF 92.5 mg) consisted of LiF
and CsF.

Synthesis of FCI0;, The reaction was earricd out as described above
for LINO; and COF,, with use of NaClO, (1.41 mmol), COF, (2.00
mmol}, and CsF (0.3 mmol) at 85 °C for 46 h. The products consisted
of FCIO, (0.62 mmol, 44% of theory), CO; (0.64 mmol), unreacied
COF,, and smaller amounts of Cl; and material noncondensable at =196
°C
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Crystal Structure of NF,* Salts

Karl O. Christe,*!* M. David Lind,'® Nicls Thorup,' David R. Russell,'¥ John Fawcett,¢
and Robert Bau'®
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The room-temperature tetragenal structurs of NF,BF, has been delermined by a combinanen of single-crysial X-ray diffraction
analysis and vibrational speciroscopy. This compound crysiallizes in the teiragonal space group P42,m with Z = 4 and unit cell
dimensions a = 9.92 (1) ard £ = 5.23 (1) A. The struciure was refined 1o an R value of 0.071 by using 325 independent observed
reflections. The siructure is made up frem an approximately teirahedral NF,* cation with a bond length of 1.30 A and a BF,~
anion that rotates or oscillates around a 3-fold axis along ore of its bonds. This rotation of the BF,” ion provides a inechanism
for averaging the an'sotropic fluorine-fluorine repulsion effects cavsed by the packing requiremenis of 1wo sets of tetrahedral ions
in a primitive cubic .ype of arrangement. The use of a s1atic X-ray model with nonrotating ions results in artifacts, such as an
apparent lowering of 1he site symmetries of the ions and 1wo sets of different NF,* cations, which have no real physical meaning.
Additional data, such as vibrational spectra or improved models incorporanng dynamuc effects, are required for an adequate
descriplion of structures exhibiting this 1ype of ion rotarion. Due 10 1his ion roration and/er disorder problems and the lack of
a successful static model, only partial X-ray structures could be obtained for NF,SbF¢ and NF,Sb,F,,. Although these partial
structures yielded N-F bond lengths with apparently small estimated siandard deviations, these values were either much 100 large

or small, depending on the constraints employed for obtaining a structure solution.

Introduetion

Although NF,* salts have been known for 20 years, the exact
structure of the NF,* cation is still unkrown. From *F NMR
spectra it is known that in solution NF,* is 2n ideal tetrahedron.
Vibrational spectra of many NF,* salts indicate that in the solid
state the NF,* cations are also essentially tetrahedral? From
the general valence force field, the bond length in NF,* has been
estimated as 1.31 A.> This value is supported by ab initio cal-
culations, which resulted in a valve of 1.32 A* Numerous
unsuccessful attempts were made, in both our and other labora-
tories, to determine a crystal structure for one of the NF,* salts,
and the only reported structure was incomplete, giving a range
of 1.30-1.40 A for the N-F bond length.® In this paper we report
the crystal structure of NF,*BF,” and partial structures of
NF*SbF¢~ and NF,*Sb,F|,~ and address the problem of ion
rotation and its effects on crystal structure determinations.

Experimental Section

Literature methods were used for the synthesis of NF*BF,"$ NF,*.
SbF,".” and NF*Sb,F,"* The single crystals were grown from either
anhydrous HF or BrF; solutions, with the latter generally giving betier
results. The crystals were handled in the dry mitrogen atmosphere of a
glovebox that was equipped with a microscope and were sealed in quartz
capitlaries. Infrared spectra were recorded on a Perkin-Elmer Mode] 283
specirophotometer using dry powders pressed between AgCl or AgBr
windows in an Econo press (Barnes Engincering, Co.). The Raman
spectra were oblained with a Spex Model 1403 spectrophotometer using
the 647.1-nm exciting line of a Kr ion laser and sealed meliing poim
capillaries as sample containers.

Results and Diseussion

Single-Crystal Analysis of NF,*BF,.!%¢ The crystal dala and
details of the intensity data measurement and structure refinement
are givenn Table 1. The latuice parameters and possible space
groups were determined from Buerger precession photographs
taken at 23 °C with Zr-filtered Mo Ka X-rays. Symmetry and

(1) {(a) Rocketdyne (b} Scicnce Center of Rockwell (¢} Technical
University of Denmark  (d) Universily of Leicester. (e) Universiny of
Southern Califorma.

(2} Forareview of NF,* chermustry see. Nikmn, 1. V., Rosolowsku, V. Ya.
Usp. Khim. 1985, 54, 722

{3) Chnste. K O Spectrochim. Acia, Part A 1986, 424, 939

(4) Peters, N.J S Dissertation, Princeton University, 1982

{5) Charpin, P.: Lance, M.; Bui-Huy. T.. Bougon, R. J. Fluorine Chem.
1981, 17, 484,

{6) Chrisie, K O, Schack. C J, Wilson, R D Inorg Chem 1976, 15,
1275.

(1) Christe, K O.; Schack. C J.: Wilson, R D J Fluerine Chem 1976,
8. 541

\8) Chniste, k. ©., Wilson, R. D., Schack, C J. Inorg. Chem 1977, 16,937
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Table I. Crysiallographic Data for NF,*BF,”

fw 176.80

space group P32,m (1ctragonal: No. 113)
a. A 9.92 (1)

¢, A 5.23 (1)

cla 0.527

VA 514.7

z 4

pfcaled), g/cm® 2.281

radialion Mo Ka

abs coeff (), cm™ 375

no. of reflens measd 388

no. of reflens used in refinement 325

no. of params refined 55

function minimized Zw(lE - IFD?

weighting scheme 1/w =1+ {(}F,] - 50)/100)?
R=ZIF|=FI/ZIF 0.071

R, = [Zw(|F| - Il"=l)’/I‘:.Wk‘“ul’]”2 0.077

residual clectron density, ¢/A3 -0410 +0.3

Table II. Fractional Atomic Coordinates with Estimaied Siandard
Deviations for NF,*BF,"

atom x 3 z

- B 0.2460 (5) 0.7460 -0.3961 (14)
N() 0 0 0
N(2) 0 0.5 -0.0172 (21)
F() -0.0641 (4) 0.0874 (4) 0.1401 (1T)
F(2) 0.0737 (4) 0.5737 0.1221 (19)
F(3) 0.0759 (5) 0.4241 -01668 (19)
F(4) 0.2789 (8) 0.6205 (5) -0.3100 (1N
F(5) 0.2460 (4) 0.7460 -0.6591 (8)
F(6) 0.3321 (5) 0.8321 -0.3039(18)

systematic absences on these ghotographs indicated space g-oup
P42,m or P42,2, but no solution was found for the latter space
group. X-ray diffraction intensies were measured with a Sup-
per-Pace /Picker automatic diffractometer using Mo Ka X-rays
and balanced Zr and Y filters. The rotation axis was the a axis.
Continuous scans of each diffraction maximum were made with
a scan rate of 1°/min {lhe scan widths were 2° or more), and
background counts were made for cne-sixth of the scan time a1
the beginning and end of the scan interval. All independent /(hki)
with {sin 8)/A < 0.65 A~ were measured. The crystal, sealed
1n 2 0.5-mm capillary tube, was small enough 1o make absorption
corrections negligible. The intensities were reduced to relalive
[Fo(hkD){? values by application of the appropriate Lorentz-po-
larization factors.

The approximate structure was determined by a trial and error
method using a ball-and-stick model!, aided by the three-dimen-

F 108% Amarican {Thamiral Qnaniat




Crystal Structure of NF* Salts
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Figure 1. Crystal structure of NF*BF,” viewed along the ¢ axis.

Table IIE. Bond Lengths (A) and Bond Angles (deg) in NF,* and
BF,” with Esd's in Parentheses?

N(1)-F(1) 1.301 (6) B-F{4) 1.363 (8)
N(2)-F(2) 1.265 (9) B-F(5) 1.376 (9)
N(2)-F(3) 1.321 (10) B-F(6) 1.201 (8)

F(1)-N(H)=F(i) 108.5 (3). 111.5 (5)
F(2)-N(2)-F(2) 109.7 (10)

F(2)-N(2)-F(3) 109.9 (4) F(4)-B-F(6) 108.7 (6)
F(3)-NQ)-F(3) 107.4 (9) F(5)-B-F(6) 111.8 (6)

*Interionic F-++F distances: 2.66-2.78 A.

F(4)-B~F(4) 109.2 (6)
F(4)=-B-F(5) 109.3 (5)

stonal Patterson function evaluated with a computer program
written by M.D.L.

The trial model was refined by a least-squares technique using
the program system SHELX-26." Neutral-atom scattering factors
were taken from ref 10. Reflections with I < ¢ (I} were omitted
from refinement. Two reflections (020 and 040) were discarded
because of poor agreement with calculated values as well as film
intensitics. The resultant atomic coordinates are listed in Table
11, while the anisotropic thermal parameters are given in the
supplementary material. A projection of the structure is depicted
in Figure 1, which also shows the atom numbering as well as
thermal cllipsoids. The program ORTEP'! was used to produce
the crystal structure illustration, and geometry calculations were
made with the program system X-ray.* Bond lengths and angles
are given in Table 11,

The structure consists of isclated tetrahedra of NF,* cations
and BF,” anions. The interionic F-F contact distances are in the
range of 2.66-2.78 A, which is normal for such interactions. There
are two crystallographically independent NF,* ions corresponding
1o N(1) and N2} on 3 and mim sites, respectively. This leads
to four identical N(1)~F distances of 1.30} A and two pairs of
N(2)-F distances that are 1.265 and 1.321 A, giving an overall
average distance of 1.30 A. The BF," tetrahedron also has an
imposed symmetry of mm The B-F(6) distance appears sig-
nificantly shorter than B-F(4) and B-F(5), even if esd's are
underestimated.

To our knowledge, the NF,BF, structure represents an original
solution to the packing of two tetrahedral ions, The crystal packing

(9) Sheldrick G. M. “SHELX. 76", University of Cambnidge. Cambridge,

England, 1976.

(10) Internanonal Tables for X-ray Crystallography, Kynoch  Bumingham,
England, 1974; Vol 1V, p 99.

(11) Johnson, C. K. *ORTEP"; Report ORNL.-3794; Oak Ridge National
Laboratory. QOak Ridge, TN, 1976

(12) Stewart, J. M.; Kruger, G. J.: Ammon, H. L.; Dickinsen, C.; Hall, S.
R. "The X-Ray System, Version 19727, Technical Repori TR.192,
Computer Science Center, University of Maryland  Zollege Pack, MD,
1972.
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Table 1V, Correlation Table for the Internal Vibrations of NF,* on
the S, Sites of Space Group P42,m in NFBF,

assignrment point group site group factor group
Ta S P2
A, {— RAL
sym AyL—RA) Mm%
-‘-—-__ — —
Ayl )
__________ et Al(—-RA)
Al ==RA}
.-—-'--— - —
Ayt )
3 E{——RA)}
R B8, (—RA}
B(IR,RA)
T B, UIRRA)
anm— A T™
B8(IR,.RA
. T lun/ T3, (IR, RA)
asym 2 *
E(IR,RA) E {IR,RA)
- =B, (== EA]
BIIR,RAY
¢ RN TR
asym A

E{IR, RN} Ef IR, KA}

Table V. Corrclation Table for the Internal Vibrations of NF,* on
C,, Sites of Space Group P32,n in NF,BF,

ascignment

point group site group

[

factor group
2v qu

e M=)

“'—-szun.m

AIIIR.MI

All—M)
A, (IR,RA)
1 \—'BQ(IR.M)

4 E(==—RA)

SYE Ay (e == )
"2
s, (—m)

Ayt IR.RAY

A, (IR.RA}
8 TT—3,uR,m)

v FylIR. RA) =—— Bx(lR.RA) E (IR,RA)

B,{IR.RA) E (IR.RA)
e N

A, {IR.RA)
i T 5, (IR, WA}

F, (IR.RA)—-BL(IR.M) E (IR.RA)

B, (IR,RA) =e————==F {IR.RA}

can be considered as a superstructure of the primitive cubic CsCl
structure, with the doubling of the cell in two directions being
necessttated by the alternating orientations of identical tons. The
NF,* ions are stacked with their 4 or mm2 symmetry elements
along the ¢ axis, while the BF,™ ions are packed with their
pseudo-3-fold axis along the same axis. The stacks of N(1)F,*
and N(2)F,* ions are rotated by 90° in refationship to each ather
in such a manner that room is made alternatively for either three
or only one of the fluorine atoms of the BF,~ anion. Therefore,
the boron atoms are located either above or below the center of
the small cubic cell depending on the up or down orientation of
the BF, ion in a given stack.

Analysis of the Vibrational Spectra of NF,BF,. On the basis
of the X-ray crystal structure, solid NF,*BF,” possesses a strongly
distorted BF,” anion oit a C; site and two kinds of NF* cations,
one of nearly tetrahedral symmetry on an S, site and one with
two significantly different bond lengths on a C,, site These results,
however, disagree with the previously reported infrared®*! and

(13) Sinelnikov, S M, Rosolovski, ¥ Yo Duki Akad Mauk SSSR 1970,
194, 1341




2452 Irorganic Chemistry, Vol. 27, No. 14, 1988

Christe ¢t al.

.

1\
W

— IONYLLINSNYHL

NF 4BF,
| 10 |
3"— em? T Yo
1150
1187 o ™ 1080

INTENSITY =

: i

c

3

5N
527

513
&N

774

FREQUENCY, CM™! o
Figure 2. Vibrational spectra of NFBF,: traces A and B, Raman spectra recorded a1 25 and ~140 °C, respectively; race C, infrared spectrum recorded

at 25 °C; S indicales spectral slit widih.

Table ¥1. Correlation Table for the Interval Vibrations of BF,” on
C, Sites of Space Group P42;m in NF,BF,

sssignsant * point group

Ta s Ba

sita group factor group

)

A t=mmAl FYEIRTY)

Yeym B LIRRA

E [IR,RA)

Ay l=a)
Byl IR, RA)
E IR, BN

.
A [I2,RA)

N/

\

feym B = BA]
Byl =)
A LI e B, [ BA]
2 (IR,A)

A=)

\[/

Allli,nl_lzﬂl.nl

/

E (IR, RA)

Ay (==1r)
B liz, 1)

N |/

v LRIV NTERY

t (IRA)
Ayt
R (~ RA)
R (I%,00)

\ /)

/

.
A (IR RA)

/

,,1[_“]
A IR A 8, I
L (1IN B8}

N
\

N\

Ay l—BA}
AR R T B, 1IN,

6..,‘ FylIR RAl

E [IR,RA}

Ayl —)

/

A

AT (IR, RAY B — W)

£ (IRRA)

Raman®!¢ spectra, which indicated nearly tetrahedral symmetry
for both ions and only one kind of cation.® Therefore, we have
rerecorded the individual hands of NF,*BF,” under higher res-
olution conditions and carried out a site group and factor group

{14) Goetschel, C. T., Campanile, V., A., Curtis, R. M., Loos, K. R., Wagner,
D. C.; Wilson, J. N. inorg. Chem. 1972, 11, 1696,

Table VII. Observed Infrarcd and Raman Spectra of NF,BF,

frag, ral intans

spprox dascription of moda in
point group 'l‘d

* -
1R (1) NF, »F,
25 29 =140
1870 ] 1150w
11806 1180w Wi v
1155vse 1150w 1152w
1130-1040ve,br 1060w V3T Vygum
Bi6ve B847vs v‘(A‘J. \I-m
175w 7748 7738 i v
613ms 612 l s12e )
v, i{F, ), &
s1s sos | gosme | 4P Teerm
531m ssove} 33 l
527me s26v | -HA VT Spum
524w
44Bn l 450m } .
vy (R,
asm | aase 2 o
358w ¢
3550 Vo {E)
e 270 Teym

analysis for NF,BF, in space group P432,m using the corrclation
method.!* The results are summarized in Tables IV-VII, , and
the vihrational hands of interest are depicted in Figure 2. A
comparison of the observed spectra with the predictions from the
factor group analysis for NF,BF, in space group P32,m allows
the following conclusions: (i) There is no spectroscopic evidence
for the presence of two distinct NF,* cations. For example, no
infrared band and only onc symmetrical, narrow Raman line with
a half-width of about 2 em™ at a spectral slit width of 1 cm™ are
observed for the symmetric NF,* stretching vibration. For two
distinct NF,* cations, at least three strong Raman hands should
be ohserved in this region. (ii) For NF,*, the number of bands
and their infrared and Raman activities are incompatihle with
a G, site symmetry. However, they are acceptable for either an
S, symmetry, i¢. identical NF,* bend lengths with a slight
compression of the tetrahedral angle in one direction, or a tet-
rahedral symmetry, where the degeneracies of the E and Fy modes

(15) Fateley, W. G.; Dollish, F. R.; McDewitt, N. T.; Bentley, F. F. In
Infrared and Raman Selection Rules for Molecular and Latiice Vi
brations. The Correlation Method, Wiley-Interscience New York,
1972,
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Table VIII. Correlation Table for the Internal Vibrations of BF," of
.Symmetry Gy,

Ta C_“_ obad freq, rel int
H RA{28%)
All— RA) oo A IR, R}) 175w balts
£ {==RA} =——m—le—— £ (IR,RA} 35%av
/lllm‘na)
Fz( IR, RA} 1130=1C40vw bz 1060vw,br
E (IP.RA)
/*,“ﬁ-lhl $3im $30w
r,lIl.nl_\
E IR, RA) 323w $26mw

are partially lifted due to solid-state effects. This interpretation
is supported by the fact that the infrared and Raman selection
rules for T, symmetry are retained. (iii) For BF,", again the
number of observed bands and their Raman and infrared activitics
are incompatible with a C, site symmetry in space group P32,m,
and the actual symmetry must be higher. The observation of the
symmetric BF,” stretching mode in the infrared spectrum elim-
inates both T, and S, symmetries and also suggests that the
symmetries of NF,* and BF,” are different.

Reconelliation of the X-ray Data with the Vibrational Spectra,
At first glance, the vibrational spectra and single-crystal X-ray
data for NF,BF, are incompatible. A closer inspection of the
X-ray results, however, reveals the following facts, For the BF,
anion, three of the four fluorine atoms, F(6) and the two F(4)
atoms, cxhibit very large thermal parameters, and the orientations
of their ellipsoids indicate rotation or oscillation around the B-F(5)
axis.

If this rotating anion model is correct, the vibrational spectra
of BF,” in NF,BF, should exhibit approximately Cy, symmetry.
The correlation for Ty — Cy,.is given in Table VIII. Ascan be
secn, the observed spectra are in excellent agreement with the
predictions for Cy, symmetry. The only bands that, due to their
very low intensities, have not been observed are the infrared
component of the symmetric deformation and one of the two
Raman components of the antisymmetric stretch,

The above’ model of a rotating BF,™ anion can also nicely
account for the discrepancies encountered with the NF,* cations,
With a static model, i.e. nonrotating BF,™ anions, the fluorine—
fluorine repulsions can be equalized within the tetrahedral packing
requirements for only half of the NF,* cations. The other half
is then experiencing anisotropic repulsions, which lead to their
distortion. If, however, the BF,” anion rotates or oscillates and
thereby averages out the fluorine-fluorine repulsion effects, then
all NF* cations become equivalent and should approximate ideal
tetrahedra. This conclusion is in excellent agreement with the
vibrational spectra, which show only one kind of NF,* cation of
tetrahedral or almost tetrahedral symmetry. From the small
thermal parameters of the fluorines on nitrogen, it appears that
in NF,BF, the NF,* cations do not appreciably rotate.

The discrepancy between the X-ray data and the vibrational
spectroscopic results can therefore be attributed to the fact that
a static model with nonrotating ions was used to solve a structure
with rotating or oscillating ions. Therefore, the presence of two
different sets of NF,* cations, the strong C,, distortion of on¢ of
them, and the strong C; distortion of BF;” have no physical
meaning and must be considered as artifacts of the method used.

The Raman spectrum of NF,BF, was also recorded at ~140
2. The observed spectrum (see Table VII) was very similar to
the room-temperature spectrum, except for the expected line
sharpening, minor frequency shifts, and sphttings of the 355-cm™'
band into two and of the 530- and 526-cm™' bands into three
components. Some of these bands are shown in Figure 2. Thesc
results suggest that cooling to - 140 °C is nsufficient tu freeze
out the rotational motion of the BF,™ anions.

Most of the thermally more stable NF,* salts undergo at el-
evated temperatures a phase change.? For NF,AsF, and NF,BF,
this occurs at 145 + 1 ard 224 £ 2 °C, respectively, An X-ray
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Table IX. Crystallographic Data for NF.SbF; and NF,Sb,F|;
NF.SbF,

Room Temperature
a=795% (5)A:c= 5840 (4) A
V=1369.63 A%, plcalcd) = 2928 gem™ Z = 2

Low Temperaiure (~120 °C)

1eiragonsl

tetragonal o =7979 () Ac= 11.428 (4} A
V = 721.56 A% p{caled) = 2.975gcm™; Z = 4
NF.Sb,F,;
Room Temperature
tetragonal: @ = 18,326 (9) A;c = 14.205(5) A

V =4770.6 A, p(caled) = 3.02gem™ Z = 16

powder pattern of the high-temperature phase of NF AsF, showed
it to be cubic.'® This transition from a tetragona) to a cubic phasc
suggests that at elevated temperature ail 1ons rotate freely and
act as spheres. Although no X-ray data are available for the
high-temperature phase of NF,BF,, the cause for the phase
transition is probably the same. A detailed study of the ion
motions in NF* salts as a function of temperature, using methods
such as second moment and relaxation time NMR measurements,
would be most interesting but was beyond the scope of this study.

Partial Crystal Structures of NF,SbF; and NF,Sb,F),. Attempts
to solve the X-ray crystal structures of NF,SbF and NF,Sh;F),
were carried out at the University of Leicester and the University
of Southern California, respectively. Both compounds exhibited
ion rotation and possihly disorder problems, and, therefore, their
structures could only partially be solved.

For NF,SbF,, which appears to be isotypic with PCl*PCi,,"?
the structure could be refined to R, = 0.084 for the antimony,
nitrogen, and the four fluorines on nitrogen but did not result in
reasonable positions for the fluorines on antimony. This is not
surprising in view of the fact that in the clos=ly related PCI*PCls
structure the chlorines on the octahedral phosphorus exhibit very
large thermal parameters and two longer axial bonds, indicative
of anion rotation around 3-fold axes. Attempts were unsuccessful
10 overcome the problem of ion rotation by collecting a data set
at low temperature (=120 °C). Although the ¢ axis of the unit
cell was doubled at =120 C, the structure again could not be
solved. Some of the crystallographic data for NF SbF, and
NF,Sb,F |, are summarized in Table 1X.

It was hoped that the anion rotation problem could be solved
by substituting the octahedral SbF,~ anion by the less symmetrical
Sb,F,,” anion. With the positions of the Sb,F,,” anions fixed first,
the NF,* cations appeared clearly visible, but problems arosc
during the least-squares refinement. By applying constraints on
the distances and angles of the SbyF,,” anion, it was possible to
refine the structure to an R factor of 0.126.

It should be emphasized that, although N F bond lzngths with
reasonably small esimated standard deviation values were obtained
in both cases, these N-F bond length values significantly deviated
from the more reliable value obtained for NF,BF,. Furthermore,
when the NF,* geometry was fixed and the anion refined without
constraints on symmetry, as for NF,SbF,, the resulting N- F bond
length {1.25 (2) A) was much too short. However, when the anion
geomelry was constrained, as for NF,Sb,F,,, the resulting N-F
bond length (1.34 A) was much too long. Thus, values obtained
from incomplete structures of this type should not be trusted
because errors induced by 1on rotation and repulsion effects can
cause apparent lengthening or shortening of bonds, depending on
tbe constraints used for the refinement.

Concluslons, The bond length in NF,* has been determined
experimentally for the first time. The found value of 1.30 A
confirms the predictions of 1.31 and 1.32 A, made from force field*
and ab initio* calculations, and 1s the shortest known N-F bond.
Its shortness is attributed to the high vxidation state (+V) of and
the formal positive charge on nitrogen and « maximal number

(16) Bougon, R ; Bur Huy, T, Burgess, J, Christe, K O, Peacock, R D
J. Fluorine Chem. 1982, 19, 263.
(17) Press, H Z. Anorg Alig Chem 1971, 380, 51.
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of fluorine ligands. Partial double bonding, which can be invoked
for the NF molecule

N—Fi = N=F
(r = 1.3173 A),"% is unlikely for NF,* because all of its atoms
already possess an electron octet,

The problems previously encountered with solving a crystal
structure of an NF,* salt appear to be largely due to ion rotation
and for disorder in these salts. The main difficulty consisted of
finding a static model with nonrotating ions that could describe
a dynamic structure with rotating ions. The thermal parameters
of the atoms from the X-ray data and vibrational spectroscopy
coupled with a group factor analysis were found to be very useful
for the detection and understanding of ion rotation. In the case

(18} Dauglas, A, E.; Jones, W. E. Can. J Phys. 1966, 44, 2251.

of ion rotation, the X-ray analysis can result in an apparent
lowering of the symmetry and in a nonequivalence of ions, which
have no real physical meaning. Similarly, partial structure so-
lutions or solutions in which the geometry of on= set of ions has
10 be constrained can result in unreliable bond lengths with de-
ceptively small estimated standard errors,
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Ni(giF‘)_, was prepared from the reacton of NiF, with BiF; in anhydrous HF, followed hy removal of the excess of BiF; hy
sublimation. The compound was characterized by elemental analysis, X-ray powder data, and vihrational spectroscopy. Both
N:i(BiF¢); and Ni(SbF); react with acetonitrile to give ternary adducts of the formula NiF;2MF6CH,CN, with M = Bior
Sb. These isomorphous adducts are stable at room temperature and were characterized by clemental snalyses, X-ray powder data,
and infrared and ¢lectronic spectroscopy. In these ternary adduets the Ni®* jon is octahedrally coordinated hy six acetonitrile
molecules via the nitrogen, and the counterions are MF¢". The [Ni(CD,CN))(ShF,), complex was characterized hy X-ray
diffraction methods, crystallizing in the trigonal space group R3 with a = 11,346 (2 &, c = 17.366 (6} A, ¥V = 1936 A), Z =
3, and R = 0.034. The Sh atoms lic on C, sites and are octahedrally coordinated by six F atoms with two nonequivalent Sb-F
distances of 1.80 (1) and 1.83 (1) A. The octah=drally coordinated Ni atoms lic on Cy, sites with Ni-N distances of 2.07 (1) A.
It is shown that coordination of the Ni** jons hy six CHyCN molecules lessens the strong polarizing effect of these ions on the
MF{" counterions, which had been found for the Ni(MF); salts, and reduces their distortion from octahedral symmetry.

Introduction

The preparation and characterization of Ni{ShFg), have been
described in a recant paper,? and preliminary results concerning
Ni(BiFy); and the acetonitrile adducts of both salts bave beent
presented at a meeting.® This paper gives a full report on the
preparation and characterization of Ni(BiF;); and the acetonitrile
adducts. The previous formulation? of NiF»2ShFg-6CH,CN as
[Ni(CH,CN)4)*(ShF¢ ), was confirmed hy elemental analysis,
vibrational and electronic spectroscopy, and a crystal structure
determination. Furthermore, it was interesting to determine bow
coordination of the Ni** ion by CH,CN influences its intcraction
with the MF¢~ counterions.

Experimental Section

Apparatus, Volatile materials were manipulated in an all-metal vac.
uum line equipped with Teflon or metal vaives. Solid produets were
handled in a glovebox flushed with dry nitrogen. The high-pressure
reactor used has previously been described.*  Infrared spectra were
recorded in the range 4000-200 em™ on a Perkin- Elmer Mode! 283
spectrophotometer. Spectra of solids were chtained by asing dry powders
pressed between AgCl or AgBr windows in an Econo press (Barnes
Engincering Co.). The low-{requency parts of the spectra were also
recorded as halocarbon (Voltalef) o Nujol mulls between silicon plates
Raman spectra were recorded on a Coderg Model T 800 spectropho-
tometer hy using the 514.5-nm exciting line of an Ar ion Spectra Phyzics
laser or the 647.1.nm exciting line of a Kr fon Spectra Physics laser
Scaled quartz capillarics were used as sample containers in the tran-
sverse-viewing-transverse- cxeitation mede. Low-temperature spectra

{1} {a) Centre d’Etudes Nucléaires de Saelay  (h) Rocketdyne.

{2) Chrisie, K. O., Wilson, W W, Bougan, R., Charpin, P J Flucrine
Chem, 1987, 34, 287,

{3) Bougon, R; Charpin, P.; Lance, M.; Bsabey, J.; Christe, K. O.; Wi'son,
W. W, Presented at the 8th Winter Fluorine Conference of the Am.
cerican Chemical Socicty, St. Petersburg, Fi, Jan 25-20, 1987,

{4) Hagenmuller, P. Preparative Methods in Sclid State Chemistry. Ac.
ademie: New York and London, 1972, p 423

wzre ohtained with a Coderg liquid-nitrogen cryostat and a Coderg RC
200 regulator. The clectronic absorption spectra were recerded on a
Beckman UV 5240 spectrophotometer, the solution being contained in
a 1 mm thick quartz cell fitted with a Teflon-TFE Rotaflo stopcock.
X-ray diffraction powder patterns of the samples sealed in 0.3 mmo.d.
quartz capillaries were ohtained hy using a Phillips camera {diameter
11.46 cm) wing Ni-filtered Cu Ko« radiation. Crystals suitahle for
struciure determination were transferred into quartz capillaries in the
drybox,

Material, Anhydrous nickel diflucride® was ohtained hy the treat-
ment of nickel acetate with HF at 270 * C foliowed hy flucrination with
F, at 200 *C. Rismuth and antimony trifluorides were from Ozark
Mahoening Co., and their purities weee checked by infrared spectroscopy
and X-ray diffraction. Fluorine (Union Carhide Co.) was passed over
NaF peliets to remove HF, Bismuth pentafluoride was prepaed by the
reaction of BiF with F; at 350 °C at a pressurc of 20 atm. Acttonitrile
(Prolabo) and acetonitrile-ds (CEA) were refluzed cver POy followed
hy trestment and storage on 5A molecular sieves. The adduet Ni(SbFg),
was prepared as described previously? except that NiF; and ShFs were
usad instead of Ni and ShFy, respectively. Microanalyses were by An-
alytische Latoratorien, Elbach, West Germany.

Preparation of NI{BiF,);, A mixture of NiF, (2.57 mmol) and BiF;
(5.15 mmol) wes losded in the drybox into half of a prepassivated Teflon
douhle-U metathesis apparatus.t Dry HF (~10 mL) was added on the
vacuum line to the balf containing NiF;=BiFy, and the resuiting mixture
was stirred for 6 hat 25 °C. The metathesis apparatus was inverted, and
the resuliing solution, pressurized hy 2 atm of dry nitrogen, was filtered
into the other half of the apperatus. The HF solvent was pumped off for
12h at 25 °C, leaving 1.4749 g of a pale yellow solid. The X.ray powder
diffraction patterns indicated that this solid consisted of 2 mixture of
Ni(BiF); and BiF and that the filter cake contained NiF; and Ni(Bi-
Fe). The solid residue obtained from the evaporation of the solution was
ground and loaded in the drybox into a prepassivated 30 cm long sapphure
tube, which was connected to an aluminum valve hy a Swagelock com.
pression fitting using Teflon ferrules. The lowsr part of the tube was

(5) Sample kundly supplied to us by M Bergez, CEA/IRDI
(6) Ckriste, K. O.; Schack, C. J.; Wilson, R. D. Inorg. Chem. 1977, 16, §49.
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‘Figure 3. Vibrational spectra of Ni(BiF,),.

Table.I, X-ray Powder Data for Ni{BiF;),
d A intens d A intens
4.67 m 1.883 m
421 $ 1.854 vw
1.826 w
3.75 s
3,68 m 1,742 w
1.734 ms
2,17 w 1.717 vw
2.74 m
1.661 m
2,58 m 1.630 m
2,187 mw
2357 w 1.515 mw
1.504 w
2,252 m 1.475 m
2.241 m 1.445 w
1.411 w
2,189 mw 1,376 w
2,109 m 1.343 mw

heated for 17 h at 100 °C with pumping. The solid that had sublimed
onto the wall of the tube was identified 2s BiF; whereas the X-ray pattern
and the vibrational spectra showed that the solid residue in the bottom
of the tube (0.757 g) contained only Ni(BiF),.

Anal, Caled for Ni(BiFg);: Ni, 8.33; Bi, $9.32; F, 32.35. Found: Ni,
8.27; Bi, 60.65; F, 30.41,

Preparation of (NHCH,CN)P*{MF¢),; (M = Sb or Bi). The Ni-
(MF¢); salts, typically on a 1=5 mmol scale, were loaded in the drybox
into the ‘Teflon double-U metathesis apparatus.® Approximately 10 mL
of CH,CN or CD,CN was condensed at =196 *C onto the Ni(MF),;
the mixture was warmed to 20 *C and stirred for 2 h. The blue solutions
were filtered into the second half of the apparstus. Upon solvent removal
in vacuo, the solutions yielded purple erystals of [Ni(CH,CN)J(MFy),.

Table II. Vibrational Frequencies and Assignments for Ni(BiF,);
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Figure 2, Infrared spectrum of [Ni(CH;CN)¢](SbFy),.

Single crystals of [Ni{CD,CN);)(SbFy); were grown from these solutions
by slow evaporation of some of the solvent.

Anal. Caled for Ni(CH,CN)(SbFy),: C, 18.56; H, 2.34; N, 10.82;
F, 29.36;, Sb, 31.36; Ni, 7.56. Found: C, 18.53; H, 2.32, N, 10.79; F,
29.31; Sb, 31.67; Ni, 7.59.

Anal. Caled for Ni(CH,CN)(BiF)y. C, 15.16 H 1913 N, 8.284; F,
23.97; B1,43.95; Nj, 6.17. Found: C, 1515. H, 1.86, N, 8.80; F, 22.85;
Bi, 44.55; Ni, 6.20.

Results and Discusslon

Synthesis of Ni(BiF¢),. The combination of NiF, with an excess
of either BiF; at 160 °C in a Teflon FEP tube or BiF; + F, at
240 °C in an alumina crucible, contained in 2 Monei reactor, did
not produce rure Ni(BiFg),. The solid products were always
contaminatea with excess BiF; and to some extent NiF, and/or
BiF;, The NiF, impurity was removed by anhydrous HF in which
NiF, is insoluble. Any excess of BiFs was removed by vacuum
sublimation at 100 °C. In this manner pure Ni(BiF;), was ob-
tained.

“Uncorrected Raman intensities based on relative peak heights.

obsd freq, cm™? (rel intens®)
Raman
IR 28 *C -196 °C assignment
638} 639 (0+) 639 (2) vy (BiF,) out of phase
vs 619 sh 621 (11) v,,( BiF,) in phase . - ;
612 613 (33) 615 (33) vym(BiFy) out of phase nonbridging, BiFy stretching modes
596 (100) 596 (100) Ve BiFy) in phase
569 sh 571 (1) ¥,,m(BiF;) out of phase e . .
510 vs 517 (1) vu(BiFy) out of phase bridging BiF, stretching modes
;gg :'l:s} Ni-FBi stretching
283 (4) \
275 sh 276 (5)
261 (6) 259 (8)
254 (6)
225 (3) 225(2) .
215 ms 216 (2) > Bi-F deformations
201 (04)
181 (0+) 184 (3)
138 (3)
123 (1) 128 {1) /
95 (3) 99 (3)
64 (3) 2; Sg Ni-~F deformations or lattice modes
59 (3) 59(2)




.Ni~BiF; and Ni~SbFy Complexes

Table I1I. Eléctronic Absorption Data for [Ni(CH,CN)g](SbFy); in
CH,CN Solution

Inorganic Chemistry, Vol. 27, No. 8, 1988 . 1391

band max, Graps Ceus
cm”! L mol"! em™! assignment
10430 40 TsCF) - L('F)
13910 9 I3('D) = I(F)
17120 354 TJ(°F) == T4(’F)
22990 weak sh I'(!D) <= Iy(*F)
27400 526

T.(’P) == Iy(’F)

X-ray Diffraction Data, The X-ray power diffraction data for

Ni(BiFg);, which are listed in Table I, indicate that the structure

-of this compound is very similar to tbat? of Ni(SbF,);. Never-

theless, a splitting of some of the lines indicate that the symmetry
is probably lowered, so that not all lines could be assigned in the
hexagonal system proposed? for Ni(SbFy),.

Vibrational Spectra. The observed infrared and Raman spectra
of Ni(BiFg), are shown in Figure 1, and the frequencies are
summarized in Table I1. As discussed? for Ni(SbFy),, the spectra
clearly indicate that the MF™ anion is not octahedral but is
strongly distorted, and that both hridging and nonbridging fluo-
rines are present, The assignments given in Table I1 are based
on those? previously proposed for Ni(SbFg),.

Syntheses and Properties of the [Ni(CH,CN)(J(MF), Adducts.
The Ni(MFj), salts, whete M = Sb or Bi, are vety soluble in
CH,;CN and foim bright blue solutions containing the [Ni-
(CH,CN)¢](MF;), adducts. The electronic absorption spectra
of these solutions are characteristic of an octahedrally coordiiated
Ni%* jon and are quite comparable to those reported™® for [Ni-

Figure 3, orTEP" drawing of the molecular unit [Ni(CDyCN)¢)(SbFg);.

(CH,CN))**(BF);. The data obtained from the spectrum of
[Ni(CH,CN)s)**(SbF); are summarized in Table III. A strong

Table IV, Infrared Data (cm™) for (Ni(CH,CN),]3*(SbF¢);, [Ni{CH,CN))**(BiF);, and [NH{CDyCN)g)2*(SbF),
Fundamental Modes of Free® and Coordinated CH;CN (CD,CN)

[Ni(CH,CN),)** [Ni(CH,CN))**- [Ni{(CDyCN)g)
CH,CN* (SbF¢), iFs ) CD,CN* (SbF¢), assignment
2942 2946 2949 2115 2114 (A sym CHy(Dy) str
2252 2299 2299 2259 2308 vi{A) C=N qr
1374 1373 1374 1102 1104 n(A;) sym CH,(Dy) def
919 942 945 832 858 vi{Ag) C—C str
3001 3012 3012 overlapped with v, 2257 vy(E) asym CHy(Dy) str
1415 1422 1429 1036 1034 vs(E) asym CHy(D;) def
1039 1040 1039 848 overlapped with », v(E) CH,(Dy) rock
ki) 412 412 347 382 n(E) C—Cw=N bend
Combination Modes of Coordinated CH,CN(CD,CN)
(Ni(CH,CN)g)**- [Ni(CH,CN)¢)**- [Ni(CD,CN))**-
(SbFg), (BiF ), assignment (SbF¢)y assignment
3268 3267 2Il4 + 14 3420 Vy + 14
3232 123 nty 3282 vy + g
2740 218 25 3167 ot vt oyt
3120 vs + vy, v+ v
2957 ntrnty
2412 2420 nt v, vty 2917 v+ vy
2320 2321 by + 17 1949 143 + Yo iy + vy
2252 2254 2!’. + p 1880 vy + Ve Vg + 123
2072 2070 2w, 1725 20, 2m, vt 1y
1460 143 + 13
819 820 2u
800 799 ¥ 743 2y
XFg Modes (X = Sb, Bi)
lNi(CH;CN)slh(SbFs-)z [Ni(CH,CN);]”(BiF{); [Ni(CD,CN);]”(SbF,‘); assignmcnl"
1306 1150 1304 v+ vy
1228 1100 1226 v+ vy
750 659 ¥y + Vg
nlAy)
665 570 ggi sh} u(Fyy)
570 568 v(Ep
450 vs + vg?
288 215 288 IM(F“)
270 vy(Fyy)

< Liquid at 35 °C.'% ®Assignment based on space group 0. See text.
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Table V. - Crystal Data

faﬂm’lll. oo CuD“F"N‘NiSb}
fw 794.6
crystn solvent acetonitrile-d;
cryst syst trigonal
space groip R3
cryst dimens, mm 0.300 X 0.200 X 0.050
cryst color purple
lattice params ‘
a A 11.346 (3)
oA 17,366 (6)
z k]
v, Al 1936
depreqs g €M™ 2,045
radiation Mo Ka (A = 0.7107 &),
graphite manochromator
#(Ma Ka), em™ 29.1
temp, K 295
insirument Enraf-Nonius CAD 4
w range, deg 2-40
octants' h.kJ (010 +10,0t0 +10, 0 to +16)
na. of colled data 256
no, of data with 148
oD} <0.33
no. of params 45
data/variable ratio 5.7
resolution programs SDP 80 program package,
Enral-Nonius, Delft, The Netherlands
scattering factor a

(', ") sources

structure soln heavy-atom method

R(F) {0.035)

RF) (0.042)

w 4F3 a(ly + (pF.)
with p = 0.04

function used in the
least-squares refinement
deuterium atoms

Zw(IF) - IFD)?

in calcd positions,
riding on their C atoms,
with thermal param By = 155,

*Internailonal Tables fer X-ray Crystallography; Kynoch: Bir-
mingham, England, 1974; Vol. 1V, Tahles 2-2B and 2-3-1.

band at 46 510 em™, which is not included in Table I11, is assigned
to a charge tiansfer, The value of the ligand field splitting (10Dg)’
was found from the T's(*F) «— I',(°F) transition to be equal to
10430 cm™,

The acetonitrile adducts and their solutions are stahle at room
temperature. Owing to their ahsorption range, which includes
the wavz!lengths of the laser exciting lines used for Raman
spectroscopy, no Raman spectra of these adducts were ohtained.
However, information regarding the molecular arrangement could
be ohtained from the infrared spectra alone since they displayed
sharp and well-defined hands (see Figure 2 and Tahle IV).

The positions of the ligand bands are as expected’ for coor-
dinated acetonitrile. Compared 10 those for free acetonitrile,'®
the hands assigned to the C—C=N skeletal modes, »,, »,, and
vg, Show the expected™ frequency increase while the remaining
modes are essentially unshifted. The remaining hands in the
infrared spectra can be assigned to the MF™ anions.'?  According
to the crystal structure (see below), the site symmetry of the ShF,~
anion is C;, which implies that the modes coresponding to »;(Fy,),
vs(F\,), vs(Fy), 2nd vg(Fy,) of O, symmetry each might be split
1nto two components of symmetry A and E, which are active in
both the Raman and infrared.? The number of infrared bands,

(7) Reedijk, I Groencveld, W. L. Recl. Trav. Chim, Pays-Bas 1961, 86,
1103

(8) Halhaway, B, J,; Holsh, D. G. J. Chem. Soc. 1964, 2400,
(9;) Ballhausen, C. J. Inmtroduction to Ligand Field Theory, McGraw-Hill
New York, San Francisco, Toronto, Londan, 1962; p 261
{10) Shimanouchi, T Natl. Stand Ref DataSer. (US., Natl Bur. Stand}
NSRDS.-NBS 39, 8B4, Pace, E. L.; Noc, L. W. J. Chem. Phys. 1568,
49, 5317.
{11) Purcell, K. F. J. Am. Chem. Soc. 1967, 89, 247,
(12) Reedyk, )., Zuur, A. B., Groeneveld, W. L. Reel. Trao. Chem, Pays:Bas
1967, 86, 1127 and references therein.
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Tahle VI. Positional and Thermal Parameters for

[Ni(CDyCN);}(ShFq),
atom x y z BrA?
Sb 0.000 0.000 0.3293 (1) 4.01 (3)*
F(I) -0.131(1) -0002{(2) 03891(7) 141(5°
F(2) =-0.131{Q1) -0.129(1) 0.2665 (7) 13.3 (5)*
Ni 0.000 0.000 0.000 2.38 (B)*
N 0.149 (1) 0151 (1) ~0.0675 (6) 39{()
C(1) 0.241 (1) 0243 (1) ~0.1012(9) 4.1 (4)
C() 0.349 (1) 0.348 (1) -~0.1419(9) 45 (4)
D(1) 0317 0.387 -0.179 6.8
D{2) 0.407 0416 ~0. |_07 6.8
D(3} 0.398 0.3t1 ~0.167 6.8

2 Starred values denote anisotropically refined atoms for which Byq,

= 4135844,

Table VIL, Interatomic Distances (A) and Angles (deg)

[Ni(NCCD;))** Octahedron

Ni-N 207 (1) C()-C(2)  1.40(2)

N-C(1)  1.20{2)
Ni-N-C(1) 175 (2) N-C(I}-C(2) 179 (2)

ShF" Octahedron

Sb-F(1)  180(1) S-F2)  1.83(1)
F(1)-Sb-F($)  90.2 (6) F(I)-Sb-F(2) 917 (7)
F(1)-Sb-F(2)  89.7 (6) F(1)-Sb-F(2) 178.2 (7)
F(2)-Sb-F(2)  88.5 ()

Figure 4. View of the molecular packing of [Ni{CD,;CN)¢}(ShF),.

their contours, and relative intensities indicate that the octahedral
symmetry of the MF;™ anions is indeed lower than O in these
adducts hut that the distortion is considerahly less than that
ohserved for the Ni{MF), salts, This is not surprising in view
of the fact that the polarizing strength and hardness of the Ni?*
acid is greatly diminished hy surrounding it with six hulky CH,CN
ligands, which isolate the Ni** cations from the MF, anions.

Crystal Structure, The molecular stereochemistry of the ternary
adducts was estahlished hy a single-crystal study of the adduct
[Ni(CD;CN)]**(ShF¢™); Crystal data are given in Tahle V.
Final positional and thermal parameters are given in Tahle VI
with their estimated standard deviations. The relevant distances
and angles are given in Tahle VII. Figure 3 shows the molecular
unit and atomic labeling schemne, and Figure 4 gives a view of the
molecular packing.!” Both ions have octahedral geometry. In
[Ni(CD;CN)¢j?*, the Ni aton, lies on 2 C;, symmetry and the
six nitrogen atoms form a shightly compressed octahedron with

(13) Johnson, C. K. “ORTEP 11", Report ORNL 5138, Oak Ridge National
Laboratory: Qak Ridge, TN, 1976,




" the two N-N.distances being significantly different: 2.95 (2) A
and 2,89 (2) A. The ShF, anion has only a C; symmetry and
hence two independent F atoms: Sb-F(1) = 1.80 (1) A; Sb-F(2)
= 1,23 (1) A. The F-F distances are cqual: F(1)-F(1) = 2.55
(2) &; F(2)-F(2) = 2.56 (2) A; F(1)-F(2) =2.57 (2) A. Thus,
in spite of the two nonequivalent F atoms, Sh lies in a nearly
regular octahedron,

Conclusion. The results of this study show that the corrosion
products formed in high-temperature fluorination reactions in-
volving BiF; in nickel or Monel reactors are analogous to those?
found for SbFs. In the formed Ni(MF,); products the MF;”
anions are strongly distorted hy the strong polarizing effect of the
small, doubly charged Ni** cations and the resulting strong
fluorine bridging. Basic ligands with good donor properties, such
as CH,CN, can add to the Ni** cations and form ternary adducts
of the composition [Ni(CH,CN)g](MF;),. The increased size
-and softness of the new cations diminisbes the strong polarizing
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effect of the NiZ* cations on the MF,~ anions in the Ni(MFg),
type compounds.
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Note Added in Proof. After submission of this paper, the results of
an independent crystal structure determination of {Ni{CH,CN))(SbF),
have been published by: Leban, Gantar, Frlec, Russell, and Holloway,
Acta Crystallogr., Sect. C: Cryst. Struct. Commun. 1987, 43, 1888.
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(BiFg )y, 112817-18-2; [Ni(CD,CN)](SbFy),, 112839-66-4.

Supplementary Material Avallable: Tables of bond distances, bond
angles, atomic positional parameters, anisotropic thermal parameters, and
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observed structure factors (2 pages). Ordering informalion is given on
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Although a large number of NF,* salts are presently known,!
only two of these salts, NF,SbF? and NFBiFg,’ arc readily
accessible by direct synthesis from NF;, Fs, and the corresponding
Lewis acid at clevated temperatures and pressures. Since the SbFy
and BiF~ anions are heavy and do not significantly contribute
to the performance of these salts in applications such as NF;~F,
gas generators* and energetic formulations,? it is necessary to
replace the SbF{ anion in NF,SbFy by lighter and/or more
energetic anions.* In the past, this has been achieved mainly by
a metathetical exchange of the anion at low temperature in an-
hydrous HF or BrF; as a solvent.®

NF SbFg + CsBF, — CsSbF¢} + NF,BF, (1)

The main drawbacks of reaction | include the following: the purity
of the resulting NF,BF is only about 92%, unless repeated re-
crystallizations from HF and BrF; solutions are used;? the yields
of NF,BF are less than quantitative (typically ~80%, due to
losses during the recrystallizations and hold up of mother liguor
on the filter cake); and the process is a batch process that requires
troublesome low-temperature filtration steps involving anhydrous

HF or BrF; solutions. It was, therefore, desirable to develop an
improved process for exchanging the anion in NFSbFg, which
ideally would result in quantitative yields and high purities of the
desired NF,* salts in a simple, one-step process under ambient
conditions. In this paper we describe such a process that had been
discovered in our laboratory 8 years ago but could not be reported
carlier due to the classification of a patent.?

Experimental Section

Starting Materials. Three different 1ypes of graphile were used in 1he
course of 1his siudy. The first one consisted of spectrographic graphile
(SG) elecirodes, manufaciured by the National Carbon Co., a Division
of Union Carbide. The second one was a pyrolytic grapbite (PG) slab
for use in rockel nozzles, obtained from Hercules, and 1he third one was
hughly orienled pyrolylic grapbite (HOPG) with a mirrorlike serface,
obtained from Union Carbide by courtesy of Dr. A. Moore. All 1hree
1ypes of graphite were ground 1n a mortar, classified according 1o particle

(1) For a recent review on NF,* ehemistry see: Nikitin, 1. V.5 Rosolovskii,
V. Ya. Russ. Chem. Rev. (Engl. Transl.) 1988, 5¢, 426,

(2} Chrisie, K. O.; Schack, C. J.; Wilson, R. D. J. Fluorine Chem. 1976,
8, 541 and references ¢iled 1herein.

{3} Wilson, W. W., Chrisie, K. O. J. Fluorine Chem. 1988, 40, 59 and
references cited therein.

{4) Chrisie, K. O., Wilson, W. W, [norg. Chem. 1982, 21, 4113 and ref.
erences cited therein.

{5} Chnste, K. O. U.S. Pai. 4,207,124, 1980.

(6} Christe, K. O.; Wilson, W. W,; Schack, C. J Wilson, R. D. Inorg.
Synth. 1986, 24, 39.

K=

VAC

=
VAC

PALLFLEX —
TEFLON FILTER ‘
=
DEY HF
OVER BiFs

RECEIVER

Figure 1. Apparalus used for 1he ion-exchange reactions betwezn gra-
phite salts and NF,SbF,.

size by the use of sieves, dried in a dynamic vacuum at 300 °C, and
Irealed with 2 aim of Fy pressure at room temperalure for several hours
pricr 10 their use,

Hydrogen fluoride (Matheson) was dried by storage over BiF,!
Arsenic pentafluoride (Ozark Mahoning), BF; and PF; (Matheson) were
purified by fractional condensation prior to their use. The F, (Air
Products) was passed through & NaF scrubber for removal of any HE.
Tbe preparations of NFSbF¢* and O,AsF¢® bave previously been de-
scribed. The SO,CIF (Ozark Maboning) was preireated at =78 °C wilb
0, AsFg, followed by fractional condensation in a dynamic vacuum
1hrough a series of =78, -1t2, and =196 °C 1raps, wilh 1he material
retained a1 =112 *C being used.

Caution! Anhydrous HF causes severe burns. Elemental Ruorine and
NF,* salts are sirong oxidizers and musl be handled with 1he safety
precautions previously described ¢

Apparatus. Volalile malerials were bandled in stainless-sieel-Tef-
lon-FEP vacuum lincs as previously described.!®  Nonvolatile matenials

{7} Christe, K. O. U.S. Pal. 4,683,129, 1987,
(8} Chruie, K. O.; Wilson, W, W.; Schack, C J. J. Fluorine Chem. 1978,

1,7
(9) Shamir, I.; Binenboym, J. Inorg. Chim. Acia 1968, 2, 37
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wer¢ handled in the dry nitrogen atmosphere of a glovebox. The ion-
exchange reactions were carried out in a specially built apparatus (see
Figure 1), constructed from injection-molded TeRlon~PFA tubes, valves,
and fit'ings {Fluoroware). The exchange column consisted of 2 40 cm
‘208,27 in o.d. heavy-wall Teflon-PFA tube 2nd was packed with the
graphile salt to a height of about 35 cm. The column packing was held
in place at both ends by porous Teflon filter disks (Pallflex). Pure HF
and an.HF solution of NF,SbFg were stored in two '/, in. 0d. Teflon
ampules attached at right angles to the Tefton manifold directly above
the exchange column. These ampules could be rotated about their hor-
izontal tube sections connecting them to the manifold, thereby allowing
either neat HF or HF-NF,SbF, solutions to be added 1o the top of the
column. To overcome the resisiance of the Teflon filters, the apparaius
could be either pressurized with several atmospheres of dry gaseous N,
or evacuated. The bottom of the exchange column was connected to a
detachable 3/, in. 0.d. Teflon U-trap receiver, equipped with two Teflon
valves and attached with Teflon flex tubing (Penniube) to the vacuum
manifold,

Infrared spectra were recorded on a Perkin-Elmer Model 283 spec-
trometer, 2nd Raman spectra, on either a Spex Model 1403 instrument
with 647.1-nm excitation or a Cary Model 83 insirument with 488-nm
excitation. {-ray powder patterns were taken with a General Electric
Model XRD-6 diffractometer, Ni-filtered Cv Ka radiation, and a 114.6
nm diameter Philips Norelco camera on powder samples in sealed 0.5-
mm quariz capillaries.

Synthesis of Graphite Salts, C,BF,. All the graphite BF, salts were
prepared by the method of Nikonorov!! from graphite and a 2:1 molar
mixture of BF; and F, at 2 atm pressure in a Monei cylinder at room
temperature until no further weight uptake occurred. The initial BFy~F,
uptake by the graphite was rapid and exothermic for the pyrolytic gra-
phile samples. After three 3-h exposures to BFy-F; mixtures, followed
cach time by pumping on the sample for several hours at room temper-
ature for the removal of loosely intercalated BFy and F;, no further
BF;-F, uptake was observed. The value of n was determined from both
the weight increase of the solids and the amounts of unreacied BF, and
F, recovered, with both values generally being in excellent agreement.
For the different types of graphite used in our study, the following com-
positions were obtained:

spectrographic graphite (SG)  Cyy,.'BF”
pyrolytic graphite (PG) Cy0"BFS
highly oriented pyrolytic graphite {HOPG) Cy.0'BF

The PG and HOPG salts were shown by X-ray diffraction to be first-
stage intercalates with a, = 2.46 A and ¢, = 7.69 A, in excellent
agreement with previous lirerature values. !

C,AsF;, For the syntheses of graphite AsF, salts, two different
methods were used. The first one was that of Nikonorov'! and has been
described above for C,BF,. With the differen1 types of graphite, this
method resulted in the following compositions:

spectrographic graphite (SG) C\1e0AsFg
pyrolylic graphite (GP) Ca33AsF
highly oriented pyrolytic graphite (HOPG) Cy20AsF

The second method was thai of Barilet1 and co-workers'* which involved
the oxidalion of spectrographic graphite by O,AsF, in SO,CIF, firsi at
=60 °C and then at room temperature. On the basis of the observed
material belance, the final product had the composition Cy 53AsFs.

All the C,AsF salis were first-stage inlercalares with ag = 2.45 and
to = 7.87 A, in excellent agrecment wath previous reports,!H1é

C,PF;. For the synthesis of C,PF;, the method of Nikonorov'! and
the use of pyrolytic graphite resulted in a first-stage 1ntercalate having
the composition C,; xPF; 2nd repeat distances of ap = 245 A and ¢p =
7.69 A, in reasonable agreement with a previous repor1.1?

Attempts to prepare C,PF¢ by a displacement reaction ut ambient
temperature between (PG)Cy \BF, and 4-fold excess of PFy, in a stain-
less-steel cylinder of a smal} enough volume to result in a liquid PF, phase

(10) Christe, K. O.; Wilson, W W.; Schack, C J Jnorg Synth 1986, 24,
3

() hiikonorov. Yu. I. Kinet. Katal. 1979, 20, 1598.

(12) Rosenthal, G L., Mallouk, T E., Bartlen. N Symch Mer 1984, 9,433

(13) Brusilovsky, D, Selig, H , Vaknin, D, Ohana, 1, Davidov, D Synth
Mer, 1988, 23,377,

(14) Bartlat, N., McQuiilan, B.. Roberison, A. S. Mater. Res. Bull, 1978,
13,1259,

(15) Bartlent, N.; McCarron, E. M; McQuillan, B 'W. Synth. Mer. 1979/80,
1, 221.

(16) McCarron, E M Ph.D. Thests, University of California, Berkeley, CA,
1981, 58.

Notes

(vapor pressure of PFs at 21,1 °C = 28.2 atm) resulied in 2 product
having the molar composition 0.493C;;BF0.507C,, sPF,, as shown by
the weighi change of the solid and the amounts of PF; cansumed and BF,
liberated. A sccond treatment with PF, for more than 6 months under
identical conditions, followed by removal of the volaiile matenal 21 50
°C, resulted in very linle additional PF; uptake but an evolution of some
BF,;, indicaling that the Cy,BF may have contained, in addition to BF;",
some inlercalated BF;,

Preparation of NF,BF, by Ion Exchange. In a typical experimeni,
6.096 g (33.12 mmol) of (PG)C,.)oBF, having a particle size of 35 mesh
was loaded inside the drybox into the Teflon exchange column. The
column was attached to the Teflon manifold and wet with anhydrous HF.
A Teflon ampule was loaded in the drybox with 1.094 g (3.357 mmol)
of NF,SbF, and #ttached jo the Teflon manifold, and anhydrous HF (12
mL of liquid) was condensed inlo the ampule at ~78 °C, The resulting
HF solution of NF,SbF¢ was slowly passed over a 1-h time period
through the C;,BF, column, followed by a rinse with about 10 mL of
anhydrous HF. The eluents were collected in the Teflon receiver U-tube
and pumped to dryness at 50 °C. The white solid residue (573 mg:
weight calculated for 3.357 mmol of NF,BF, = 593 mg, 97% yicld) was
shown by infrared and Raman spectroscopy to be pure NF,BF,.’

Similarly, 2 sample of 4.91 mmol of NF,SbF,, when slowly passed
through a column of 14.0 mmol of (SG)C,;;BF,, produced 3.78 mniol
(77% yieid) of pure NF,BF,.

Preparation of NF,AsF; by Ion Exchange, In a typical experiment,
3.05 mmuol of NF,SbF, when passed through a column of 28.7 mmol of
(PG)C, yyAsF,, ?roduoed 3.05 mmol (100% yield) of spectroscopically
pure NF;ASF@.I

Similarly, a sample of 5.0 mmol of NF,SbF, when passed through
a column of 7.84 mmol of (SG)Cy,AsF,, resulted in 3.6 mmol of NF,-
AsF; and 1.4 mmol of NF,SbF,.

Preparatioa of NF,PF¢ by lon Excbange. When a solution of 3.27
mmol of NF,SbF, in anhydrous HF was passed through a column packed
with 23.8 mmol of (PG)C,; JPF the cluted product consisted of 1.49
mmol of NF PFg and 0.49 mmol of NF,SbF,.

Results and Discussion
A metathetical reaction of the type

A*B- 4+ C*D — AD| + C*B- (2)

is in principle a simple ion exchange in which the purity of the
desired product is governed by the solubility products of the four
salts involved. For this process to work efficiently, the solubility
product of AD must be much smaller than those of the three
remaining salts, Since this is not the case for reaction 1, low-
temperature ftltrations and multiple recrystallizations from an-
hydrous HF and BrF; are required that lower the yiclds. The
solubility problem with AD might be overcome by making A*
an insoluble, polymeric, stationary phase. This principle is
well-known and is widely used in ion-exchange resins. Since the
metathetical NF,BF, process {1) ts a simple anion exchange, it
could be improved upon by replacing CsBF, with a BF,™ salt of
a cationic resin that is stable toward both anhydrous HF and the
strongly oxidizing NF* cation. Although acid- and onidizer-
resistant cation exchangers, such as Du Pont’s Nafica, are
well-known, no corresponding anion exchangers werc available,

Attempts were made to utilize the cation cxchanger Nafion (XR
resin from Du Pont which is a copolymer of tetrailuoroethylene
and perfluoro-4-mcthyl-3,6-dioxa-7-octenesulfonic acid) for the
preparation of NF,BF, according to (3) and (4). Although small

RSO;Na* + NF,*SbFy — RSO, NF,*+ Na*SbFe  (3)
RSO, NF,* + Na*BF;” — RSO;"Na* + NF,*BF,” (4)

amounts of NaSbF, were detectable in the eluent of (3), treatment
of the resulting solid with a Na*BF, solution did not show any
evidence for NF,BF,.

In our search for a suitable acid- and oxidizer-resistant an-
ion-exchange medium, it was discovered that graphite salts are
well suited for this purpose. Since the syntheses and properties
of graphite salts are the subject of considerable controversy, our
results on the preparation of these salts will be briefly summarized
before presenting our data on the actual ion exchange reactions.

(17) Chnste, & O, Schack, C J., Wilson, R. D. fngrg Chem 1976, .5,
1275.




Syntheses of Graphite Salts. In our study different types of
graphite starting material were used, i.e. spectrographic graphite
"(SG) and two'kinds of pyrolytic graphite (PG), one from a gra-
phite slab used forrocket nozzle cones, and the second one from
highly.oriented, mirror-surfaced graphite pieces. The pyrolytic
graphites are more highly graphitized, better oriented, and more
casily intercalaied than the spectrographic graphite and, therefore,
have been used .almost exclusively in the previously reported
studies.!-13

In agreement with the previous studies,!™!? the reaction

nC + 0.5F; + BF; — C,*BF," (5)

yielded a first-stage intercalate with n being very close to 8.0 and
the same identity period. No particular cffort was made in this
study to determine whether in CyBF, the boron is present ex-
clusively as Bl'y~ or if there might also be some free BF, and/or

" Fy present.® 1t should be noted, however, that the addition of
neat anhydrous HF to the (PG)- and (HOPG)C;BF, generally
resulted in gas evolution and a very pronounced swelling of the
gr;phitc salt, indicating the posstble intercalation of some free
BF,.

For ths synthesis of C,*AsF,", the direct synthesis from gra-
phite, AsFs, and F, yiclded for the two pyrolytic graphites n values
close to 5.8 and for spectrographic graphite a value of 11.6. With
0,*AsFg used as che oxidant' and spectrographic graphite

nC + O;*AsF¢- = C,*AsF,~ + O, (6)

a composition of CyyAsFg was obtained, These salts were
first-stage intercalates and approach the limiting composition
CyAsFq which has a close packing of the AsF™ anions in the
galleries.”®  For C,PF,, the direct synthesis using pyrolytic gra-
phite, PF¢, and F, produced a first-stage intercalate having the
composition C,5,PF,. The fact that the limiting composition for
C,PFg appears to be about C,;,PF, while that for C,AsF, is about
CyAsFq, cannot be dus to steric effects because PF, is smaller
than AsF¢~. Jt has been attributed" to the lower fluoride jon
affinity of PF; relative to that of AsFg. It, therefore, appears that
PF¢~ cannot support a positive charge on carbon higher than that
corresponding to a composition of about C,5*. Further evidence
for the limiting composition of C,PF, being about # = 12 was
obtained by a displacement reaction between (PG)C,y BF, and
liquid PFs at room temperature. Although only half of the BF,
was displaced by PF; in a single treatment, the stoichiometry of
the displacement reaction was such that 1 mol of PF; liberated
1.54 mol of BFy; i.e., the C,BF, was converted to C,,sPF¢ and
BF;. The C;sPF¢ composition observed for this displacement
reaction is in excelleat agreement with that of C,, PFg derived
from the direct synthesis from graphite, PFs, and F, (see above).

(18) Bartlett, N McQuillan, B. W, In Intercalation Chemisiry; Wiltingham,
M. 8., Jacobson, A. )., Eds.; Academic Press: New York, 1982.
(19) Hagiwara, R., Lerner, M., Bartlett, N. Presenied al the ACS Ninth
Winter Fluorine Conference, St Petersburg, FL. Feb 1989, paper 63.
(20) Karunanithy, S.; Aubke, F. J. Fluorine Chem. 1984, 25, 339
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It is noteworthy that the stoichiometry of the above displacement
reaction resembles that previously observed for the C,SO,F + AsF,
system,?0

In conclusion, our syntheses of graphiie salts are in good
agreement with the previous literature data suggesting limiting
compositions of about CgBF;, C3AsFg, and Cj,PF, for these
first-stage intercalates.

Ion-Exchange Reactions, Solutions of NF,SbF4in HF, when
passed through columns of either CgBF, or CgAsF,, readily ex-
change the SbF" anion for either BF,~ or AsF,~.

C4BF, + NF,SbF, — C;StF, + NF,BF, 7
CgASFG + NF.‘Sng - CngFé + NF4ASF6 (g)

In this manner, spectroscopically pure NF,BF, or NF,AsF¢ can
be prepared. It is important 1o use a suitable column geometry,
i.e. a large height to diameler ratio, and a sufficient molar excess
of the graphits salt, The importance of the column geometry and
of flow conditions was demonstrated by an experiment whereby
a sample of (PG)Cs BF, was stirred with a large excess of
NF,SbF, dissolved in HF, Even after a contact time of 10 b, only
an insignificant anion exchange had occurred, The importance
of using a sufficient excess of graphite salt over NF,SbF; was
demonstrated in an experiment where the mole ratio of Cj ;AsF,
10 NF,SbF wasonly 1.57. In this case the conversion of NF SbF,
1o NF,AsF¢ was only 72 mol %,

Another important point is that the graphite salt starting
material is fully oxidlzed to a C;* stage. If the graphite salt is
not completely oxidized, it will be oxidized by NF,SbF in a
reaction, analogous to (6), resulting in the loss of NF,* values.

BC + NF4+SbF6- - Cs+SbF6- + NF3 + 0.5F2 (9)

This point was demonstrated in several experiments using C,BF,
compositions in which # ranged from 14 to 16 and the yields of
NF.BF, were less than quantitative.

For the synthesis of NFPFg, the most highly oxidized graphite
PF, salt available was C,; PFq. In view of the incomplete oxi-
dation state of the graphite, it was not surprising that a 40 mol
% loss of NF,* values occurred during the exchange reaction.

Conclusion. Graphite salts can be used as anion-exchange resins
that are highly resistant toward strong acids and oxidizers. To
our knowledge, these are the first anion exchangers capable of
withstanding such harsh conditions for which previously only cation
exchangers, such as Nafion, were available. The usefulness of
graphite salts as anion exchangers was demonstrated by an im-
proved method for the production of advanced NF,* salts. This
method eliminates most of the drawbacks of the previously used
low-temperature, metathetical process® and provides the desired
NF,* salts in high purities and yields by a simple, one-step process
under ambient conditions.
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The binary chlorine fluorides CIFy, CIFy, and CIF, when used in an excess, all undergo facile fluorine-oxygen exchange reactions
with the nitrate anion, forming FCIC,, unstable FCIO, and CIONO,, respectively, as the primary products. Whereas FCIO; does
not react with LINO, at temperatures as high as 75 *C, FCIO, readily reacts with cither LINOy or N30 to give CIONO; and
O, in high yield, probably via the formation of an unstahle O,CIONO; intermediate. With an excess of CIF, chlorine nitrate
undergoes a slow reaction to give FNO; and C1,0 as the primary products, followed by Cl,0 reazting with CIF to give Cly, CIF,
and FCIO;. The alkali-metal fluorides CsF, RbF, and KF catalyze the decomposition of CIF; to CIF, and F;, which can result
in the generation of subsiantial F, pressures at temperatures as low as 25 *C.

Introduetlon

Tonie nitrates are surprising.v reactive toward the fluorides and
oxyfluorides of bromine,'? xenon and iodine.® The observed
reaction chemistry is fascinating a 'd often unpredietable. Thus,
BrFs undergoes fluorine-oxygen :xehange reactions that, de-
pending on the choiee of the nitrate salt or the reagent used in
excess, yield either BrF, 0" salts, free BrF;0, or bromine nitrates,
In the cases of XeFy, XeOF,, and IF;, stepwise fluorine—oxygen
exchange occurs, whereas for the closely related IF, molecule,
reduetion to IF; with simultaneous oxygen evolution was observed,
In view of these results it was interesting to study the behavior
of chlorine fluorides and oxyfluorides toward ionie nitrates.

The previcus reports on reactions of ionie nitrates with chlorine
fluorides are limited to a statement by Ruff and Krug that KNO,
does not react with liguid CIF; while AgINO, does® and a synthesis
of CIONO, from CIF and M(NO,), where M is cither Ca, Sr,
Ba, or Pb.? In addition, the reactions of CIF} CIF, CIF;,? and
FCIO,? with the covalent nitrate HONO, have previously been
studied.

Experlmental Section

Apparatus and Materials. The vacuum lines, handling techniques, and
spectrometers used in this study have been described elsewhere.? Com-
mercial LINOy (). T. Baker, 99.7%), NaNO, (J. T. Baker, 99.5%),
KNO, (). T. Baker, 99.1%}, and RbNO, (K&K Labs, Inc., 99.9%) were
dried in vacuo at 120 °C for 1 day prior to their use, CsNO, was
prepared from Cs;COy and HNO, and dried in the same manner,
N;05.'? CIF;,"! CIF, " and FCIO," were prepared by literature methods,

(1) Wilson, W. W,; Christe, K. O. Inorg. Chem. 1987, 26, 916.

(2) Wilson, W. W.; Chrisie, K. O. Inorg. Chent. 1987, 26, 1573.

(3) Christe, K. O.; Wilson, W. W, fnorg. Chem. 1988, 27, 1296.

(4) Christic, K. O.; Wilson, W. W. Inorg. Chem., in press.

(5} Christe, K. O; Wilson, W. W.; Wilson, R. D. Jnorg. Chem., in press.
(6) Ruff, O.; Krug, H. Z. Anorg. Allg. Chem 1930, 190, 270.

(7} Sehmeisser, M., Eckermann, W., Gundlacb, K. P,, Naumann, D. Z.

Naturforsch, 1980, 358, 1143,

(8) Schack, C. ). Inorg. Chem. 1967, 6, 1938,

(9} Christe. K O Inorg. Chem. 1972, 11, 1220,
(10} Wilson, W. W.; Christe, K. O. Inorg. Chem. 1987, 26, 1631,

0020-1669/89/1328-0675301 50/0

FClO; (Pennsalt) and CIF; (Matheson) were commercial materials and
were purified by fractional condensation prior to tbeir use.

Caution! Chlorine fluorides and oxyfluorides are powerful oxidizers
and can react violently with most organic substances. The materials
should be handled only in well-passivated metal-Teflon equipment with
all the necessary safety precautions.

Reaction of CIF with an Excess of NaNO;. A mixture of NaNO,
(17.32 mmel) and CIF (11.53 mmol) in a 30-mL stainless stecl cylinder
was allowed to slowly warm in & dry ice~liquid N, slush bath from ~196
to~78 *C and then toward 0 °C. The cylinder was recooled to =196 °C
and did not contain any gas noncondensible a1 this temperature. The
material volatile at room temperature was scparated on warm up of the
cylinder from =196 °C hy fractional condensation tbrougb traps kept at
=112,<126, =142, and =196 *C. The =112 °C trap contained CIONO,"
(8.89 mmol) and CL;O'* (0.68 mmol}, the one at ~126 °C had CIONO;
(0.09 mmol), the one at ~142 *C had Cl, (0.35 mmol), while the one at
~196 *C contained FNO," (1.01 mmol). The wbite solid residue in tbe
cylinder was a mixture of NaF and NalNO, (1046 mg; weight calculated
for .99 mmol of NaF and 7.33 mmol of NaNG, = 1043 mg). The yield
of CIONQ;, based on CIF, was 76%.

Reaction of NaNO, with an Excess of CIF, Finely powdered NaNO;
(5.15 mmol) was loaded in tbe drybox into a prepassivated 30-mL
stainless steel eylinder equipped with a valve. On the vacuum line, CIF
(8.00 mmol) was added at =196 °C. The eylinder was allowed to slowly
warm to room temperalure, where it was kept for 3 days. 1t was cooled
again to -196 *C and did no1 contain any gas noncondensible at tbis
temperature, Tbe material volatile at rcom temperature was scparated
on warm up of the cylinder from =196 °*C hy fractional condensation
througb traps kept at =142 and =196 *C. The =196 *C trap contained
FNO,; (2.88 mmol) and the onc at ~142 *C had 5.14 mmol of a mixlure

(11) Pilipovich, D.; Maya, W.; Lawion, E. A.; Bauer, H. F; Shechan, D. F.;
Ogimachi, N. N.; Wilson, R. D.; Gunderloy, F. C.; Bedvell, V. E. Inorg.
Chem, 1967, 6, 1918.

(12) Schack, C. J., Wilson, R. D, lnorg. Synth, 1986, 24, 1.

(13} Christe, K. O.; Wilson, R, D.; Schack, C. ). Jnorg. Synth. 1986, 24, 3,

(14} g‘hlristc, K. O.; Schack, C. J.; Wilson, R. D. Inorg. Chem. 1974, 13,

81,

(15) Siebert, H. Anwendungen der Schwingungsspektroskopie L. der Anore
ganischen Chemue. Anorganische und Allgemeine Chenie 1n Einzel-
darstellungen; Springer Verlag: Berlin, Heidelberg, FRG, New York,
1965; Vol. VIL.

(16} Bernin, D. L. Miller, R. J ; Hisatsune, 1. C. Spectrochim. Acta, Part
A 1967, 23, 237,
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consisting mainly of CIONO, and C1,0 and small amounts of FCIO,"’
and Cl;. The cylinder contained 215 mg of NaF (weight calculated for
5.15 mmol.of NaF = 216 mg). .

Reaction of NaNO, with an Excess of CF;. Finely powdered NaNO,
*(1.02 . mmol) was Joaded in the drybox into a prepassivated 30-mL
stainless-sieel reactor, and CIF; {5.36 mmol) was added at =196 °C on
the vacuumi line. The cylinder was allowed to slowly warm to rcom
temperature where it was kept for 10 days. It was recooled 10 =196 °C
and checked for noncondensible gas (0.26 mmeol of Oy). The material
volatile at rcom temperature was separated hy Fractional condensation
through traps kept at =112, =126, and ~196 °C, The =112 °C trap
contained CIF;" (4.36 mmol), and onc at ~126 °C had FCIO,¥ (0.25
mmol), and the one at =196 *C showed FNO, ¥ (1.02 mmol) and CIF"
{0.77 mmol). The white solid residue (47 mg) consisted of NaF (weight
ealeulated for 1.02 mmol of NaF = 43 mg).

Reaction of LINO; with an Excess of CIF;. A 30-mL stainless-sieel
cylinder was loaded in the drybox with LINO, (2.68 mmol). CIF, (40.54
mmol) was added at =196 °C on the vacuum line. The cylinder was
warmed from ~196 °C to room temperature and kept at this temperature
for 3 h with frequent agitation, The reactor was cooled back to -196 °C
and did not contain any signifieant amount of noncondensihle gas, The
material volatile at rcom temperature was separated hy fractional con-
densation through a series of traps kept at =95, =142, and ~196 °C, while
the eylinder was allowed to warm from =196 °C to rcom temperature.
The =95 *C trap was empty, and the =]96 °C trap contained FNO,'¢
{2.48 mmol). The contents of the —142 °C trap (40.67 mmol) consisied
of unreacted CIFy,"* FCI0y,'" and a very small amount of FNO,.¢ The
amount of FCIO; and FNO, in the CIFy was estimated hy infrared
spectroscopy and verified hy complexing with AsF, and weighing of the
resulting C10,*AsF;" % and NO,*AsF¢~"? (409 mg, weight calculated
for 1.34 mmol of CIO;*AsF;~and 0.20 mmol of NO;*AsF¢™ = 391 mg).
The white solid residue in the cylinder (71 mg; weight calculated for 2.68
mmol of LiF = 70 mg) consisted of LiF,

Reaction of NaNO; with CIF,. The reaction between NaNO, and
CIF; was carried out as described for the LINOy~CIFs system. After 10
days at 25 °C, the NaN O, had quantitatively reacted 10 yield t mol of
NaF and FNO, and 0.5 mol ol FC10;/mol of NaNO;.

Reaction of KNO, with CIF, The reaction between KNO, and CIF;
was carried out as described above for LINO,. After 28 days at 25 °C,
the KNO, had quantitatively reacted to yield FNO, and FCIO, ina 2:1
mole ratio. About 16% of the hyproduet KF had been converted to
KCIF,, and fluorine was found as noncondensihle gas at —196 *C and
identified by its reaction with mercury,

Reaction of RbNO, with CIF;. The reaction between RhNO, and CIF,
was carried out as described above, After 31 days a125 °C, 90% of the
RhNO, had reaeted to yield FNO,' end FCIO," in a 2:1 mole ratio.
About 35% of the hyproduct RhF had been converted to RhCIF,, and
fluorine was identified as noncondensihble gas at =196 °C.

Reaction of CsNO, with CIF,. The reactions between CsNO, and CIF,
were carried out as described above. After 32 days at 25 °C, 16% of the
CsNO, had reacted to yield FNO,'® and FCIO," in a 2:1 mole ra‘io.
About half of the CsF hyproduct had been converted to CsCIF;.2' When
the reaction was carried out at 0 °C for 2 h, the conversion of CsNO,
was 4.4%, whereas at 70 °C for 3 days it was 46%. The amount of
fluorine evolved in these reactions increased with increasing temperature,

Reaction of CsNO, with CIF, in the Presence of Excess GsF, A
mixture of finely powdered CsNO, (0.97 mmol) and CsF (8.89 rmol)
was placed in the drybox into 2 prepassivated stainless- stecl reactor of
32.3-mL volume. On the vacuum line, CIF; (14.57 mmol) was added at
=196 *C. The eylinder was agitated on a shaker at 25 =C for 18 days
and then cooled to =196 °C. 11 contained (.56 mmol of a noncondensihle
gas, which reacted quantilatively with Hg giving a weight increase of 21
mg (weight inerease calculated for 0.56 mmol of F; » 21.3 mg). The
material volatile at 25 °C was serarated hy fractional condensation
through traps kept at =142 and =196 °C, The -196 °C trap contamed
FNO,* (0.093 mmol) and FONO,'* (0.028 mmol), while the on¢ at
-142 °C had CIF,"* {13.97 mmol) corresponding to a CIf; consumption
of 0.60 mmol. The white solid residue (1610 mg, weight calculated for
the below given maicrial halance = 1593 mg) was shown hy Raman
spectrescopy to contain significant amounts of CsNO, and CsCIF, !

{17) Smith, D. F.; Begun, G. M.; Fletcher, W, H. Spectrochim. Acta 194,
20,1763,

(18) Classsen, H, H,, Wensieck, B., Melm, J. G. J. Chem. Phys. 1958, 28,
285,

{19) Begun, G. M.; Fletcher, W. H.; Smith, D. F. J. Chent. Phys. 1965, 42,
2236. Christe, K O. Specirochim. Acta, Part A 1971, 27, 631.

{20) Christe, K. O.; Schack, C. 1.; Pilipovich, D.; Sawodny, W. Inore Chem.
1969, 8, 2489,

{21) Christe, K, 0. Sawodny, W. Z. Anorg. Allg. Chem. 1970, 374, 306.

Christe ¢t al.

These results are in excellent agreement with the following material
balanee:

0.59CIFs — 0.59CIF, + 0.59F,
0.028F, + 0.028CsNO; — 0.028CsF + 0.028FONO,

0.0465CIF, + 0.093CsNO, —
0.093CsF + 0.093FNO; + 0.0465FCIO,

0.59CIF, + 0.59CsF — 0.55CsCIF,
0.0465CsF + 0.0465FCt0O, — 0.0465CsCIF,0,

Reaction of FCI0, with LINO,. Finely powdered LINO, (2.41 mmol)
was placed in the drybox into a prepassivated 30-mL stainless-stee] re-
actor, and FCI0, (1.62 mmol) was added at ~196 °C on the vacuum line.
The eylinder was allowed to slowly warmto rcom temperature where it
was kept for 15 h. 1t was recooled to ~196 °C, and the noncondensit'e
gas (1.58 mmol of O;) was pumped off. The material volatile at room
temperature consisted of CIONQ,' (1.59 mmot). The white, solid res-
idue (96 mg) was & mixture of LiF and LiNOy (weight caleulated for
1.62 mmol of LiF and 0.79 mmol of LiNO; = 96 mg).

Reaction of FCIO, with N;0;, N;0; (0.83 mmol) was condensed at
=31 °C in a dynamic vacuum inlo a 5-mm-o.d. glass NMR tube, which
was atteched to a flamed-out 96-mL Pyrex vessel equipped with two
Teflon valves. FCIO, (1.87 mmol) was added to the NMR tubeat =196
°C. No appreciahle reaction between N,0; and FCIO, was observed at
temperatures as high as =31 °C, When the mixture was kept at 0 °C
for 18 b, about §4% of the N;0; had reacted with FCIO, to yield CI10-
NO," and O, s the main products. In addition, there was an attack of
FClO, on the Pyrex vessel, resulting in substantial amounts of ClO; and
SiF, and a trace amount of NO*ClO,~ 2 The residue left behind at
=78 °C in the NMR tube was identificd hy Raman spectroscopy as
unreacted N;0,.'0

Results and Discussion

MNO,-CIF System, CIF readily reacts with NaNO, at sub-
ambient temperature to give NaF and CIONO, (eq 1). However,

NaNO, + CIF — NaF + CIONO, (1)

the yield of CIONO, was found to be less than quantitative because
of the competing reaction 2. Reaction 2 might be explained by

NaNO; + 2CIF — NaF + CL,0 + FNO,  (2)

a secondary reaction of CIONO,, formed tn (1), with a second .
mole of CIF (eq 3). Ina previous study,” CIONO, and CIF were

CIONO, + CIF — C1,0 + FNO, (3)

found not to interact appreciably below room temperature and
with relatively short reaction times. However, it was shown in
tbis study tbat at room temperature and with reaction times of
several days reaetion 3 slowly proceeds to give Cl,0 and FNO,
as the main products with Cl, and FCIO, as the byproducts, The
byproducts are readily explained by he previously reported,?#
relatively fast reactions 4 and 5, which are summarized in (6).

2CL,0 + 2CIF — 2Q1, + 2FCIO (4)
2FCIO — CIF + FCIO, (5)
net: 2Cl,0 + CIF — 2Cl, + FCIO, (6)

The fact that, for reaclion 1, side reaction 2 could not be com-
pletely suppressed even at low temperatures indicates either ac-
celeration of (3) under the conditions of (1} or a slightly different
reaction path,

Obviously, reactions 2, 3, and 6 are favored by an excess of CIF.
In order to maximize the yield of CIONO, in (1), it 15, tberefore,
advantageous to employ an excess of NaNO,;. Furtbermore, a
lowering of the reaction temperature should also favor tbe for-
mation of CIONO,. By the us» of about 100% excess of NaNQ,
and subambient reaction temperatures, a CIONQ, yield of about
76%, based on CIF, was obtained. Tbis yield is somewbat lower
than the 92% previously reported” for the Pb(NO,), + CIF system,

(22) Nebgeg. J. W, McElroy, A. D., Klodowski, H, F. Inorg. Chem, 1965,
4, 1796.

(23) Christe, K. O.; Schack, C. J. Adv. Inorg. Chem. Radiochem. 1976, 18,
319.




‘Reactions of Chlorine Fluorides and Oxyfluorides

but is bigber than those given for Ca(NO,); (63%), Sr(NO,),
(44%). and Ba(NO,); (<10%) The main advantage of NaNO,
-aver tbese other nitrates is its lower cost.

MNO,-CIF, System. An cxcess of CIF, readily reacts with
NaNO, at room temperature or below to give FNO,, CIF, FCIO,,
and O, 2s the main products. These are best rationalized in terms
of the fluorineroxygen exchange reaction 7, which generates FCIO,

CIF; + NaNO, — NaF + FNO, + FCIO )]
The thermally unstable FCIO then undergoes ¢either dispropor-

tionation (eq &, or decomposition eq 9), with (8) and (9) con-
tributing about equally.

2FCIO — CIF + FCIO, (8
2FCIO ~ 2CIF + O, ©)

In the presence of a large excess of NaNO, the FNO, 1Y FCI0,,
and CIF products can react further with NaNQ, according to
(10)-(12).

FNO; + NaNO, — NaF + N,0, (10)
FCIO, + NaNO, — NaF + CIONO; + O,  (11)
CIF + NaNO, — NaF + CIONO, (12)

MNO,-CIFs System. From a preparative point of view, the
reactions of CIFs were most interesting. For IF; and BrF, a
stepwise fluorine~oxygen exchange was possihle, ! thus allowing
the isolation of either XF,O~ salts ot the free XF;0 molecule.
Since CIF,0 is rather difficult to synthesize,®® a simpler synthesis
of either CIF,0 or its CIF,O™ salts is highly desirable. Conse-
quently, the reactions of 21l alkali-metal nitrates with CIFs were
studied by using a large excess of the latter to suppress, if possible,
the second fluotine—oxygen exchange step leading to FCIO,.
Howevet, in all cases exclusively the two-step exchange reaction
shown in (13) was observed. Thbis suggests that the reaction of

2MNO, + CIF; —~ 2MF + 2FNO, + FCIO;,  (13)
M = Lj, Na, K, Rb, Cs

the intermediately formed CIF,0 with MNO, is mucb faster than
cither that of CIF; with MNO, or the complexation of CIFy0 (eq
14). In oneexperiment a 10-fold excess of CsF was added to

MF + CIF,0 = M*CIF,O" (14)

the CsNOy—CIF; reaction in an attempt to trap any intermediately
formed CIF,0 as Cs*CIF,0". Altbougb no evidence for the
formation of Cs*CIF,0~ was obtained, a detailed material balance
of the reaction revealed two very interesting side reactions.

In the first side reaction, 2 significant amount of CIF, bad
decomposed at 25 °C to give equimolar amounts of F; and CIF,
with the latter being complexed hy CsF as Cs*CIF,~. This side
reaction had also been observed for RbNO, and KNO,, but to
a lesser extent. This decomposition of CIF; to CIF; and F; at room
temperature was surprising in view of CIF; normally being com-
pletely stable at tbis temperature.!! Although extrapolation of
tbe degree of dissociation of CIF; at 25 °C from tbe known
equlibriuni constant temperature relationship?* gives a value of
0.087%, this dissociation sbould require a significant activation
energy and, therefore, not proceed under normal conditions, Our
observation that in the presence of excess CsF more tban 4% of
the CIF; decomposed in 18 days at 25 °C wbile building up a
fluorine pressure of abaut 340 Torr in the reactor, suggests that
the alkali-metal fluorides (i) lower the activation energy required
for the C1Fs decomposition and (ii) effectively remove CIF, from
the equilibrium given in (15), thereby shifting it to tbe right. The

ClFs = CIF; + F, (15)
catalytic effect of alkali-metel fluorides for the backward reaction,

(24) Bauer, H. F; Sheehan, D. F. fnorg. Chem. 1967, 6, 1736,
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i.e. the formation of CIF, from CIF, and F,, bas previously been
recognized, and advantage of this has been taken for the CIF;
synthesis!! but to our knowledge has not been noted for the forward
reaction.

The second side reaction observed for the CsNO, + CIF; +
CsF system was the formation of some fluorine nitrate, FONO,;.
This can readily be explained by the known!$2326 reaction given
in (16). The F; required for (16) is generated by (15).

CsNO, + F, — CsF + FONO, (16)

MNO,-FCIO, System. Wben a large excess of MNO, is used
in (13), the FCIO, product can undergo further reaction with
MNQO,. This was confirmed in a separate experiment between
LiNO, and FClO,, which reacted according to (17). The

LiNO, + FCIO, — LiF + CIONO, + O, a7

quantitative formation of equimolar amounts of CIONO, and O,
suggested the yet unknown O,CIONO, molecule as an unstable
intermediate. An attempt was made to isolate this intermediate
at low temperature by reaction 18. By the use of an excess of

N02+NOJ- + FC’O: - 03C10N03 + FNO: (] 8)

FCIO,, it was hoped that the only product of low volatility would
be O,CIONO,, thus allowing a convenient product purification
and isolation. Unfortunately, reaction 18 required 2 reaction
temperature of 0 °C, well above the apparent thermal stability
of the desired O,CIONO;. Consequently, the observed products
were again CIONO; and O,, formed according to (19). Since

NO,*NO;” + FCIO, — FNO,; + CIONO; + 0, (19)

this reaction was carried out in a Pyrex reactor to allow a low-
temperature spectroscopic identification of the reection preduct,
side reactions of FCIO, and N,Os with the glass in the upper part
of the reactor and cach other also occurred, producing some SiF,
and NO,CIO,.

Concluslon. All of the cblorine fluorides and oxyfluorides
studied, except for the bigbly unreactive? FCIO;, undergo facile
ﬂuorme—oxygcrn cxchangc witb ionic nitrates. The observed re-
action chemistry is in gcncral agreement with that previously
found? for the analogous reactions with nitric acid, except for some
minor deviations for FC10,, which are attnbuted to thermally
unstable intermediates. Depending on tbe exact reaction con-
ditions, thess unstable intermediates ean decompose to different
products.,

Comparison of the nitrate~CIF; reactions with tbose of IFs®
and BrF;'2 shows a noteworthy difference. Whereas for IFs and
BrF; the fluorine~oxygen excbange could be balted at the XF,0
or XF, O stage, this was not possible for C1Fs. This difference
cannot be attributed to the thermal stability of the products (CIF,0
is thermally more stable than BrF 3’0)' but is most likely due to
the extreme reactivity of CIF,0.2

The alkali-metal fluoride catalyst decomposition of CIF; to CIF,
and F, at room temperature was surprising and suggests a very
low activation energy path for this reaction. It migbt possibly
involve tbe attack of tbe free fluoride jon on a fluorine ligand of
CIF,, followed by fluorine elimination. If this assumption is indeed
correct, this catalysis sbould be generally applicable to other high
oxidation state fluorides of highly electronegative elements.
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SUMMARY

aromine pentafluoride undergoes a facile fluorine- oxygen exchange reaction with the sulfale
anton 1o yield an equimolar mixiure of BrF, O and SOzF satts. With CsNy it ignites

praducing N, and a mixiura of CsBrF, and CsBrFg. With an excess of NaNO, Il forms NaF,

Bry, and FNO,. Whan BrFg is used in excess with KNO, Its reduction is halted al the BrF;

stage producing KBrF, and FNO, as the primety products. The FNO, can undergo a secondary
reagtion with KNO, to give N,O, and KF which react further 1o FNQO and KNO;z. The lalter and -
excess BrFs yleld seme KBrF,O and FNG,.

INTRODUCTION

The NF,* and CIF* cations possass surprising kinefic stability and by melathests in suitable
solvents can be coupled with a variety of anions {1,2}. Since one of the best solvents for this
purpose is BrFg, its compalibility with the N3~, NO,~, and SO,42~ anions was studied. Al
though these anions were found 10 be unstablg in BrFs, the observed reaclions are intaresting

and are reported in this paper.

EXPERIMENTAL

Apnaralus and Matarals, The vacuum lines, handling techniques and spectrometers used in
this sludy have been described elsewhere {3]. The BiFg {Mathesen) was ireated with 35 alm

0022-1139/89/$3.50 ® Elsevier Sequoa/Printed sn The Netherlands
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of F5 al 100°C for 24 hours in the presence of NaF and then purified by fractional con-
densalion through traps kepl a1 -64° and -85°C, with the material retained at -95°C being
used. The KNO, (J.T. Baker, 99.0%) and NaNO, (J.T. Baker, 98.0%) were o. 2d in vacuo al
120°C for one day prior 1o their use. The Cs;S0O, was prepared from Cs,COy and H,50, and

dried In vacuo at 200°C for one day. The CsNy (Easiman Kedak) was used as received.

Beaclion of Cs, S0, with BrF., Amixture of Cs;50, {1.30 mmol) and BrFs (106.4 mmol} in
2 3/4" 0.d. Teflon ampule was kept al 25°C for one hour. The material volalile al 25°C was
pumped off and consisled of 105,1 mmol of BrFg. The while solid residue (698.4 mg, weight
caled for 1.30 mmol of CsBrF,O and 1.30 mmo! of CsSO3F = £38.2 mg) was identified by

Infrared end Raman speciroscopy as a mixiure of CsBrF,0 and CsSO; .

Beaction of CsN. with BrF., When a mixlure of CsN; and e fivefold excess of BrFs in @
Teflon-FEP ampule was warmed from -196°C fowards ambient lemperature, Lhe mixture
igniled on melling of the BrFs end burned with a brightred flame breaching the contalner.

Te achieve belter fempereiure conlrol, the experimenl was repeated in a 95 mi Manel
cylinder, CsN3 (2.41 mmol) was added 1o the cylinder In the drybox, and Brrg (12.36

mmol) was added el -196°C on the vacuum line. The cylinder was allowed to slowly warm lo
room lemperalure endthen cooled back again 1o -196°C. The gas noncondensible al -196°
(N2, 3.865 mmol) was pumped off, and the excess of unreacled BrFq (9.98 mmol) was
removed al 25°C. The while solid residue (730 mg, weighi caled for 1.20 mmol each of
CsBrF, end CSBrFg = 739 mg) was shown by Raman and infrared spectroscopy 1o be an aboul
equimolar mixture of CsBrF, and CsBrFg.

Beaction of BrFs with an Exgess of NaNQ,, To a prepassivaled 30 mi stainless sleel cylinder
thal conlained NaNQ, {10.3 mmol), BrFg {2.54 mmol) was added at -186°C. The cylinder
was allowed to warm to coom lemperalure where it was kept for two hours, The material
volatile at25°C was separated by fractional condensation through -142°C and -196°C

traps. The -142° trap conlained Bry (1.27 mmo), and the one at -196° had FNO, (5.33
mmol, corresponding 1o an 84% yield based on BrFs). The white solid residue was shown to
be amixture of NaF end unreacied NaNO,.
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Beaction of KNO- with an Excess of Brfs, A mixture ol KNO; (2.55 mmol) and BrFs (12.06
mmol} in a 30 ml stainless steel cylinder was kepl at 25°C for four hours. Then, the
cylinder was cocled to -196°C and shown 1o conlain no matenal noncondensible at this
temperature. The materiaf volatile al 25°C was pumped off and separated by fraclional
condensalion. 1l consisted of FNO,, FNO and BrFg. The light yellow-orange residue {290

mg) was idenlified by speciroscopic methods as a mixiure of KBrF,, KNOy, KBrF4O and KF.

RESULTS AND DISCUSSION

Al room \emperature Cs2SO, readily undergoes the following quanlitative reaclion with BrFs.
Cs,80, + BrFg — CsBIF,O + CsSO;F

Even in the presence of a large excess of BrFs, a further lluoring-oxygen exchange 1o a
second mofe of CsBrF O and SO,F, does not 1ake place. Although the above reaction is
quantitative, il is not as useful as that of CsNOCy with BrFs [4] lor the preparalion ol pure
CsBrF 4O because of the dilliculty ol separating CsBrF O from CsSOzF.

The reaction of CsN3 with an excess of BiFs Is quite viclen! and, unless carelully conlrolled,
results In ignilion upon melting ol the BrFs. With carefuf lemperature conlirol, the following
quantitalive reaclion is observed:

2CsNg + BrFg — 2CsF + 3N; + BiFy

The CsF produc! reacts with the BrFy and excess of Brfs 1o give C$BrF ¢ [5) and CsBrF {8],
respectively:

CsF + BrF; — CsBrF,
and

CsF + BrFg — CsBrF,

Since BrFy is a sironger Lewis Acid than BrFg [7). al! ol the BrFy re acls with hatf ol the CsF
available leaving the olher half for complexing with excess BrFg, The igaction of CsNy with

BrF5 can, therefore, be regarded as a redox reaclion in which N3~ is oxidized to N, and BrFyg

is reduced to BrFs.
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The products observed for the reattion of BrFs with NO,™ depend on which reagent is used in
excess. As with the N3~ anion, the NO," anion acls as a reducing agent loward BtFg. If an

excess of NOy” i3 used, BrFg is reduced all the way to Br, as shown by the following equation:

SNaNO, + 2BrF5 — SNaF + Br, + SFNO,

This reaction has potential as a relatively simple, high yield synthesis tor FNO,.

If an excess of BtFg is used, the reaction products are KBiF ,, KNOz, KBrF,O, KF, FNO, and
FNO,. These products are best ralionalized by the following reaction sequence in which not

all of the steps may go to completion:

KNO, + Brfs — KBIF, + FNO,
KNOy + FNOy = KF + N,0,
KF + N20, = KNO; + FNO

KNO; + Brfs — KNO;y + FNG,

Of these 12.actions, the third one involving KF + N,O, and the last one involving KNO; + BrFg
have previously been demonsirated [8.4) In separate experiments.

In summary, BrFs is not only capable ot undergoing smooth tluoring-oxyge n exchange
teactions, as for example with NO;™ {4), SO,2, BrO5- [8], BrO,” [10), or 104" [11), but
also can act as an oxidalive tluorinalor toward anions ot lower oxidizing power such as Ny’
or NO,”
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When reacted with alkali-metal nitraies, IFs readily exchanges two flucrine ligands for a douhly bonded oxygen atom. In all cases
MIF,0 salts (M = Li, K, Cs) and FNO, are formed as the primary products. The FNO, hyproduet undergoes a fast secondary
reaetion with MNO, to yield equimolar amounts of NyO; and MF. The 15,0, decomposes to NyO, and 0.5 mol of O, while the
MF, depending on the nature of M, does or does not undergo complexation with the excess of IFs. Pure M1F,O salts, free of
MF or MFnlF, bypreduets, were prepared from MF, 1,04, and IF in either CHyCN or IF; 25 a solvent, The new compounds
Li{F,0, NelF,0, RbIF,0, and NOIF,0 were characterized hy vihrational speciroscopy. It was also shown that, contrary to a
previous report, FNO, does not form a stahle adduct with IF, at temperatures as low as ~78 ®C. An excess of IFy reacts with
MNO, (M = Li, Na) to give MF, FNO;, IF;, and 0.5 mol of Oy, but surprisingly no IF;0. With CsNOy, the reaetion products
are analogous, except for the CsF reacting with both the IF; product and the excess of 1Fy to give CsIF2IF; and CsIFy, respectively.
When in the IF; reaction an excess of LINO,, is used, the IF; product undergoes further reaction with LiNO,, as described above.
The IF O molecule was found te be rather unreaetive. It does not react with cither LiF or CsF at 25 or 60 *C or with LiNO,
or CsNO, at 25 °C. At 60 °C with LiNO,, it sloewly loses oxygen, with the IF; produet reacting to yield LilF,O, as described

sbove,

Introduction

Recent work from our iaboratory has shown that the nitrate
ton is an excellent reagent for replacing two fiuorine ligands by
one doubly bonded oxygen atom in compounds such as BrF;,!2
XeFg* and XeOF,* A logical extension of this work was a study
of analogous fluorinc-oxygen exchange reactions in iodine
fluorides.

Although the reaction of KNO, with a large excess of 1Fy at
its boiling point has previousiy been reparted® 1o yield NO; and
KI1Fg, no mention of any fluorine—oxygen exchange was made.
Some evidence for hydrolytic fluorinc~oxygen exchange in Cs1F,
was observed during its recrystallization from CH,yCN solution,
It vesulted in the isolation of smali amounts of single crystals of
Cs1F,0, which were used for a erystal strueture determination.
Attempts to utilize this reaction or the reactions of either M10,
or M10,F, (M = K or Cs) with IF; for the preparation of MIF,0
salts, however, resulted only in mixtures of MIF,O and MI0O,F;.
Finally, pure K1F,O was prepared from a 5:1 mixture of KF:1,04
in a large excess of IFy, and its vibrational spectra have been
recorded.?

In the case of IF;, fluorine-oxygen exchange has been achieved
by its reaction with ¢ither silica at 100 °C,? Cab-O-Sil at ambient
temperature, !° or Pyrex, 12 1,042 or small amounts of water'!-!?
at room temperature with IF;O being the principal product. Most
likely, the reactions with silica or Pyrex also involve the hydrolysis
of IF;, with traces of HF continuously regenerating the required
H,0 according to (1) and (2). However, most of these reactions

Si0, + 4HF — SiF, + 2H,0 (1)
|F1 + Hzo - IF,O + 2HF (2)

are slow and are difficult to control and scale up. It was, therefore,

(1) Wilson, W. W.; Chnsie, K. O. Inorg. Chem. 1987, 26, 916.
(2) Wilson, W, W.: Chniste, K. O. Inorg. Chem. 1987, 26, 1573
(3) Christe, K. O.; Wilson, W. W. Inorg. Chem, 1988, 27, 1296
(4) Christe, K. O.: Wilson, W. W. Inorg. Chem., in press.
(5) Aynsley, E E.; Nichols, R.; Robinson, P. L. J. Ckem. Soc 1953, 623
(6) Ryan, R.R. Asprey, L. B. Acte Crystallogr. 1972, 828, 919,
(1) Milne, J. B.; Moffen, D. M. Inorg. Chem. 1976, 15, 2165,
(8) Chnsie, K. O., Wilson, R. D., Curtss, E. C., Kublmann, W.; Sawedny,
W. tnorg. Chem. 1978, 17, 533.
(9) Giltespie, R. J.; Quail, J. W. Proc. Chem. Soc. 1963, 278.
(10) Schack, C J., Pihpovich, D., Cobz, S. N., Sheeban, D. F J Phys
Chem 1968, 72, 4697,
(11) Alexakos, L. G., Cornwell, C. D., Prerce, S, B, Proc Ckem Soc 1963,
341
(12} Bartlen, N., Levchuk, L. E. Proc Chem Soc 1963, 342
(13) Sehg. H.: Elgad, U. J. Inorg. Nucl. Chem. Suppl. 1976, 91.

interesting to examine whether nitrates could be used advanta-
geously to achieve fluorine—oxygen exchange in iodine fluorides
and to prepare new iodine oxyfluoride saits.

Experimental Sectlon

Apparatus ané Materials. The vacuum lines, handling techniques, and
spectrometers used in this study have been described elsewhere.) Com-
mereial LiNO, (1. T, Baker, 99.7%), NaNO, (J. T. Baker 99.5%) and
KNO, (J. T. Baker, 99.1%) were dried in vacuo at 120 *C for 1 day prior
to their use, The CsNO, were prepared from Cs,CO, and HNO, and
dried in the same manner. The heavier alkali-metal flucrides (K, Rb,
Cs) were dried hy fusion in 2 platinum crucihle and powdered in a drybox
prior to use, whils the lighter ones (Li, Na) were dried in vacuo at 120
*C. Tbe NyO4,' FNO,,! FNO,Y IF,,'® and IF,0,!° were prepared by
literature methods. The IF; (Matheson Co,) was treated with CIF,
{Matheson) 2t 25 *C until the originally dark brown liquid was colorless.
Pure IF; was ohtained by fractional condenation at ~64 *C in a dynamie
vacuum. A commereial sample of 1,0, (Mallinckredt), which actually
was HI,Oy, was converted to 1,04 by heating to 210 *C in a dynamic
vacuum for 12 h. Its purity was verified hy Raman spectroscopy.’ The
CH,CN (Baker, UV grade, <0.001% H,0) was stored over Linde 3A
molecular aieves prior to use.

Caution! CIF, is a powerful oxidizer and contact with organic ma-
terials must be avoided.

Reaction of LiNO, with an Excess of IF;, A 30-mL stainless-steel
eylinder was loaded in the drybox with LiNO, (4.32 mmol). On the
vacuum line, IF; (12.94 mmol) was added at -196 *C. The cylinder was
allowed to warm to room temperature slowly and was kept at this tem-
perature for 3 days. It was recooled 1o ~196 *C, and the noncondensible
gas (2.16 mmol of O, hased on P¥T mecasurcments and the weight
change of the cylinder) was pumped off. The material volatile at 30 °C
was separated by fractional condensation through a series of traps at =95,
=126, and =196 *C. These traps contained tbe following matenials: -196
°C, 4.26 mmol of FNOy, =126 *C, 8.6 mmol of IFy; =95 *C, 4.3 mmaol
of IFs. In its Raman spectrum, the white solid residue (120 mg; weight
calculaled for 4.32 mmol of LiF = 112 mg) showed no evidence for the
presence of unreacted LiNO,.

Reaction of NaNO, with an Excess of IF,. The reaction was carried
out in the same manner as described for LiNO,. After 15 h at 25 *C,
no noticeahle reaction had occurred, but after 60 h at 60 °C, IF;, NaF,
FNO,, and 0.5 mol of oxygen were formed in quantitative yield.

Reaction of CsNO, with an Excess of IF;, A 75-mL stainless steel
cylinder was loaded in the drybox with CsNO, (2.47 mmol). On the
vacuum line, IFy {12.48 mmol) was added at =196 °C., The eylinder was
kept for 3 days at 25 °C and then recooled 10 =1%6 °C. {1 contained 0.44
mmol of a gas (O,) noncondensible at =196 °C. The material volatile
at 25 °C was separated hy fractional condensation through a series of
traps kept at =45, =95, =126, and =196 °C while the cylinder was allowed

(14) Wilson, W. W.; Cbnsie, K. O. fncrg. Chem. 1987, 26, 1631,

(15) Chnsie, K. O., Wilson, R_D., Goldberg, 1. A. Inorg. Chem. 1976, 15,
1271,

(16) Sherwood, P M A, Tumer, J. J. Spectrochim, Acta, Part A 1970, 264,
1975,
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to warm from =196 to 25 °C. The ~45 °C trap was cmpty, the —95 and
=126 °C traps conuined IFy (11.07 mmol), and the -196 °C trap bad
FNO, {0.86 mmol}. The white solid residue (764 mg; weight calculated

.54 mmol of CsIF;, 1.6! mmel of CsNO,, 0.27 mmol of CsIF;21F;,
and 0.04 mmol of CsIF, = 770 mg) was shown by vibrational spectros-
copy tc:'consist of CsNOQ,, CsIFg,!” CsIF21F,,'* and a small amount of
CslF,.

Reactlon of an Excess of LINO, with IF,. A 30-mL stainless-steel
eylinder was loaded with LINO, (£.62 mmol) and IF; (1.%0 mmol) at
=196 *C. The cylinder was allowed 10 slowly warm to ambient tem-
perature and was kept at this temperature for 3 days. It was recooled
to-196 °C and the noncondensible gas (2.71 mmol of O,) was pumped
off. The material volatile at 30 °C consisted of N,0, (3.47 mmol) and
IF (0.30 mmol). The white solid residue (601 mg; weight calculated for
a mixture of 1.62 mmol of LiNO,, 1.60 mmol of LilF,0, and 5.40 mmel
of LiF = 613 mg) was shown by its infrared and Raman spectra to
contain LiF,O and unreacted LiNO,,

Reaction of LINO, witb an Excess of IF;. A 30-mL stainless-steel
cylinder containing LINO, (5.55 mmol) was cooled to -196 °C, and IF,
{62.94 mmol) was added. The cylinder was kept for 15 h on a shaker
at smbient temperature.  After the cylinder was recooled to -196 °C,
noncondensibie material (0,51 mmol of O,) was pumped off. The ma-
terial volatile at 35 °C consisied of FNO, (0.34 mmol), N,O, (1.03
mmol), and IF (61.5 mmol). The white solid residue (589 mg; weight
calculated for a mixture of 3.15 mmol of LiNO,, 1.37 mmo! of LilF,0,
and 1.03 mmol of LiF = 553 mg) was shown by vibrational spectroscopy
to contain LilF,0 and unreacted LINO,.

Reaction of KNO, witb an Excess of IF,. A 30-mL stainless-steel
eylinder containing KNO, (3.17 mmol) and IFs (4245 mmal) was
shaken for 12 h at 25 °C and then kept in an oveu at 50 °C for 5 days,
The cylinder was cooled to ~196 *C and noncondensible material (0.75
mmol of O,) was pumped off. The material volatile at 35 °C consisted
of N;O, (1.6 mmol), IF; (39.2 mmol) and a small amount of IONO, (see
Results and Diseussion). The white solid residue (850 mg; weight cal-
culated for a mixture of 1.58 mmol of KIF,O and 1.58 mmo! of KIF;
= £47 mg) contained according to its vibrational spectra KIF,0,3 KIF 1
and a small amount of unrcacted KNO,,

Reaction of CANO, with an Excess of IFy, When CsNO, was reacted
witha 5-fold excess of IF at 25 *C for 40 b, the main reaction products
were NiO,, Oz, CsIF,0, and CsIF2IFs" in addition to unreacted IF,
and CsNOy, and a smaller amount of FNO;. Harsber reaction conditions
{70 *C for 6 days, 20-fold excess of IF, and vacuum pyrolysis of the solid
product at 100 *C) resulted in complete conversion of CsNO, 10 CsIF,0
and CsIF,.

Synthesis of LiIF,0. A prepassivated 30-mL stainless-stezl cylinder
was Joaded in the glovebox with LiF (4.85 mmol) and 1,05 (0.97 mmol).
On the vacuum line IF, (31.84 mmol} was added at =196 °C. Tbe
eylinder was shaken for 20 h at ambient temperature and then kept at
50 *C for 3 days with occasional sgitation. The material volatile at 25
*C was pumped off and consisted of IF (29 mmol). The wbite solid
residue (1030 mg; weight calculated for 4,85 mmol of LilF,0 = 1095
mg) consisted of a mixture of mainly Li[F,0, LiF, and 1F,0 and & small
amount of I0,F. The IF;0 and 10,F were concentrated in the material
found in the bottom of the reactor, whereas essentially pure LIIF O was
obtained from the upper walls of the reactor.

Synthesls of NOIF,O. A 30-mL stainless-stee] cylinder was loaded in
the drybox with 1,05 (1.43 mmol). On the vacuum line, IF; (154.8
mmol) and FNO (12.66 mmol) wcre added at =196 °C. The cylinder
was placed on a shaker at ambient temperature for 2 days and then
recanneeted to the vacuum line. The volatile material was removed in
4 dynamic vacuum at 20 *C. After several hours of pumping, the weight
of the residue (1.80 g) approsched that predicted for 7.15 mmol of
NOIF,0 (1.78 g), but after an additional 14 h of pumping furtber de-
crcased to 886 mg, indicating that the complex was not completely stable
at ambient temperature. Inspection of the residue in the reactor revealed
in its bottom a white, sticky solid and on its upper walls a whbitc, dry solid.
More of the white, dry solid had also sublimed to a =196 °C cold trap
used to collect the volatile material during tbe final stages of the
pumping. Its Raman and infrared spectra were in good agreement with
a predominantly 1omc NO*IF,O" salt, whercas the sticky white solid
exhubited, in addition to the NOIF,0 absorptions, broed bands in the
range charactenistic for 1odine oxyfluorides and/or their polyanions

Syntheses of MIF,0 (M = LI, Na, Rb) In CH,CN Solution. All
rcactions were carried out in a similar manner by loading witbin tbe
drybox a mixture of MF (5 mmol) and 1,0 (I mmal), followed by about
20 mL of dry CH,CNinto a 12in. long, */4 in. 0.d. Teflon FEP ampulz,
equipped with ¢ stainless-steel valve and a Teflon-coated magnetie stir-

(17) Adams, C, J. Inorg. Nuci, Chem. Leit 1974, 10, 831.
(18) Christe, K. Q. Inorg. Chem. 1972, 1, 1215,
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ring bar. On the vacuum line, IF, (3 mmol) was added at =196 °C, and
the mixture was stirred at 25 °C for 20 h. All volatile material was
removed in a dynamic vacuum at room temperature, leaving behind the
desired MIF,0 salts in almost quantitative yield. The color of the solid
products was sometimes off-while causing a strong fluorescence back-
ground when their laser Raman spectra were recorded.

The FNO,~IF, System. A mixture of 1F, (4.42 mmol) and FNO, (68
mmol) was kept in a 30-mL stainless-stecl cylinder at 25 °C for 24 h.
Then, the eylinder was cooled 10 =78 °C, and the volatile material
(FNO,, 6.7 mmol) was collected in 2 =196 °C trap. Therefore, FNO,
does not form a stable adduct with IF, at temperatures as low as =78 °C.
The slight discrepancy in the observed FNO, material balance is at-
tributed to FNO, trapped in the solid IF,,

Results and Discussion

Fluorine-Oxygen Exchange in IF;. An excess of IF; rcacted
quantitatively with cither LiNO, at ambient temperature or
NaNO;, at 60 °C according to (3). In the case of CsNO; for

MNO; + IF-, - MF+ FNO: + IF5 + 0-502 3
M =Li, Na @)
3 days at 25 °C, reaction 3 proceeded with a yield of about 35%.

However, the CsF formed in (3) underwent the secondary reactions
{4)-(6), thus resulting in a mixture of CsIF,,!7 CsIFg21F, "

CsF + IF7 = CS]F‘ (4)
CsF + 3|F5 = CSIFs'ZIFs (5)
CsF + IF; = CslF, (6

CslF;,'® and unrcacted CsNO, as the solid products. The fact
that reaction 3 produced exclusively IFs and O, and no IF,O was
surprising in view of the previously observed ease of fluorine-
oxygen exchange in BrF,,!? XcFg,! and XeOF,* and the ready
formation of IF;O from IF, by controlled hydrolysis.>"

One passible explanation for the lack of IFsO observation in
{3) could be tbat IF,O is formed initially, but one of the starting
materials or byproducts catalyzes jts decomposition to IFs and
0,. To test this hypothesis, we have examined the stability of IF;0
in tbe presence of LINO,, CsNO;, LiF, CsF, FNO,, or LINO,
+ FNO,. There was no reaction of IFsO with cither LiF or CsF
at 25 *C and LiF at 60 °C. Furthermore, neither LiNO, nor
CsNO; reacted with a large excess of IFsO at 25 °C, A tem-
perature of 60 °C was required to achieve the very slow reaction
(7). The formation of MIF,0O in (7) and the absence of any

2MNO; + IFO — MIF,0 + MF + N,0, + O,
M =Lior Cs

MIF,0," in the products suggest that IF;0 does not undergo a
fluorine—oxygen exchange with MNQ,, but decomposes first to
0, and IFs, which then reacts with MNO, (see below). For M
in {7) being Cs, the secondary reaction $, i.c. the formation of
CslF-21F,, was also observed. Sincein the LINO,-IF; system
IF; and O, are being rapidly generated at 25 °C, the slow de-
composition of IFO at 60 °C in the presence of MNO, doss not
provide a satisfactory explanation for (3).

This conclusion was further supported by a *F NMR study
of the LiINO;-1F; system between =20 and +25 °C, Besides a
very broad signal at ¢ of about 170 due to 1F;, the only other
signals observed were those of IF; (quintet at ¢ = 65 and doublet
at ¢ = 11),2® which grew with increasing temperature and time.

The effect of FNO, on the decomposition of IF;O was also
studied, but again no O, evolution was observed at 25 °C. Finally,
the effect of FNO, in the presence of LiNO, at 25 °C was in-
vestigated. Sincs LINO; is known'* 10 react with FNO, (eq 8),
and the formed N,0; sluwly decomposes at 25 °C to N0, and
0; (eq 9), a sequence such as (8)-{10) might explain the formation
of IFs and O,, as shown by the overall equation (11). Although

M

{19) Chnsie, K. O.; Wilson, R. D., Schack, C. J. Inorg. Chem. 1981, 26,
2104

(20) Dungan, C. H.; Van Wazer, J R Compilation of Reporied F'* NMR
Chemical Shifts; Wiley-Interscience: New York, 1970,
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LiNO; + FNO, — LiF + N,0, (8
2N,0; — 2N,0, + O, 9)
N,0, + IF;0 ~ N, 04 + IF; (10)
nett  LiNO, + FNO, + IF,0 ~» LiF + N,0, + IF; + O,
(11)

an experiment at 25 °C using a mole ratio of FNO2LiNO,:IF,0
= 1:1,2:3.4 resulted in 1F;, N,O,, 2nd O, fzrmation, the rate was
very slow and even afier 5 days only abcut half of tbe excess of
IF;0 used had decomposed to IF, and Q. This finding together
with the above described NMR experiment, which showed no
detectable 1FO signal, mitigates against (I11) being the cause for

the rapid IF; formation in the LINO;-IF, system.
Finally, one might argue that in the LINO; + IF; reaction the
IF; acts simply as a fluorinating agent (¢q 12), similar to the
MNO; + IF; — MF + FONO, + IF; (12)

known reaction of F, with alkali-metal nitrates.?'#* The FONO,
could then undergo decomposition to FNO, and O, (eq 13). The

summation of (12) and (13) is identical with the observed reaction
3. Arguments against this reaction path are that (13) is extremely
slow at 25 °C,2 that the above NMR experiment showed no signal
due to FONQ,,2 and that the stronger {luorinating agents CIF,%
and BrF," undergo fluorine-oxygen exchange with MNO, and
not O, elimination.

Since IF,0 by itself is a stable molecule!® and tbere is no
evidence for its catalytic decomposition at 25 °C (sce above), the
lack of IF¢O formation cannot be attributed to instability of the
final product. This conclusion is further supported by the case
of BrF,0, which in spite of its well-known instability®? is formed
in high yicld from BrF, and LiNQ,.!

Possible explanations for the different behavior of IF, and BrF
include (i) the difference in stability of their oxo anions, IF,0"
and BrF,0". Whercas BrF,0™ can form stable salts, 27 there
is no evidence for the formation of IF4O" salts (sce above). If
these anions are crucial intermediates, required for the formation
of IF,0 and BrF,0, respectively, then the nonexistence of IF,0°
could explain the lack of IF,0 formation. Another explanation
is that (ii) the mechanism, previously proposed! for the formation
of BrF,0 from BrFy, involves an ionic intermediate formed by
the attack of BrFs on the nitrate anion (eqg 14 and 15).

M‘BrﬁO’ +

M-c..ny FNO: t14)

TN—0

ot _\ F
A M= Ng, LI
fBr i

=rors
/‘-._\-'
F

M'NOF™ + Brfg ~= M* F

n

MF 4

8rF30 + FNO; (15)
A crucial part of this mechanism is the existence of a free
valence electron pair on the bromine atom that can easily be shifted
10 open up & required coordination site for the approach of an
oxygen atom. If, however, the halogen central atom of the halogen
fluoride does not possess a free valence electron pair, as is the case
m 1Fy or IF0, then the mechanism in (14) and (15) becomes

r~ore difficult and O, elimination (eq 3) might take place.
When IF; was reacted with a large excess of LING,, reaction
3, i.e. formation of LiF, FNO,, IFs, and 0.5 mol of O,, occurred

{21) Yos1, D. M.; Beerbower, A, J. Am. Chem. Soc. 1938, 57, 782,

{22) Vistdo, L.; Sicre, 1. E.; Schumacher, H. I, Z. Phys. Chem. (Munich)
1962, 32, 182,

(23) Bruma, P. J, Sicre, ) E. An. Asoc Quim Argent 1971, 39, 208

(24) Ghibaudi, E., Colusg, A. J.: Christe, K. O. Inorg. Chem. 1985, 24, 2869.

(25} Christe, K. 0.; Wilson, W. W. Unpublished results.

(26) ?:{.lgon. R.; But Huy, T. C R. Seances Acad. Sc1., Ser. € 1976, 283,

(27) Gillespie, R. J Spekkens, P, J. Chemn. Soc., Dalion Trans. 1976, 2391,
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in quantitative yield. However, the products FNO, and IF; un-
derwent further high-yield reactions (¢q 16~18) with LiNO,,

LiNO,; + IF; — LilF,0 + FNO, (16)
LiNO, + FNO, — LiF + N,04 (17
NzOs —> N;O.. + 0502 (lg)

resulting in (19) as the overall reaction. Reaction 17 has previously

been demonstrated,™ and the decomposition of NyO 1o N,O, and
O, (eq 12) is well-known.

Fluorine-Oxygen Exchange in IFs. In the case of IFs, which
contains a free valence electron pair on iodine, fluorine—oxygen
exchange was observed in high yield with LiNO,, KNO, and
CsNO, (eq 20). Reaction 20 was always accompanied by the

MN03 + IFS > M1F40 + FNO: M= Ll. K, Cs (20)

sccondary reactions (21) and (18). The fact that the secondary

reaction (21) a2lways consumed as much MNO, as (20) did,
strongly indicates that (21) must be considerably faster than (20).
Furtbermore, if the MF byproduct, formed in (21), can complex
with tbe excess of IF, reaction 22 or 23 ensues. These sequences

MF+IF,—~MIF;, M=K (22)

MF + 3IF, — MIFg2IF; M =Cs (23)

explain the observed overall reactions (24)=(26). These results
2LiNO, + IF; — LilF,O + LiF + N,0, + 050, (24}
2KNOQ; + 2IF; ~— KIF,0 + KIF; + N,0O, + 0.50, (25)

2CsNO, + 4IF, ~ CsIF,0 + CsIFg2IF, +N,0, + 0.50,
(26)

are in excellent agreement with our expectations based on the
known reaction chemistry of BrF,! and deviate from the previous
report’® that KNO, reacts with a large excess of IF; to give KIF,
and NO,. Furthermore, the previous claim® that FNO, and IF;
produce a white, solid NO,*IF¢~ adduct of marginal stability at
room temperature could not be verified. In our study it was shown
that at temperatures as low as =78 °C, IF; do¢s not form a stable
adduct with FINO,.

It sbou!d be noted tbat in one of the fractions of the volatile
products from the KNO;~IF; reactions a small amount ¢f material
was observed that, on the basis of its gas-phase infrared spectrum,
is attributed to iodine mononitrate, IONG,. It exhibited very
strong absorption bands at 1686, 1271, and 795 cm™), that are
assigned to the antisymmetric NO, stretch, the symmetric NO,
stretch, and the NO, scissoring modes, respectively. The observed
frequency trends are in excellent agreement with those predicted
from tae known series FONO,, CIONQ,, and BrONO, .2

Alternate Syntheses of IF,0" Salts. The only previously known
IF, 0" salts had been CsIF,0% and KIF,0.** The successful
synthesis of a stable LiIF,O szlt in tbis study and the fact that
the stability of this type of salt gencrally decreases with decreasing
cation size suggested that all alkali metals and probably also NO*
should be capable of forming stable IF, 0" salts. Since the above
reactions of alkali-metal nitrates with 1Fs always yielded other
solid byproducts in addition to MIF,0, the synthesis (eq 27)

SMF + L,O, + 3IF, —2oe SMIF,0 27

previously demonstrated? for KIF,O was used for the preparation
of essentially pure IF,0" salts of Li, Na, Rb, and NO. With
CH,CN used as a solvent, the new compounds LilF,0, NalF,0,
and RbIF,O were prepared. Alternativcly, an excess of IF; can
be used as a solvent in (27). In this manner KIF,O had previously

(28) Aynsley, E. E.; Hethenngton, G.: Robinson, P. L. J. Chem. Soc. 1954,
1119,
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Figure 1. Vibrational spectra of solid LilF,0. MR g )
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been prepared,® and LiIF,0 and NOIF,O were synthesized in this gf A = E
study. On the basis of the vibrational spectra, the products 2 o . o .
prepared in CH;CN solution appeared to be of better purity than MK 1 = 3G E
those from IF; solution, which, in the case of LilF,0, showed some g e ¥ of v
1F,0 and IO,F as impurities. In the case of CH;CN, however, N = =2 .o
the products sometimes were off-white, and trace residues of e § o = . —
organic materials caused a strong fluorescence background when o § 25 2% ) 88
the laser Raman spectra were recorded. All of the alkali-metal B Al | § 8 a9 o 29
IF,0" salts are white solids, stable at room temperature, while Xhlef e~ 22 o me
the NO*IF,O salt slowly dissociates at room temperature. S1E1~| |. o, =pgk
YF NMR Spectra. The IF,0 salts were of low solubility in § gl |®l. A 23 Lo U
IF,, but were quite soluble in CHyCN, The IF, O anion in == -3 N K¢ a8y
CH)CN showed in the YF NMR spectrum a singlet at ¢ = 3-9 213 - = A
ppm depending on the nature of the cation. The observation of Bl [«|BE 5 88 o8 §.
a singlet confirms the presence of a pseudooctahedral IF, O anion & lol¥lg T T2 = T2
with four equivalent equatorial fluorine atoms, § g 2 AR as R a2
e 0. AR EME: 2 sy B
N o] Els 2 g2 8
F/ I \F 95 ~ h L.
x -
" : B8R _ g5 _ %8 &
] ClmAnec B Zm -
For comparison, the YF NMR spectrum of 1F;0 in CHyCN was 2l RlI¥lgrooe whe m=x o~ =
also recorded and showed a broad singlet at ¢ = 14, = 1 3&5'«" 3&‘_ ] 8 8%
Vibrational Spectra, The infrared and Raman spectra of solid ol |~ g 3 » 52 g
LiIF,0, NalF,0, KIF,0, RbIF,0, CsIF,0, and NOIF,O are Z %le = " 2= =
shown in Figures 1-6, and the observed frequencies and their i s & s AR .
assignments are summarized in Table 1.  As in the case of the £ 5 - — - R
closely related BrF,O" anion,' the number of observed Raman 2 < =5 e Ba 8, tos B
. . . . (3 [} Tot? et St ' W [ e g
bands strongly depends on the cation and indicates strong in- a| 10¥|lsexwe %o S e O
teraction between anions and cations in the crystal lattice. As ol & |S88% $% Hd &r2 o
expected, this interaction is stronger for the smaller cations. T I Y o ? @y  °=
The assignments given in Table I are in very good agreement 5 CAMIES i I E"’. EE g_
with those previously made for KIF,03 The only correction o Tl g g gf=s =
proposed with respect to the previous work is the location of the p T " w2 _§
band center for the antisymmetric IF, stretching vibration »,{E). 3 8 ] e 3
The frequency of this band is difficult to determine from the &l L £8,%,%5,.8 £ &
infrared spectra because of the broadness of the bands in the = Qv £ 8522385« . £ =
450-600-cm! region. Since in LiIF,0 and NalF,0 one of tbe &l =3l ¢ oot otor & o 8
degenerate components of this mode is alsoc observable in the sl &5 S E
Raman spectra, which exhibit much narrower line widths, its 2 2Elle B B £ EF £% £ <
frequency can be located more precisely. An averaged value of . °§° glIIs £ & F F Sd o g
about 560 cm™! appears much more plausible for »;(E) than the ; sEfls > 7 2 25 2 %
previously proposed® value of 482 cm™!. This revised frequency 3 s & S .

for ¢;(E) of IF,O" is in much better agreement with the value of
608 cm™ found for isoelectronic XeOF #2° and should alleviate

(29) Tsaq, P.; Cobb, C.C. Claassen, H. H.J. Chem. Phys, 1971, 54, 5247,
{30) Begun, G. M.; Fletcher, W. H. Smith, D. F. J. Chem. Phys. 1965, 42,
2236,




s hei

tihe 'y

R i A r et S o PPt

" 908 Inorganic Chemistry, Vol. 28, No. 5, 1989

INTENSITY— TRANSMITTANCE-+~

00 06~ 306" Tbo
FREQUENCY, cm™T
Figure 2. Vibrationa) spectra of solid NalF,0,

K'FaD”

TRANSMITTANCE —

MNTENSITY —

FREQUENCY, cm?
Figure 3. Vibrational spectra of solid KIF,0,

]

L ‘

TRANSMITTANCE —
=

p—"

"
Be
-

e

So§ 700 500 300 100
FREQUENCY, CMm!

Figure 4. Vibrational specira of solid RbIF,0.

the anc‘)maly found for f; in the normai-coordinate analysis of
IF, 0"

The vibrational spectra of thesolid product obtained from the
reaction of FNO with 1,0, and IF; demonstrate that the com-
pound has the predominantly ionic composition NO*IF,0". The
infrared and Raman spectra show an intense band at about 2302
cm™, which is characteristic for NO*,*! in addition to bands that

Christe et al
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Figure 5. Vibrational specira of solid CsIF,0.
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Figure 6. Vibrational spectra of solid NOIF,0.

are quite similar to those of the alkali-metal IF, O™ salts. The slight
frequency shifts are attributed to weak covalent contributions to
the bonding.

Concluslons, The nitrate ion is a useful reagent for fluorine-

- oxygen exchange in IFs. The resulting IFO" anion is capable

of forming stable salts, even with cations as small as Li*. It also
forms a marginally stable, highly ionic NO* salt. With IF;, the
NO;y" anion does not undergo a fluorine-oxygen exchange but
causes a surprising reductive deoxygenation, which is attributed
to the absence of a free valence electron pair on the iodine central
atom of IFy. With IF,0, again no fluorine-oxygen exchange was
observed. At elevated temperatures, oxygen toss occurred first,
followed by the reaction of the resulting IFg with NO;™ to give
IF, 0" salis.

Acknowledgment. We thank Dr. C. J. Schack for helpful
discussions and the Office of Naval Research and the U.S. Army
Research Office for financial support.

Registry No. LiINO,, 7790-69-4; NaNQ,, 7631-99-4; KNO,, 7757-
79-1; CsNOy, 7789-18-6: FNO,, 10022-50-1; FNO, 7789-25-5; 1F,,
16921-96-3; IF;O, 16056.61-4; 1,05, 12029-98.0; O;, 7782-44-7; IF;,
7783-66-6; NaF, 7681.49-4; CsIF, 54988-13-5; Cs1F21F;, 36949-61-8;
CslF,, 201t5:52-0; N,O,, 10544-72:6: LilF,0, t118867-55-3; 1ONO,,
14656-81-2, KIF,0, 59654-71-6, KIF,, 20916-97-6, CsIF, 0, 36374-06-8,
LiF, 7789.24.4; IF,0, 19058-78-7; 10,F, 28633.62-7; NOIF,0,
118867_;561-4. NalF,0, 118831-04.2, RbIF,O, 118831.05.3; RbF, °
13446-74.7.

(31) Onffiths, . E., Sunder, W A, Falooner. W E Spectrochim Acta, Part
A 1978, 3 A, 1207,




APPENDIX I

Reéprinted from the Journsal of the American Chemical Soclety. 1990, 112 7619
Copyn(ht ©°199 hy the American Chemical Society and reprinted hy permission of ‘the copyright owner,

Syntheses, Properties, and Structures of Anhydrous
Tetramethylammonium Fluoride and Its 1:1 Adduct with
trans-3-Amino-2-butenenitrile
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Jin-an Feng!

Contribution from Rocketdyne, A Division of Rockwell Internotional, Conoga Park,
California 91303, and the Department of Cheniistry, Unicersity of Southern California.
Los Angeles, California 90007. Receited February 26, 1990

Abstract: A simple method for the preparation of anhydrous and essentially HF;™free N{CH,)F is described. The compound
was characterized by X-ray diffraction, NMR, infrared, and Raman spectroscopy. it cryslalhzcs in the hexagonal system
with a hexagonal closest packing of the N(CH,),* cations. 1t is shown that the free & anion is a very strong Lewis base and
chemically reacts with most of the solvents, sueh as CH,CN or chlorinated hydrocarbons, previously uscd for studies of the
fluoride anion. As a result, some of the propertics previously reported for F- were duc to HF ;- or other secondary reaction
products. Its rcla‘uvcly simple synthesis and lower cost, combined with its good solubility and the high chemical incrtness
of the N(CH,)* cation, make N(CH,)F an excellent substitute for presently used fluoride icn sources, such as cither
[(C11,);N},S*F,Si(CH,)y, which is commonly referred o as tris(dimethylamino)sulfonium fluoride, or CsF. The reaction
of N(CH 3)¢F with CH,CN results in the dimerization of CHyCN and the formation of a 1:1 adduct of N(CH,);F with this
dimer, trans-3-amino-2-butencnitrile,. The crystal structure and vibrational spectra of this adduct are reporicd.

Introduction

The free fluoride anion is a very strong base and plays an
important role in many organic and inorganic reactions.! Al
though alkali-metal fluorides arc readily available, their low
solubilities in most of the common solvents have rendered them
of very limited practical use. Since the solubility of an ionic
flucride generally increases with increasing size of its counter-
cation, the solubility limitations of the alkali-metal fluorides could
be overcome by the use of a larger countercation. However, this
Jarge countercation must be chemically inert toward the fluoride
anion, solvents, and other reagents, and its fluoride salt must be
readily accessible to make it of practical use.

Although tetraalkylammonijum fluorides would appear to be
ideally suited for this purpose, they have not been developed into
widely used reagents because of the great experimental difficultics
encountered with their syntheses in anhydrous form. Thus, the
tetraulkylammonium fluorides are generally available only as
hydrates that, upon attempted water removal, undergo an E,
climination reaction with the formation of bifluoride and an olefin.
The abservation of the following reaction

2(n-C,HUN*F —
{n-CHg),N*HF;" + (n-C,Hg);N + CH,;CH,CH=CH,

has prompted Sharma and Fry to conclude? that “it is very unlikely
that pure, anhydrous tetraalkylammonium flucnide salts have ever,
in fact, been produced 1n the case of ammonium ions susceptible
10 E; ehmination, rather, reactions which have been reported to
procecd in the presence of naked flucride jon generated from such
sources have probably actually been caused either by hydrated
fluoride fon or by bifluoride ion”, Although tetramethylammonium
fluoride does not contain any carbon~carbon bond and, therefore,
cannot undergo an E,-type elimination reaction, Sharma and Fry's
conclusion has also been applied to this compound, as evidenced
by a recent statement® that N(CH,),F “has never been obtained
anhydrous and that removal of water results in decomposition™.
Similrly. Ricux sind co-workers recently concluded?® that “the
naked fluoride i< still 2 myth and not yet a reality™. in view of
these reports. it is not surprising that N(CH,),F has not been
exploited as a readily accessible, chemically inert, and highly
soluble form af naked fluonde and that costly alternatives, such
as tris(dimecthylamino)sulfonium difluorotrimethylsilicate.

" Rockeldyne
'University of Southera Califorma.

[(CH,);N},S*F,Si(CH,),", have been developed. Although the
latter compound does not contain a free fluoride ion per se, the
F,Si(CH,); anion serves as an excellent fluoride ion donor toward
stronger Lewis acids.

Recent work in our laboratory on the synthesis of the CIFg”
anion® required a countercation that was larger and more soluble
than cesium and at the samc time resisted chemical attack by CIFs.
Since CIF, reacts violently with H,Q and is a much weaker Lewis
acid than HF, incapable of displacing it from HF;", we nceded
H,0- and HF;-frec N(CH,),F.

Numerous reports®™!2 on the synthesis of tetramethylammonium
fluoride can be found in the literature. They are based on two
approaches. The first one dates hack to 1888 and involves the
neutralization of N(CH,),OH with HF in agueous solution,
followed by water removal in vacuo at temperatures up to 160
°C.5 If the water is remaved at various temperatures, intermediate
N{CH;),FenH,O-type hydrates can be isolated with 1 ranging
from | to 5.2 The difficulty with this process is the removal of
the last amounts of water from the N(CH,),F, because at 160
°C the removal rate is still slow while the N(CH,),F already
begins to undergo a very slow decomposition.t Thus, the products
obtained by this method have been reported to contain significant
amounts of i |mpurmes attributed 10 either HF;™ or the mono-
hydrate.'® ina minor modification® of this methed, the bulk of
the water was removed from the aqueous N{CH,),F soluticn in
vacuo on a rotating evaporator. The resulting syrupy oils were
converted to an N(CH,),F*CH,OH solvatc by repeated treatment

(1)} Young, J. A. Fluorine Chem Rev. 1967, 1, 359.

(2) Sharma, R K., Fry, J.L J Org Chem 1983, 48,2112

(3) (2) Emsley. J Polyhedron 1985, 4, 489 (b) Ricux, C , Langlois. B,
Gallo, R C. R Acad. Sci., Ser. 2, 1990, 310, 25.

(4) {a) Middlelon, W. ). US. Paient 3940402, Feb 1976. (b) Middleion,
W. ). Org. Syath. 1988, 64, 221

(5) Chnsie, K. O, Wilson, W W, Schrobilgen, G 1., Chirakal, R Inorg
Chem., In press

(6) Lawson, A. T.; Collie, N. J. Chem Soc. 1888, 53, 624.

(7) Musker, W. K. J. Org. Chem. 1967, 32, 3189.

(8) Klanberg. F., Muelierties, E. L. Inorg. Chem. 1968, 7, 158,

(9) Tunder, R, Slegcl B J Inorg. Nucl Chem 1963, 25, 1097

(10) Harmon, X M, Gennick, t, Madeira, S L J Phys Chem 1974,
78, 2585

{11} Urban, G., Dotzer, R German Patemt | 191813, May 1965

(12) Cumico, P F.Han Y K J Organomet Chem 1978, 162,

(13) Genmek, .. Harmon, K M.; Haniwig, J fnorg. Chem. 1977, 16,
2241,
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with CH;OH and drying in vacuo at 100 °C.
The sccond approach utifizes metathctical rcactions,*'2 such

-as

CHOH

N(CH;}.Cl + KF N(CH,}F + KCI}

The resulting crude N(CH,), F was purified by rcerystallization
froni isopropyl alcohol.’ This synthetic method has frequently
becn used ‘but, aceording to Klanberg and Mucttertics,? the
N(CH,)F prepared ia this manncr always contained at least 1-2%
of chloride, while commcrcially available N(CH,),F had an cven
higher CI™ contenl of 6.6%.

Another metathesis that has been described in a German
patent!! is based on the reaction of N{CH,}Cl with HF and
NaOCH, in CH,OH to give N(CH,),F-2CH,OH. This solvale
is then converted 1o N(CH,),F by vacuum pyrolysis at 150 °C.
The rcaction of N{CH,),Cl with HF and NaOCH, must be
carricd out in two scparate stcps. Reacting the N(CH,),Cl first
with NaOCH,; according to

CH,OH

N(CH,)(Cl + NaOCH, N(CH,)OCH; + NaCl}

CHOH

N(CH,},F2CH,0H

rcsults in a more cfficient usc of the starting materials than the
reverse scquence

N(CHy)Cl + 10HF — N(CH,)H,F, + THF + HCl
CH,0K

N(CH,),F-2CH,0H + 2NaF}

According to Klanberg and Muctterties® 1hese NaOCH,-HF-
based processes suffer from the samc drawback, ie., CI"impurities,
as the N(CH,),Cl + KF metathesis and the use of cxcess HF will
gencrie HFy™ impurities.

Although somc of the above chemistry dates back for morc than
100 years,® rcliable analytica) data, such as waler analyses, detailed
spectroscopic or structural datu, and physical and chemical
propcrties have not been reported for “anhydrous™ N{CH;),F.
Thereforc, it was also highly desirable to better characterize this
importinl compound.

N(CH]}]H)FJ + ZNEOCHJ

Experimenial Section

Maicriak. The CH,CN (Baker, Bio-analyzed, having a water content
of 40 ppm) was treated with POy and freshly distilled prior 10 use,
thereby reducing its water content 10 <4 ppm. The N(CH;),OH (Baker,
anilyzed. 10% aqueous solution), HF (Baker, analyzed, 50% aqueous
solution), CH,OH (Baker, absolute, 0.003% H,0),and (CH,),CHOH
(Mallinckrodi, A.R., 0.037 H,0) were used as received.

Apparatus, Volatile materinls were handled either in a Mlamed-out
Pyrex vacuum line cquipped with Kontes Tellon valves or in the dry
nitrogen atmaosphere of a glovebox. Solids were mantpulated exclusively
in the drybox.

Ramin spectra were recorded on cither a Cary Model 83 or a Spex
Model 1403 spectrophotometer by use of the 488-nm exciting hne of an
Ar ion or the 647 1-nm hine of 2 Kr 1on laser. respectively Baked-out
Pyrex melung point capillanies were used as sample holders  Infrared
speetra were recorded as KBr disks on a Perkin-Elmer Model 283
spectrophotometer  For the exclusion of moisture. only KBr that had
been fused and finely ground in the drybox was used The KBr disks
were pressed inp Walks mimipress inside the drybex, with the sample in
a powdered KBr matrix being sandwiched between (wo prepressed layers
of ncait KBr. and the resulung sandwiches were left in the press for the
recording of the spectra The spectra obtained in this manner were
identical with those obtained for pressed AgCl disks. indicating that no
reaction between K Br and N{CH,)F had oceurred during the pressing
operation

The YF and 'H NMR spcetra were measured at 84.6 and 90 MHz,
respectively. on a Varian Model EM 390 specirometer, with 5-mm Tef-
lou-FEP 1ubes (Wilmad Glass Co.) as sample containers and CFCly and
TMS. respectively, as mternal standards, with negative shifis being up-
ficld from the sundards A Perkin-Elmer differential scanming calorim-
eter. Model DSC- 1B, was used 1o determine the thermal stability and
10 hedk for phas transinons  The samples were crimip scaled in alu
minum pans, and a heating rate of 10 °C/min in N; was used The
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Table 1. Summary of Crystal Data and Refinement Results for the
Tetramethylammonium Fluoride~3- Amina-2- butenenitrile Adduct

$pace group P2,/C (monoclinie)
a(3) 10.252 (3)

b (A) 8.579 (2)

¢ (A) 13324 (3)

g (deg) 111,65 (2)
V(A 1089.2 (5)
molecules/unit cell . 4

molecular weight 174.9%

crystal dimensions (mm) 0.5 %X20x1.2
calculated density (g cm*3) 1.071
wavelength (A) used for daa eollection 0.71069

{sin 8)/A limit (A™) 0.539

total number of refiections measured 1493

number of independent reficetions 1492

number of refections used in structural analysis 1141
> 3
number of variable parameters 181
final agreement factors R(F) = 0.0387
R.(F) = 0.0529

Table 11, Bond Distances in the Tetramethylammonium
Fluoride=3- Amino-2-butenenitrile Adduct

C2---NI 1.486 (2) C3...CcY 1.489 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>