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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
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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®*
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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'®

Received December 14, 1987

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
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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 fact<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>