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INTRODUCTION

This 1s the final report of a research program carried out at Rocketdyne
between 1 March 1982 and 3V December 1983. The purpose of this program was to
explore the synthesis and properties of energetic inorganic halogen oxidi-
zers. Although the program was directed toward basic research, applications
of the results were continuously considered.

Only completed 1items of research, which have been summarized in manuscripi
form, are included in this report. A total of 14 technical papers were pub-
1ished and 9 papers are in press in major scientific journals. 1In addition, 8
papers were presented at international and national conferences. A further
testimony to the creativity of this program is the fact that it resulted in 3
U.5. patents issued and 5 pending. The technical papers and 1ssued patents

are reproduced in Appendices A through 7.
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RESULTS AND DISCUSSION

in view of the large amount of data generated under this program, we will
1imit ourselves to a highlight of the major areas. For more detail, the
interested reader is referred to the manuscripts given in the Appendix.

c1rg CHEMISTRY

The two most promisina energetic oxidizer cations are NF; and C]F;.
Their central atoms are in their highest oxidation ctates (+¥ N and +VII C1)
and they possess a high fluorine content. MWhereas the N-F and C1-F bond ener-
gles are relatively low which make them powerful oxidizers, these bond ener-
gies are high enough to give them good stability. Furthermore, these two ions
possess outstanding kinetic stauvility due to their energetically favoraole

+

structures (tetrahedron for NF4 and octahedron for ClF;). This is

2lso reflected by the fact that NF; and C]F; are 1isoelectronic with

CF4 and SFB' respectively, which are the two most thermally stable cova-

lent tnorganic fluorides.

Whereas the chemistry of NF; had been well developed during the past dec-
ade, wvery Tlittle work had been done on ClF;. Although the existence of
CIF' had been firmly established 1in 1972 (Ref. 1,2), the only known

ClF salt was ClF‘PtF' which could be prepared only as an

6 6 6
inseparable mixture with C1F4PtF6. Claims by Glemser and coworkers for
the synthesis of C1F6AuF6 {(Ref. 3) and by Batsanov and coworkers for

C1F6CuF4 {Ref. 4) were shown (Ref. 5) to be 4nvalid. Consequently, 1t was
very desirable to develop methods for the synthesis of pure ClF; salts
and to determine th<ir potential as high energy oxidizers.

Using KrF2 as the oxidizer, we have succeeded in preparing pure ClFbAsF6

and C]FBSbe {see Appendix A). The salts were thoroughly characterized
and exhibited very good thermal stability. In order to increase the energy
content of CIF,

6 salts, the weight of the nonenergetic counterion must be

—




;J.‘

b
i

minimized. This goal was achleved (see Appendix B) by replacing AsF6 by
BF; using low-temperature metathetical techniques previously developed 1in
our laboratory for NF! salts. The CI1F_BF also exhibited good ther-

4 6 4
mal stability and 1s a potentially usefui oxidizer. Attempts to replace the

nonenergetic anions by the energetic c10; anion (see Appendix C)} were

only partlally successful. By analogy with NF‘CHJ4 {Ref. &), C1F5C'|U4

was found to be thermally unstable. However, as with NF4C104. the decom-

position of C]F6C104 provides a new, high yleld synthesis of the interest-

ing hypofluorite, F0C103.

Performance calculations were carried out for c1FGBF4 with various fuels.

4 1s close to but not quite as
good as that of NFABFA. in view of the fact that NF4BF4 is thermally
more stable and easier to prepare than CIF68F4, the NF; cation
remdins the most promiring cationic oxidizer presently known.

It was found that the performance of C]FGBF

NF; CHEMISTRY

in view of NF; being theoreticaliy the most powerful cationic oxidizer
presently kncwn, we have continued to develou its chemistry. Work on the syn-
theses of NF; salts derived from the {ewis acids A]Fa. BeFZ, XeFG.
HF6 and UF6 was completed and published in manuscript form (Appendices O
through G}.

The (NF4)ZXeFB salt 1s the most energetic NF; salt presently known.
With 65.6 weight percent of wusable fluorine (in the form of F2 and NF3)
and xenon as the only 1inert byproduct, (NF4)2XeF8 1s capable of deliver-
ing the highest known oerformance for any ﬂfa FZ nac
t'on. The difficulty of synthesizing the compound, the high cost of Xe and
the shock sensitivity of the XeD3

compound impractical at the present time.

hydrolysis product, however, render this

A summary of the most important synthetic methods for the preparation of

NF; salts was written for publication in Inorganic Syntheses and 1s given
in Appendices H through J.




OXIDATIVE FLUORINATIONS WITH Krf' SALTS AND PtF6

KrF' salts, Ptf
tion energy source appear to be the most powerful fluorinating agents pres-

6 ano F2 In the presence of a Lewis acid and an activa-

ently known. We therefore have carried out a systematic study of the relative
oxidizing powsr of these three reagents and their usefulness for the prepara-
tion of coordinatively saturated fluoro cations (see Appendix K). It was found
that Krf* was the strongest oxidative fluorinator, capable of fluorinating

CIF, to CIFL, Brf. to BrF;. and NF. to NF;. PtFg was second strongest, and flu-

orinated C]?S to glF; and NF3 to N?;, whereas activated F2 in the presence of a
strong Lewis acid oxidized only N% to N% . Numnerous attempts made to prepare
a substituted NF; cation, such as CFSNF; of SFSNF;, from Krf' salts and either
CF3!:IF2 of SFSNF2 all failad. Similary, attempts to prepare OFB from UF2 and

Krf were upnsuccessful,
HY: OFLUORITE CHEMISTRY

Hypofiuorites are strong oxidizers and useful fluorinating agents. Ouring our
synthesis of NF40104 (Ref. 6), a cenvenient synthesis was discovered for
FOC]E\3 which allowed us to carry out a thorough characierization of this
interesting compound (see Appendix L). We have also successfully synthesized
and characterized the npew hypofluorite TeFSUF. This compound, which had
previously been claimed to be nonexistent (Ref. 7), was shown to be surpris-
ingly stable (see Appendix M). The attempts made to prepare the unknown
C1F4UF molecule from CsC]F4O and FOSO2

intarecting 0O ahcstraction reaction from CIFGD' {see Appendivx () Numerous

F were unsuccessful, but led to an

attempts to prepare hitherto unknown hypofluorites derived from transition

metal fluorides were all unsuccessful. The 02F radical, prepared by pyroly-

sis of OEMFB salts, was characterized by far-infrared Jlaser magnetic
resonance spectroscopy (see Appendix N).



CHLORINE OXYFLUORIOES

Although the existence of C]F50 has previously been claimed (Ref. 8), this
claim has suisequently been refuted (Ref. 9). Performance calculations car-
ried out at Rocketdyne show that this compound would be the ideal starable
T1iquid oxidizer. Consequently, extensive experimental efforts were conducted
on the synthesis of this compound using numerous techniques, such as low-
temperature glow discharge in sapphire reactors, UV-photalysis, and fluorina-
tion reactions with Krf' salts and PtF6. So far, all efforts in this
direction have been unsuccessful although we firmly believe in the possible

existence of this compound. A manuscript on the preparation of FC10, was

2
written for Inorganic Synthesis (Appendix 0).

ENERGETIC FLUORODCARBONS

Work originally started 10 years ago on the synthesis of -UNF2 substituted
fiuorocarbons was completed during this contract. It was summarized in the
form of two manuscripts (Appendices P and Q) and describes two different syn-
thetic methods. One involves the reaction eof HNF2 with hypofluorites, while
the other one 1is based on the Lewls acid catalyzed addition of NF30 to C=C
double bonds. Numerous new —ONF2 substituted fluorocarbons were prepared in

this manner and were characterized.

The gas phase structure of the most simple fluorocarbon azide, CF3N3, was

determined by electron diffraction and microwave spectroscopy {see Appendix R).

STUDIES

Under a previous contract (Ref. 10), a series of unusually stable oxonium

salts of the composition 0H3MF was discovered. A thorough structural

6
study of these salts was carried out using 1isotopically substituted saits,

X-ray and neutron diffraction and vibrat®onal spectroscopy (see Appendix S).

1




R i

The structure of thc NF; radical cation, trapped 1in powdered NF4A3F6,
was studied by ESR spectroccopy {Appendix T). The new radical anions SF4
and SF40‘ were prepared by Tlow-temperature y-irradiation of CsSF5 and
CsSFSO, respectively, and characterized by ESR spectroscopy. The results of
this study will be written up in manuscript form, A number of fluoronitrogen
cations was investigated by ]4N and ISN NMR spectroscopy and evidence for

« and o fluoro effect was found. The results are summarized in Appendix U.
MISCELLANEOUS

Two brief manuscripts (Appendices V and W) were written to correct a commonly
accepted misconception about the existence of positively polarized fluorine in
compounds such as hypofluorites,

Three patents issued during this contract are given as Appendices X, Y and Z.
They deal with the new 1iodine hypofiuorite OIF4 OF, peroxonium salts

t, - L
H,0,AsF_ and HSOZSDFB, and (NF4)2an

372776 b

CONCLUSION

The C]Fg cation s an exceptionally stable, highly energetic 4ion, compar-

able to NF;. Many of the techniques, previously developed for NF;,
+

can =<uccessfully be applied to CI1F,; however, more convenient routes must

be found for the synthesis of CIF

o+

salts in order to make them competi-
tive with NF; salts. In addition we have demonstrated agatn that i{nor-
ganic halogen oxidizers are a fruitful area of research. There are many poten-
t1al uses far novel energatic comnour

nde in traditional and new applications,

such as rocket propellants, explosives, and chemical lasers, and continuing
efforts in this direction are definitely warranted. Furthermore, the produc-
tivity of this program proves the feasibility and benefits that can be
expected from well-planned, goal-oriented basic research and program
continuity.
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Coordinatively Saturated Complex Fluoro Cations. Synthesis and Characterization of

OF,*AsF,” and CIF,*SbF,"

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

Received December 14, 1982

The reaction of KrF, with CIF; and AsF; in cither CIF, or anhydrous HF solution produces pure ClF,*AsFs. The white,
crystalline solid is stable up to §10 *C under a dynamic vacuum and decomposes at higher temperature to CI¥s, F;, and
AsF; X-ray powder diffraction patterns show that CIF,*AsF~ (face centered cubic; @ = 9.47 A) is isotypic with 1F,*AsF,".
The reaction of KrF, with CIF; and SbF; produces CIF¢*SbF, " however, this sall could not be isclated in pure form. "°F
NMR and vibrational spectra were recorded for the CIF;* salts, and an anharmonic general valence force field -was computed
for CIF,* by using the observed frequencies and the ¥*CI-""Cl isotopic shift of #; (F,,). General methods for (he syntheses
of coordinatively saturated complex fluoro cations are compared and discussed.

Introduction

The two kinetically most stable covalent inorganic fluorides
are CF, and SF,. Their exceptional stability is due to the
energetically favorable sp? and sp*d? hybridizatior, respectively,
of the valcnce-electron orbitals of the central atoms and their
coordinative saluration. Their isoelectronic complex fluoro
cations are NF,* and CIF*, respectively. Recent studies in
our and other laboratarics have shown that the NF,* cation
postasess wnusnal kinelic stahility! and forms a surprisingly
large number of stable salts.? Consequently, a simnilar behavior
might be predicted for CIF,*, which is isoelectronic with SF,.

Although the CIE,* cation has been known for a decade,*
the only salt prepared to date is its PtF, salt

uv - ~. -
2CIF + 2PiF, Ty CIF,*PtF, + CIFTiF, n
6FCIO, + 6PtF, -» SCIO,*PtFg + CIF*PtFg + O, (2)
In both reactions the CIFg*PtF, product could not be sepa-

(1) Christe, K. ©.; Wilson. R. D.: Goldberg, 1. B, trorg. Chem. 1979, 18,
2572 and references cited therein.

(2} Wilson, W. W.; Christe, K. O. Inorg. Chem. 1982, 21, 2091 and rel-
erences cited therein,

(3) Roberto, F. Q. faorg. Nucl. Chem. Lent. 1972, 8, 737,

(4) Christe, K. ©. Iorg. Nue!. Chem. Leit. 1972, 8, 741

{3} Christe, K. C. fnorg. Chem. 1973, 12, 1580. A-1]

rated from the other solid byproducts, and to our knowledge
the preparation of a pure C1F¢* salt has previously not been
achieved. Although claims for the syntheses of CIF,*AuF,®
and CIF,*CuF,”" have previously been made, either these
claims have been withdrawn® or, for CIF *CuF,", the reported
properties are incompatible with the presence of a CIF,* salt *?
Therefore, the purpose of this study was the prepwration of
pure CIF,* salts, preferably containing couaterions more ac-
cessible than the exotic Ptk

Experimental Section

Caution! The reaction of KrF, with AsF; can result in 2 spon-
tancous exothermic decomposition of KrF; accompanied by a bright
Mash and gas evolution.® Proper safety precautions should be used
in working with this system.

Apparatus and Materials Volatile materials used in this work were
manipulated in a well-passivated (with CIF,) stainless-stezl-Tellon
FEP vacuum system. The reactions between KrF,, CIF, and a Lewis
acid were carried out in either a 10-mL stainless-steel cylinder (Hoke)
or a 30 cm long, 0.5-in. 0.d. sapphire tube that was connecled to a
stainless-steel valve with a Swagelok compression filting using a Teflon

(6} Glemser, Q.. Ziichner, K.; Bartlett, N. Paper 192, 9th International
Symposium on Fluorine Chemisiry, Avignon, France, Sept 1979,

{7) Batsanov, A. 5., Struchkov, Yu. T.; Batsanov, S. 5. Dokl. Akad. Nauk
S85R, Ser. Khim. 1980, 251, 347,

(8) Bartlett, N., private communication.

(9) Gillespie, R. J.; Schrobilgen, G. J. tnorg. Chem. 1976, 15, 22.
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front andd a stainfess-steel backup ferrule. A metal support frame
wis vsed to quard against slippage of the sapphire tube out of the
compression seal at elevated pressure. To avoid the facile decom-
position of KrF, during dead-end transfers, the reactors were designed
w0 permit pump-through operation by means of a dip tube, Solid
materials were handled in the dry-nitrogen atmosphere of a glovebox.

Infrared spectra were recorded on a Perkin-Elmer Mode! 283
spectrometer, which was calibrated by comparison with standard gas
calibration points.!®"" The reperted frequencies and isotopic shifts
are believed to be accurate to £2 and £0.3 cm™, respectively, Gas
spectra were recorded with a Teflon cell of 5-cm path length equipped
with AgCl windaws. Spectra of solids were recorded as dry powders
pressed between AgCl windows in an Econo press (Barnes Engineering
Co.). Raman spectra were recorded on a Cary Model 83 spectro-
photometer using the 4880-A exciting line of an Ar ion laser and a
Claassen filter'? for the climination of plasma lines. Sealed glass or
quartz tubes were used as sample containers. The low-temperature
spectra were recorded by using a previously described device, '

The "F NMR spectra were recorded at 84,6 MHz on a Varian
Model EM390 spectrometer using heat-sealed Teflon FEP sample
tubes (Wilmad Glass Co.) and CFCI, as an external standard with
positive shifts being downfield from the standard.'*

X-ray powder diffraction patterns were recorded on a General
Electric XRD6 diffractometer using Ni-filtered Cu Ka radiation. The
sample holder was machined out of a solid Teflon block, and the
powdered sample was held in place and protected against atmospheric
moisture by a | mil thick Teflon FEP sheet, which was sealed against
the Teflon block with a plastic snap ring. Lines having 6 values of
less than 10° were difficult to measure by this technique due to
interference by Teflon lines. The instrument was calibruted with NaCl
and 1F,AsF4 powder.

Chlorine pentafluoride'® and KrF,'*"18 were prepared by previously
described methods. Hydrogen fluoride (Matheson) was dried by
storage over BiF."® Arsenic pentafluoride (Ozark Mahoning) and
BF, (Matheson) were purificd by fractional condensation, and SbF,
(Ozark Mahoning) was purified by distillation.

Synthesis of CIFAsF,. In a typical experiment, KrF, (11.61 mmol)
and AsFg (11.60 mmol) were combined at =196 °C in a 33-mL
sapphire reactor. The mixture was allowed to warm slowly to ~78
°C and then to ambient temperature for 10 min, resulting in the
formation of solid KrFAsF,. The sapphire tube was cooled to ~142
°C, and the amount of Kr and F, (0.50 mmol) that had formed by
decomposition of some KrF, during the KrFAs°y formation was
measured. Chlorine pentafluoride (29.6 mmol) was added to the
reactor at —142 °C, and thc mixture was gently warmed to ambient
temperature for 30 min, resulting in a clear colorless solution containing
some white solid. Slow gas evolution was observed and measured by
recooling the reactor to ~142 °C. This process was repeated 10 times,
and the reactor was finally kept at ambient temperature for 2 days
and at 40 °C for | h. A total of about 21 mmol of gas (Kr and F;),
volatile at =142 °C, was removed in this manner, suggesting that the
decomposition of KrF, was essentially complete. The unreacted CIF,
and any CIF,AsF that has a dissociation pressure of about | atm
at room temperature™ were pumped off at 25 °C for 12 h. The white
solid residuc (428.4 mg = 1,27 mmol) was shown by 'F NMR,
infrared, and Raman spectroscopy to consist of pure CIF AsF (11.15%
yield based on KrFAsF).

The reaction between KrFAsF, and CIF, was carried out as de-
scribed above, except for adding about 6 mL of liquid HF to the reactor

(10) Plyler, E. K.; Danti, A.; Blaine, [.. R; Tidwell, E. D. J. Res. Natl. Bur.,
Stand., Sect. A 1960, 64A, 841

(11) Internations! Union of Pure 2+ Applied Chemistry. “Tables of
Wavenumbers for the Calibratic - of Infrared Spectrometers™; Butter.
worths: Washington, DC, 1961

(12) Clanassen, H. H.; Setig, H.: Shanar, J. Appl. Spectrosc, 1969, 23, 8,

(13) Miller, F, A.; Harney, B. M. J. npl. Spectrose. 1970, 24, 271,

(14) Pure Appl. Chem. 1972, 29, 62

(15) Pilipovich, D.; Maya, W.; Lawtor ~ A.; Bauer, H. F.; Sheehan, D, F.;
Ogimachi, N, N.; Wilson, R. D..:  ierloy, F, C,; Bedwell, V. E, /norg,
Chem. 1967, 6, 1918,

(16) Christe, K. O.; Wilson, R. D. /- Chem. 1978, 14, 694, -

(17) Schreiner, ¥.; Malm, 3. G.; Hir.  in, ). C. J. Amt. Chem. Soc. 1968,
87, 25,

(18) Kirshenbaum, A. D.: Groase, A. V' J. Am, Chem. Soc, 1989, 81,1217,

(19) Christe, K. O.; Wilson, W, W.; Schack, C. J. J. Fluorine Chem. 1978,
1,70,

(20) Christe, K. O.; Pilipovich, D. 1= < Chem. 1969, 8, 391,
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after the KrF; addition and before the AsF, addition. The Kr and
F, evolution at ambient temperature was faster than in the absence

of HF; however the yicld of CIF,AsF, (based on KrFAsF¢) was only
3.33%.

When Kr F3*AsF,™ was reacted with an excess of CIF; in the
absence of HF, the best yicld of CIF¢*AsF¢™ obtained was 18.36%,
based on AsF;, and 9.18%, based on KrF,, but on several runs, yiclds
of only about 6% were obtained.

Synthesis of CIFSbF,. In the drybox SbF, (1.67 mmol) was
syringed into a passivated sapphire reactor, and KrF, (7.19 mmol)
was added at ~196 °C on the vacuum line. The mixture was carefully
warmed {o room temperature and then recooled to =78 °C. This
temperature cycling was repeated several times and a small amount
of Kr and F, (0.42 mmol) formed by decomposition of some KrF,
was pumped off at =78 °C. Chlorine pentafluoride (15.94 mmol)
was added to the reactor at ~196 °C, and the resulting mixture was
warmed for 30 min to 25 °C. At this temperature slow gas evolution
was observed. The reactor was cooled to ~196 °C and then to -142
°C at which temperatures F, (1.1_mmol) and Kr (1.2 mmol) were
pumped off and measured. This procedure was repeated several times
1o avoid overpressurization of the reactor by the evolved F; and Kr.,
When the KrF; decomposition rate became very slow, the temperature
was raised to 35 °C. After most of the KrF, had been decomposed
and removed in this manner, the excess of CIFs was pumped off at
25 °C. The white solid residue (896 mg) was shown by infrared,
Raman, and 'F NMR spectroscopy to be a mixture of CIF,SbF,,
CIF,SbFy, and KrFy;nSbFs. Heating of the solid to 50 °C for 4 h
under a dynamic vacuum resulted in decomposition and removal of
all (KrF,),»SbFj, leaving behind a mixture (~0.6 g) of CIFSbF,,
CIF,SbF,, and the correspond.ug polyantimonates, as shown by in-
frared and Raman spectroscopy.

Results and Discussion

Synthesis of Coordinatively Saturated Complex Fluoro
Cations, At present, only three coordinatively saturated
complex fluoro cations are known, They are NF,*, CIF*, and
BrFg*.2122 The principal difficulty with their syntheses stems
from the fact that the corresponding parent molecules, NF,
CIF,, and BrF;, do not exist.!>?' Therefore, a simple transfer
of a fluoride anion to a strong Lewis acid according to

CIF, + AsF; — CIFs*AsF, 3)

is not possible. Addition of a fluorine cation F* to a lower
fluoride according to

is prcempted by the fact that fluorine is the most electro-
negative element, and F* can therefore not be generated by
chemical means,

The following three methods are presently known for the
synthesis of these coordinatively saturated complex fluoro
cations.

(i) Reaction of a Lower Fluoride with F, and a Lewis Acid
in the Presence of an Activation Energy Source,?® Such as
Heat,’* Glow-Discharge,?*’ Bremsstrahlung,? or UV Photo-
lysis.?’ This method is well suited for the synthesis of NF,*
salts according to

NF; + F, + MF, —=+ NF*MF, )
However, many attempts in our laboratory to apply this me-

(21) Gillespie, R, 1.; Schrobilgen, Q. J. J. Chem. Soc., Chem. Commun,
1974, 90; Inorg. Chem. 1974, 13, 1230,

(22) Christe, K. O,; Wilson, R. D. Inorg. Chem. 1975, 14, 694,

(23) Christe, K. O.; Guertin, J. P.; Pavlath, A, E, U.S. Patent 3303719,
1970; Inorg. Nucl. Chem. Lett. 1966, 2, 8Y; Inorg, Chem. 1964, $, 1921,

(24) Tolberg, W, B.; Rewick, R. T.; Stringham, R, S.; Hill, M. B. Inorg.
Nucl, Chem, Lelt, 1966, 2, 79; Inorg, Chem, 1967, 6, 1156.

(2%) Sinel'nikov, S. M.; Rosolovskli, Vi-Ya. Dokl. Akad. Nauk SSSR, Ser.
Khim, 1970, 194, 134), Rosolovakii, V. Ya.; Nefedov, V. L: Sinel*nikow,
S. M. Irv, Akad. Nauk SSSR, Ser, Khim 1973, 7, 1448,

(26) Goetschel, C, T.; Campanile, V. A.; Curtis, R. M.; Loos, K. R.; Wagner,
C. D.; Wilson, ], N, Inorg. Chem. 1972, [, 1606,

(27) Christe, K. O.; Wilson, R. D.; Axworthy, A. E. Inorg. Chem. 1973, 12,
2478, Christe, K. O.; Schack, C. J.: Wilsoa, R. D. 1bid. 1976, 135, 1278.
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Tahte L Xeray Datz for CIF AsE, @
diebsd), A dfealed), A 1, hk!
3.35 3.35 160 220
2.855 2.358 25 331
2.740 2.737 60 222
2179 2,173 15 331
2.120 2120 25 420
1.936 1.935 65 422
1.826 1.824 10 5117333
1.677 1.676 45 440
1.601 1.602 15 531
1.580 1.580 70 600/442
1.498 1,499 20 620
1.428 1.429 25 622
1.367 1.368 10 444
1.313 1.315 25 640
1.265 1.267 25 642

9 Cu Ko radiation and Ni filter; space group Pa3: face-centered
cubicia = 9.47 A1 Z = 4,V = 849.3 A% d(caled) = 2,631 g em™?,

thod to CIF* were unsuccessful because these activation en-
ergy sources decompose ClF; to F, and CIF, with the latter
reacting instantaneously with strong Lewis acids to form CIF,*
salts.

(it) Reaction of PtF, with a Lower Fluoride. As shown in
(1) and (2), this method has successfully been applied to the
synthesis of CIF* salts.”* However, attempts to prepare NF,*
salts in the same manner have failed. For the preparation of
NF,PiF,, clevated temperature and pressure are required,?
i.e. conditions under which PtF decomposes to PtFs and F,,
hereby corresponding to reaction 5 of method i.

(i) Reaction of KrF, with a Lower Flueride in the Presence
of & Strong Lewis Acid. This method has successfully been
used for the synthesis of BrF,*? and NF,* 2% galts

NF, + KrF, + MF, = NF,*MF + Kr  (6)
Br¥ + XrF, + MF, — BrFMF- + Kr ()

The most promising method for the synthesis of pure CiF¢*
salts appeared to be method iii, the reaction of CIF; with KrF,
in the presence of a Lewis acid. Indeed, it was found that
KrF,-Lewis acid adducts are capable of oxidatively fluori-
nating CIFs to CIF¢*. It was found advantageous to preform
the well-known adducts®?'132 between KrF, and the Zewis
acids, AsFs and SbhFj, before addition of the CIF;. The yields
of CIF¢* salts were as kigh as 11%, based on the amount of
KrF, used in the reaction. The reactions proceeded whether
KrF* or KrF*-nKrF, salts were used as starting materials,
although the CIF* yields, based on KrF;, appeared higher
when KrF* salts were used. An excess of CIF; as a solvent
gave the highest yields of CIF¢* salts. Addition of anhydrous
HF as a diluent significantly reduced the CIF * yield.

The CIF¢*AsF, salt could readily be prepared in pure form
because the byproduct CIF,*AsF, is unstable at ambient
temperature?® and because AsFg does not form stable po-
lyanions with AsFs. For CIF*SbF,, the stability of CIF,*-
SbF¢~* and the tendency of SbF; to form stable polyanions
did not permit isolation of the pure compound.

Properties of CIF*AsF,” and CIF,*SbF,~, Both compounds
are white, crystalline, hygroscopic solids that are stable at room
temperature. As a result of the above described experimental
difficulties, only CIF *AsF could be prepared in a pure state
and therefore was characterized more thoroughly than
CIF*SbF,~. The CIF*AsF, salt is stable up to 110 °C,

(28) Tolberg, W. E.; et al,, private communication,

(29) Artyukhov, A, A Koroshev, 8. S, Koord, Khim. 1977, 3, 1478,

{30) Christe, XK. O.; Wilson, W, W.; Wilson, R, D., unpublished results.

(31) Friec, B.; Holloway, J. H. Jnorg. Chem. 1975, 15, 1263; J. Chem. Soc.,
Chem., Commun. 1974, 89,

(32) Sclig, H.; Peacock, R. D J. Am. Chem. Soc. 1964, 86, 3895.

A-3

A 54 B it i v 2 5,

Christe, Wilson, and Curtis

AR e Pt S SRR

259¢C s
/"‘/‘\ /‘t »
who {
2 R P VR A
g | i
2 i
[ Y
20 |,
Z 3C|F6
< i WgAsF
x 691 ] , 8
ViAskFg 389

+
CIFgAsFg VjCIFg
688

VIAIFS.- e e
680 :
+
. /VsC'Fs |
517
VoAsFg le31] VsAsFg™

H |370
roore AL
U WOEYRNY WYY SN SN GO
1000 600 600 400 200 0O
FREQUENCY, c¢m™!

INTENSITY ——
»5
o]
n
[-2]

Figure 1. Infrared and Raman spectra of solid CIF(AsF, and as-
signments to the ions in point group O,. The broken line is due to
absorption by the AgCl window material,

Above this temperature it begins to slowly decompose ac-
cording to

CIF¢AsFs — CIF; + F, + AsF, (8)

The infrared spectra of the gaseous decomposition products
showed CIF and AsFs in a 1:1 mole ratio.

The X-ray powder diffraction data of CIF;AsF; are given
in Table I. The lines for hk! = 110 and 200 could not be
observed by our technique due to an intense broad background
peak below a 26 value of 20°. The observed data show that
CIFAsF is isotypic with IF,AsF¢3334 and BrF,AsF,,'¢ al-
though surprisingly the unit cell dimension of CIF¢AsF, (9.47
A) is only slightly smaller than that of IF;AsF (9.49 A)33¢
and larger than that of BrF,AsF, (9.39 A).'® A more detailed
study for this series of compounds is needed to verify this effect.

The ""F NMR spectra of these salts were recorded in an-
hydrous HF solutions at 29 °C. In addition to a broad un-
resolved resonance due to rapidly exchanging HF and the
anions, a sharp signal was observed at 383.3 ppm downficld
from external CFCl;. In good agreement with a previous
report,” the signal consisted of two sharp (half-width ~5 Hz)
sets of quadruplets of equal intensity due to the 33Cl and ¥'Cl
isotopes (I = 3/,) with Juqr = 340 Hz, Juge = 283 Hz, and
J”CIF/J”CIF = 1,201,

The vibrational spectra of CIFg*AsF,~ are shown in Figure
1, together with a-listing of the observed frequencies and
assignments for the two ions in point group O,. The only band
not marked in Figure 1 is the weak Raman band at 706 cm™,
which can be assigned to 2v¢ (A}, + E; + Fy, + Fy,) of CIF*
being in Fermi resonance with ») (A,,) at 688 cm™. The value
of 353 cm™ thus obtained for the infrared and Raman-inactive
vs (F3,) mode is in excellent agreement with the value of 347
cm™! reported for the isoelectronic SF, molecule.?® The
frequencies for CIF* in its SbFy salt were within experimental
error identical with those of the AsFg~ salt and therefore are
not listed separately, These vibrational spectra confirm our
previous assignments® for CIF¢*, which had to be made for

(33) Christe, K. O.; Sawodny, W. Inorg. Chem. 1967, 6, 1783,

(34) Beaton, S, P, Ph.D. Thesis, University of British Columbia, 1966.

(35) Christe, K. O.; Hon, J. F.; Pilipovich, D, Inorg. Chem. 1973, 12, 84,

(36) McDowell, R, S.; Aldridge, J. P.; Holland, R. F. J. Phys, Chem. 1976,
80, 1203,
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Table 1. Symmeny and Valenee Foree Constants (mdyn/&) of CIF.* Compared 1o Those of Bel' 5 11, %, 51, Sel, and Tel,

ssgnt U i, S¥, 517,
10, freg. em’ force consiants (AlY (AID® ¥ Brl 09 Sel, ¢ 1,9 Tek, !

Symnielry Foree Conslanis

A i+, 688 R L 7 [ 5.298 6.70 6.845 488 5.61 5.61 550
I v, b Fo=f-Yethy 4456 4.61 4.715 5.02 485 6.00 508
b vy 899 Foofo-fo 5200 530 5.465 482 493 5§23 498
v, 590 Fo-Sat Yoo s~ fan 0.957 1.014 1.051 0.63 0.646 0.45 0.40

Fot 2Um =~ fra™) 0.935 0.90 0.907 0.41 0.46 0.21 0.4

1,4 v, 517 Foo=ta—2aa' +faa™ 0.748 0.765 0.780 046 0453 0.32 027
i v, 347 Fo Ja Yaa * Yoo - faa 0.574 0.670 0.693 0.389 022

Valence Foree Constants

fr 4,968 5.0 5.445 4.90 5.02 5.42 510

Srr (adjacent bonds) 0,140 0.348 0.355% -0.03 01l 0.07 007

S (opposile bonds) {0,232 ool -0.020 0.08 009 019 012

Fa = faa (2fa) 0,782 (.B0Y 0826 0.49 0.30

Ja=taa"™ 0.816 0.852 0.872 .52 031

[eq =/ 0 468 (0,45 0.454 0.1 0.23 0l 0.12

@ ghung observed frequencies and a PO Clhisotope shift of 131 em ' for e, PED T 1,0 vy 121103, 00.2444), 04613, 3050, 0.98

3

(4, 002 (3, 45 P Using observed frequencies.
sinnng &, memmum, € Data trow sef 37, f Data fiom 1ol 38,

g’

”l'.l

b !

THARGMITTANCE

910 900 8% 880
FREQUENCY, cm !

Figure 2. Infrared spectrum of the ¢, (F,) band of CIF,* in solid
CIF SbF, recorded with 20-fold scale expansion under higher resolutio.
condilions.

rather complex mixtures and therefore were somewhat ten-
tative. Furthermore, the fact that both CIF,* and AsF,” show
no detectable deviations from the O, selection rules suggests
little or no ion interaction or distortion in CIF,*AsFy", as
expected for these coordinatively saturated ions. The structure
of CIFsAsF, can be visualized as a closest fluoride packing
with Cl and As occupying some of the interstices in the lattic:,

Under higher resolutioit conditions, the infrared spectra of
CIF,AsF, and CIF,SbF, showed a splitting of the », (F,,) band
inte two components (see Figure 2).  These splittings are due
to the **Cl and *"C] isotopes, which have a natural abundance
of 75.4 and 24 6%, respectively. From a serics of measure-
ments the chlorine isotopic shifts for vy (F),) of CIF,* were
found tobe 128 + 0 1 em™! for CIF,AsF, and 13.4 £ 0.3 cm™!
for CIF,SbF,. On the basis on these data, a value of 13.1 £
0.3 cm™' was used for the force field computation of CiF,*.

General Valence Force Field of CIF,*. Modified valence
force fields (MVFF) have previously been reported for 1F*,»
BrF,*.'s and CIF,**'® by using for the underdetermined Fy,
block (two frequencies; three symmetry force constants) the
mathematical conslraint £,y = minimum. A test of this
constraint for the isoelectronic series TeFg, ScFg, and SF, for
which fully determined general valence force fields (GVFF)
are known* ¥ showed that F,, = minimum is a good ap-
proximation for TeF, and SeF,.'* However, for the lighter
SF,, which is isoelectronic with CLF,*, this approximation did
not duplicate the GVFF values*® very well. Therefore, for
CIF,* a second force field based on a transfer of the f,, vatue
of the GVFF of SF, to CIF,* was preferred.® In the resulting
force ficld, however, the value of the Cl-F stretching force

{37} Koniger, F.: Moller, A Selig. H Mol Phys. 1977, 34, 1629.

{38) Abramowilz, 8.; Levin, 1. W. J. Chem. Phys. 1966, 44, 3353, A-4

€ Uning harmonie trequencies.® ¥ Modified salence foree field values trom el 16. as-
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Figure 3. Solution range of the F,, block symmetry force constants
{mdyn/A) of CIF,* with the observed chlorine isotopic shift {13.1
+ 0.3 cm™') as a constraint. The horizonta! and the broken vertical
lines indicate the preferred values and their uncertaintics, respectively.

constant (4.68 mdyn/A)* was smaller than that found for
CIF,* (4.7 mdyn/A)? a surprising result in view of the
general irends observed for a large number of halogen
fluerides 0

The observation of the chlorine isotopic shift for »y (F,)
of CIFg* in this study provided the additional data point re-
quired for the computation of a GVFF for CIF,*. The force
field was computed by a previously described method** using
the ¥*CIF,* frequencies given tn Table I1 and a ¥*CI1-¥’Cl
isotopic shift of 13.1 £ 0.3 cm™! for v; (F,,). In the absence
of anharmonicity constants, the observed frequencies were used
for the calculation of an anharmonic GVFF. On the basis of
comparison between the anharmonic and the harmonic GVFF
of isoelectronic SF, {sce Table I1),* the anharmonicity cor-

(39) Christe, K. O.; Schack, C. ). inorg. Chem. 1970, 9. 2296. Gillespie,
R. 1. Morlon, M. ). Ibid. 1970, ¢, 8I1.

(40) Chrisie, K. O.; Proc. Int. Congr. Pure Appl. Chem. 1974, 4, 115,
Christe, K. O.; Schack, C. ). Adv. Inorg. Chem. Radiochem. 1976, I8,
39

(41) Christe, K. O, Curtis, E. C. Inorg. Cherm. 1982, 21, 2938 and relerences
cited 1herein.

(42) The compound claimed 1o be CIF*CuF,;” has in Ihe meanlime been
idenlified as [Cu(H,0),]|SiF,] (von Schnering, H. G.; Vu, D Angew.
Chem., Imt. Ed. Engl. 1983, 22, 408).




3060

rections should have only a minor influence on the force field

To obtain an estimate for the uncertainties of the F,, force
constants of C1F,*, the relevant parts of the Fyy and £, cllipses
of CIF,* and the corresponding *CI-2"Cl isotopic shifts of »,
and », were computed as a function of Fy,. As can be scen
from Figure }, the resulting uncertainties in the force constants
are very small and the force field of CIF,* is rather well
determined.

A comparison of the GVFF of CIF,* (see Figure 3 and
Table 11) with the two previously published modificd valence
force fields*'® shows that F, = minimum is a much better
constraint than the transfer of the . value from SF, 1o CIF,*.
Also, the resulting CI-F stretching force constant value of 4.97
mdyn /A for CIF,* is, as expected for a perfluoro cation in its
highest oxidation state,* the highest value found 1o date for
a CI-F bond and agrees with the good thermal stability found
for these CIF,* salts. A comparison of the CIF,* force field
with those of BrF,*'* and IF,* ¥’ (sec Table 11) shows the
expected trends.® The stretching force constant drops slightly
from CIF,* 1o BrF,* and then markedly increases for IF,*.
The deformation constants decrease from C1F,* toward 1F,*.
as expected from the increase in bond lengths. The stretch-
stretcn interaction constants f,, and £, show smooth trends
from CIF,* 1oward 1F,*, similar to those observed for the
isoelectronic SF,, SeF,. TeF, scries, althougk the ielative
contributions from f,, and f,_ are different within cach series.

A comparison of the GVFF of CIF,* with that of SF, (sec
Table 11}* also shows excellent agreement, except for the
abaove noted difference in the relative contribution from f), and
Sir:

Conclusion. The Kr¥™* calion is capable o1 oxidizing CIF;
to CIF,* and provides a method for the synthesis of pure CIF,*
salts. Thus, KrF™ is the first oxidative fluorinator capable of
producing all three of the presently known coordinatively
saturated complex fluoro cations, NF,.*, BrF,*, and CIF*.
The synthesis of pure CIF,AsF, permitted 2 better charac-
terization of the CIF,* cation and the dei.rniination of a
general valence force ficld for CIF,*. The CI-F bond in CiF,*
(4.97 mdyn/A) is the strongest CI-F bond presently known,
suggesting highly covalent bonds with sp’d? hybridization of
the valence clectrons of chlorine, By unalogy with the known
NF,* chemistry, the existence of numerous stable CIF,* salts
is predicted.
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Wilson for his help with the preparation of KrF ., and to the
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Synihesis and Properties of CIF,BF,
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The only CIF,* salts presently known are CIF,PtF,. '
CIF SbF,, and CIF AsF,* To improve the encrgy content
of CIF,* salts, replacement of these reladvely heavv nonen-
ergetic MF,” {M = Pt, 5b, As) anions by a lighter one such
as BF, is desirable. Attempts in our laboratory failed 10
synthesize CIF,BF, by direet methods such as those used for
the preparation of CIF,MF, salts.* Conscquently, indireet
methods were sought 10 exchange the anion in CIF,*MF, for
BF,". Using low-temperature metathetical techniques, pre-
viously developed for NF,* salis,* we have sueeessfully con-
verted CIF AsF, to CIF,BF,.

Experimental Section

Materials aad Apparatus. CIF,AsF,* and CsBF,® were prepared
by known methods. The HF (Maiheson Co.) was dried by storage
over BiF,." Volatile materials were handled in a Teflon-FEP siainless
steel vacuum line that was well passivated with CIF, and ireated wilh
HF prior to use. Nonvolatile malerials were handled in the dry-
nitrogen aimuosphere of a glovebox. The melathesis was carried out
in a previously described double-U-tube filter apparatus.” The thermal
decompusition of CIF,BF, was studied in a previous!y described
sapphire apparatus.”

Infrared specira were recorded on a Perkin-Elmer Model 283
spectrometer that was calibrated by comparison with standard gas
calibration points.*'® Gas spectra were recorded with a Teflon cell
of 5-cm path length equipped with £gCl windows. Spectra of solids
were recorded as dry powders pressed between AgCl windows in an
Econo press {Barnes Engineering Co.). Raman spectra were recorded
on a Cary Model 83 spectrophotometer with use of the 4880-A exciting
linc of an Ar-ion laser and a Claassen filter'! for the elimination of
plasma lincs. Scaled glass or quartz tubes were used as sample
containers.

Syathesis of (\F,BF,. A mixture of CIF AsF, (0.5175 mmol) and
CsBF, (0.5171 mmol) was 10aded inio the double-U-tube metathesis
apparatus in the <-ybox. Dry HF (42 mmol) was condensed at -196
°C inio U apparatus on the vacuum Hac, and the IGXIuIC wad Wwaririd
for 30 min 10 25 °C with stirring. The apparatus was cooled to =78
°C and inverted, and the solid and liquid phases were separated by
filtration assisted by 2 atm of dry N, gas. The material volatile at
25 °C was pumped off for 1.5 h and separated by iractional con-
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11, 71 and references cited 1herein.

(6) Cantor, S.; McDermoly, D. P.; Gilpalrick, L. O. J. Chew.. Phys. 1970,
52, 4600,

(7) Christe, K. O; Wilson, W. W.: Schack, C. J; Wilsen, R. D. fnorg.
Synth., in press.

{8) Christe, K. O.. Wilson, R. D.; Goldberg, 1. B. fnorg. Chem. 1979, /8,
2572,

{9) Plyler, E. K.; Danli, A.; Blaine. L. R.; Tidwell, E. D. J. Kes. Nar!, Bur.

Stand., Sect. A 1960, 644, 841

tniernational Union of Pure and Applied Chemisiry. “Tables of
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worths: Washington, DC, 1961.
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Figure 1, Infrared and Raman spectra of solid CIF,BF, recorded ui
ambient lemperature. The broken line in the infrared spectrum is
due to absorption by the AgCl window material. The assignments
for CIF,* and BF," arc for point groups 0, and T, respectively.

densation through a series of traps kept at -112, ~142, and -196 °C.
It consisted of BF, ( ~0.08 mmot}, CIF; (~0.08 mmol}, and the bulk
of the HF solvent. The filier cake {199.6 mg, weigh calculated for
0.517 mmol of CaAsF, 166.5 mg) was shown by vibrational spec-
troscopy to consist of mainly CsAsF, containing small amounts of
CIFg* and BF, . The filirate residue {67.4 mg, weigh calculated for
0.517 mmol of CIF,3F, 122.1 mg, corresponding toa 55% yield) was
shown by vibralional speciroscopy to consist mainly of CIF,BF,
containing a small amoun of AsF, salts as impurities. The losses
of CIF,BF, can be attributed to hang-up of CIF,BF, on the filter cake
(27%) and some reduction of CIF,BF, (16%).

Results and Discussion

Synibesis and Properties of CIF,BF,. The successful syn-
thesis of CIFBF, according in

U1F solulion

CIF. AsF, + C<RF, ——= (sAcF,| + CIF RF
- ¥ - ~T8 *C eT e

demonstrates that the metathetical process previously devel-
oped ior the indirect synthesis of NF,* salts’ is transferable
1o CIF,* salts. The yield of oniy 55% for CIF,BF, can be
attributed 1o the following factors: (1) hang-up of some mother
liquor on the filter cake; (i) possibly, the use of an insufficient
amount of silvent causing precipitation of some CIF,BF,; (ii1)
reduction of some €17 2%, 10 CIF, and BF, by attack of metal
parts of the apparatus by this strongly oxidizing H1 solution.
No attempts have been made as y«t 10 maximize the yield by
varying or eliminating any of these conditions.

CIF,BF, is a white crystallire solid that is highly soluble
in anhydrous HF. It is stable at room temperature and starts
10 slowly decompose under a dynamic vacuum at about 70 °C
according to

CIF,BF, — CIF, + F, + BF,
The nature of the decomposition products was established by

their infrared spectra, which showed only the absorptions
characieristie for BF, and CIF;. An exhaustive vacuum py-

0020-1669/83/1322-1950801.50/0 © 1983 American Chemical Socicty
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rolysis of CIF,BF, was carried out at 110 °C and resulted in
only a small amount of a solid residue, which was identified
by Raman spectroscopy as CsAsF,,.

The presence of octahedral CIF,* and tetrahedral BF, ™ ions
in CIF,BF, was established by infrarcd and Raman spec-
trascopy. The spectra together with the observed frequencies
and assignments for CIF,* and BF, in point groups ¢, and
T,. respectively, are shown in Figure 1. The spectra confirm
our previous assignments for CIF AsF,, where », of CIF,* and
», of AsF, had almost 1dentical frequencics and had to be
assigned on the basis of their relative intensities.* The (re-
quencies and assignments for BF,” in CIF,BF, closely corre-
spond to those ;n NF,BF,.!°

Conclusion. The successlul synthesis of CIF,BEF, and its
relatively good thermal stability confirm the previous prediction
of unusual stability for salts containing coordinatively saturarsd
cations.' 1lowever, as expected, the thermal stability of CIF,*
salts is inferior to that of NF,* salts?

Acknowledgment. The authors are grateful 1o C. ). Schack,
I.. R. Grant, and R. D. Wilson for their help and to the Offies
of Naval Research and the Army Research Office for financial
support.

Regisiry No. CIF,BE,. 8%662-35-0.
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APPENDIX C

SOME INTERESTING OBSERVATIONS IN CHLORINE OXYFLUORIDE CHEMISTRY

KARL O, CHRISTE AND WILLIAM W. WILSON

Rocketdyne, A Division of Rockwell International Corporation,
Canoga Park, California 91304 {(U.S.A.)

SUMMARY

A new synthesis of FOClO, was discovered involving the

3
fluorination of ClO4 with C1F6+. An unexpected oxygen
abstraction from C1F4O- was observed when CsClF40 was reacted
with FOSOzF.
INTRODUCTION

We wonld like to report two interesting reactions observed
during our studies in the area of chlorine oxyfluorides. The
first reaction involved the low-temperature metathesis of
C1F6A5F6 with CsClO4 in anhydrous HF solution. In view of the

known NF4 reaction [1]

+ CsClO4——H£—'--- CsSbF, + NF,Cl0O

ke AT ~45°C 6 4€104

4 6

25°C
NF4C104 —i NF3 + I-"OClO3

it was interesting to study whether CI1F

6+ is alsc capable of




oxidizing c1oq' to FOCl0,. The thermal stability of C1F_C10,
was found to be lower than that of NF4C104[11 and did not
permit the isclation of solid ClF_Cl0, even at temperatures as

6 4
low as -45°C. However, the corresponding decomposition products

FOClO3 and ClFS, woere observed in good yield.

HF

&7 —
C1F6A¢r6 + C.‘sClO4 pvEaye CSASFG* + [C1F6C104]
[C1F6C104]—————4-C1F5 + FOClO3

Although this presents an alternative synthetic path to FOC103,
the NFd* reaction is preferred from a synihetic point of view

since the NF4SbF5 starting material is more readily accessible

[2].

The second reaction involved CsCquo and FOSOzF. Fluorine
fluorosulfate 1s known to be a usefnl reagent for the synthesis
of hypofluorites (3], =ach as

CsTeFSO + FOSOZF —— CSSO3F + TeFSOF
For CsCquo, however, the major reaction was not the formation
of either the unknown C1F40F or its expected decomposition
products, but oxygen abstraction accompanied by 502F2 elimi-
aticn according to the following reaction.

= CSULF,U ¢ FUSUF ———= USCLF, + SU P, + U

2 4 272 2

This unexpected reaction path might be rationalized in terms of
} an addition of FOSOZF to the Cl=0 bond in one of the favored

- resonance structures of C1F40-[4], followed by an intramolecular

= Cc-2




nuclecophilic substitution (SNl) reaction accompanied by O2

and SO?F2 elimination:

/\
o)
/> - /‘(} \S=o = 1"
© \O MN>rp T
70
F ” F F | F F l F
. cl/ +F0502F \ cl(; ._-L ~ 1 -~
- F. _ _ea. T
F/_l_ F F/l F e F/l\F

To our knowledge, this is the fir. example of a reaction in
which FOSOzF acts as a deoxygenaitin, agent.

EXPERIMENTAL

Apparatus. Volatlle materials were handled in a stainless
steel-Teflon FEP vacuum line [5]. The line and other hardware
used were well passivated with ClF3 and, if HF was to be used,
with HF. Nonvolatile materials were handled in the dry nitrogen
atmosphere of a glovebox. Metathetical reactions were carrizc¢

out in HF solution using a previously described apparatus [6].

Ilnfrared spectra were rcuoorded on a Perkin Elmer Model 283
spectrophotometer. Spectra of solids were obtained using dry
powders pressed between AgCl windows. Spectra of gases were
obtained by usina a Teflon ¢«ell of S em nath lenaoth eguipped

with AgCl windows. Raman spectra were recorded on a Cary
o
Model 83 spectrophotometer using the 4880-A exciting line of

an Ar-ion laser.

Materials. Literature methods were used for the syntheses
of C1F6A5F6[7], C5C1F40[8] and FOSOzF[9] and for the drying of



the HF solvent [10]. The CsClO4 (ROC/RIC) was used as received,

Reaction of CI1F AsF, with CsC1l0,. In the drybox ClF AsF,

(0.318 mmol) and CsClO4 (0.304 mmol) were placed into the

bottom U-tube of the metathesis apparatus [6]. Or the vacuum
line, dry HF (1.1 ml of liquid) was added at -78°C. The resulting
mixture was agitated at -45°C for 1.5 hr and then filtered at
-78°C through a porous Teflon fiilt~2r while the filtrate was
collected at -45°C., All material volatile at -45° was pumped
off for 2.5 hr and separated by fractional condensation through
a series of traps kept at -126, -142 and -196°C. The -126°
trap containad the HF solvent and a small amount of FClOZ, the
3 and ClF5 (0.445 mmol),
and the ~196° trap contained FClO3 (0.128 mmol}. Essentially
no filtrate residue was left behind. The white solid filter

~142° trap contaired a mixture of FOC1O

cake (106 mg, weight calcd for 0.304 mmol of CsAsF, 98 wmg) was

The

6
identified by infrared and Raman spectroscopy as CsAsF

6"
FClO3 formed in the above reaction is attributed to decompo-
s.vion of a small amount of F0C103. For a larger scale reaction,

the percentage of FClO3 in the product is expected to decrease

significantly.

Caution! Fluorine perchlorate is highly shock sensitive
{11] and proper safety precautions must be taken when working

with this material.

Reaction of CsCquo with FOSOzg; In the dry box CsClF40
(2.24 mmol) was placed into a 10 ml stainless steel cylinder.

On the wvacuum line FOSOZF {(4.97 mmol) was added to the cylinder

at -196°C. The cylinder was kept at 0°C for 3 days, then cooled




to -196°C. Oxygen (2.23 mmol) was pumped off at -196°C, and
all material volatile at ambient temperature was separated by
fractional condensation through traps kept at -112, -142, and
-196°C. The -112° trap qontained small amounts of C1F3O, FC10
and C1F3. The -142° trap contained FOSOZF (2.6 mmol) and SOzF
(1.7 mmol), and the -196° trap showed 502F2 {0.52 mmol}. The
white so0lid residue showed a welght loss of 39 mg {calcd weight
loss for 1.12 mmol of 0, 36 mg) and was identified by infrared

and Raman spectroscopy as CSC]F4 [12] containing a small amount

of CSSOBF.

2
2

ACKNOWLEDGEMENTS

The authors are grateful to Drs. C. J. Schack and L. R. Grant
and Mr. R. D. Wilson for their help and to the Army Research

Office and the Office of Naval Research for financial support.

REFERENCES

1 K. O. CHRISTE, W. W. WILSON, and R. D. WILSON, Inorg. Chem.,
19, 1494 (1980).

2 K. O. CHRISTE, C. J. SCHACK, and R. D. WILSON, J. Fluorine
Chem., 8, 541 (1976).

3 C. J. SCHACK, W. W. WILSON, and K. O. CHRISTE, ITnorg. Chem.,
22, 18 (1983).

4 K. O. CHRISTE and E. C. CURTIS, Inorg. Chem., 11, 2209 (1972).

5 K. O, CHRISTE, R. D. WILSCON, and C. J. SCHACK, Inorg. Synth.,
in press.

6 K. O. CHRISTE, W.W. WILSON, C. J. SCHACK, and R. D. WILSON,
Inorg. Synth., in press.

7 K. O. CHRISTE, W. W. WILSON, and E. C. CURTIS, Inorg. Chem.,
22, 3056 (1983).




K. O. CHRISTE, C. J. SCHACK, and D. PILIPOVICH, Inorg.
Chem., 11, 2205 (1972).

F. B. DUDLEY, G. H. CADY, and D. F. EGGERS, J. Am. Chem. Soc.,
78, 290 (1956).

K. 0. CHRISTE, W. W. WILSON, and C. J. SCHACK, J. Fluorine
Chem., 11, 71 (1978).

K. O. CHRISTE and C. J. SCHACK, Adv. Inorg. Chem. Radiochem.,
18, 319 (1976).

K. 0. CHRISTE and D. NAUMANN, Inorg. Chem., 12, 59 (1973).




TR e T —

R i R

o,
Lo 3
T
A

Jowrnal Fluorine Chenistry, 20(1982) 751 757 751
APPENDIX D

Fceived: December 18, 1981

SYNTHESES OF NF,+ SALTS DERIVED FROM THE LEWIS ACIDS AIF. AND BeF2
1} 2

KARL ©. CHRISTE, WILLiAM W, WILSON AND CARL 4. SCHACK

Rocketdyne, a Division of Rockwell International Corperation,

Canoga Park, California 91304 (U.S.A.)

SUMMARY

The new salgs NFhBeZFS and NFhAth were prepared from concentrated NFhHF2

solutions and Ez2F, and AIF, respectively.

2 3

INTRODUCTION

Salts containing the NFh+ cation are of significant practical interest
for high detonation pressure explosives [1] or solid-propellant NF3-F2 gas
generators for chemical lasers [2]. For these applications, it is desirable
to maximize the usable fluorine content, expressed as weight percent of

£ osb
i 0

the s2lt.

0

fluorine available as F2 or Mr3 upon thermai decwiposstion o
Optimization of the usable fluorine content is best achieved by the selection
of an anion which is as light as possible, is multiply charged and, if
possible, is itself an oxidizer capable of fluorine evolution. Of the
presently known NF, " salts, (NF,) NiF, (64.6%), (NF,) MnF, (59.9%),
(NF,),SiF, (59.0%), (NF,) TiF, (55.6%) and NF,BF, (53.7%) have the highest
usable fluorine contents. Thecretically, a further increase in the usable
fluorine content of NFQ+ salts should be possible by the use of the very
light and multiply charged anions, Bthz_ and AIF63‘. Their NFh+ salts

would have a usable fluorine content of 71.7 and €9.3 percent, respectively.
In this paper, we report on the syntheses of NFI‘+ salts containing anions
derived from BeF2 and A]F3.

0022-1139/42/0000-0000/302.75 © Blsevier Sequoia/Printed in The Netherlands
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Preparation of NF,Be.F. Ory CsF (30.34 mmol) and NF,SbF (30.47 mmol)

were loaded in the d;;iox into one half of a prepassivated Teflon double-U
metathesis apparatus. Dry HF (20 ml) was added on the vacuum line and the
mixture was stirred with a Teflon coated magnetic stirring bar for 15 minutes
at 25°C. After cooling the apparatus to -78°C, it was inverted, and the
NFhHF2 solution was filtered into the other half of the apparatus which con-
tained 12.14 mmol of BeF,. The mixture was stirred for 65 hours at ZSOC,

followed by removal of m§5t of the HF until the onset of NFhHF2 decomposition
became noticeable. The concentrated mixture was stirred at ZSOC fer 14 hours
and a clear, colorless solution resulted. All volatile materials were pumped
off at 55°C for 15 hours, leaving behind a white solid (1.448g, 97% yield
based on Ber) which, based on its elemental analysis, had the following
composition {weigh' %): NFhBeF3-I.068eF2, 84.06; NFthFe, 11.23; CsSbF6 L.
Anal. Caled: NF3, 31.45; Be, 7.58; Cs, 1.70; Sb, 5.75. Found: NF3, 31.43;

Be, 7.58; Cs, 1.69; Sb, §.74.

Preparation of NF, AIF, Freshly prepared AIF3 {0.469g, 5.58 mmol) was combined

wi th NFhHF2 (generated as described abuve from 33.8 mmol of NFthFe) in 35

ml of HF, The mixture was stirred at 25°C for } hour, then most of the HF

solvent was pumped off until incipient decomposition of NFI‘HF2 became notice-
able. After stirring for 2 hours at ZSOC. this concentrated mixture turned
into a clear sclution. The remaining HF sclvent and the excess of NFQHF2 were
removed at 55°C for 4O hours in a dynamic vacuum. The weight (1.257g) of the
solid white residue agreed with that expected for 5.58 mmol of NFhAIFh

{1.0779) containing, as in the case of the analagous NFhBezFS preparation,
about 17 weight % of NFthF6 and CsSbF6. The presence of these ions was
confirmed by vibrational spectroscopy which also demonstrated the absence of

any unreacted NFAHFZ'

RESULTS ANO OISCUSSION

The syntheses of (NFh)ZBth and (NFh) A1F6 by direct methods involving NF

3 3’
F2 and the corresponding Lewis acid in the presence of an activation energy
source {9] is not possible because BeF2 and AIF3 are nonvolatile polymeric

solids. Simple metatheses

solvent JMSLF

M3AIF6 + 3NFthF6 eyt (NFh)3AIF6

were also investigated where M was either Cs or Na and the solvents were

either BrF, at 25°¢, HF at -78°C or molten NF,SbF,

at 275°C under 1000 psi
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Preparation of NFJ:BeZ_I-:5 Dry CsF (30.34 mmol) and NF,SbF {30.47 mmol)
were loaded in the drybox into one half of a prepassivated Teflon double~U
metathesis apparatus. Ory HF (20 ml} was added on the vacuum }ine and the
mixture was stirred with a Teflon coated magnetic stirring bar for 15 minutes
at 25°C. After cooling the apparatus to -78%, it was inverted, and the
NFhHF2 solution was filtered into the other half of the apparatus which con-
tained 12.14 mmol of Ber. The mixture was stirred for 65 hours at ZSOC,
followed by removal of most of the HF until the onset of NFhHF2 decomposition
became noticeable. The concentrated mixture was stirred at ZSOC fer 14 hours
and a clear, colorless solution resulted. All volatile materials were pumped
of f at SSOC for 15 hours, leaving behind a white solid {1.448g, 97% yield
based on Ber) which, based on its elemental analysis, had the following
composition {weigh* %l1: NFhBeF3-1.068eF2, 84.06, NF“SbFG, 11.23, CsSbF6 k.71,
Anal, Calcd: NF3, 31.45; Be, 7.58; Cs, 1.70: Sb, 5.75. Found: NF., 31.43;

3
Be, 7.58; Cs, 1.69; Sb, 5.74.

Preparation of NF,AIF, Freshly prepared AIF3 {0.469g, 5.58 mmol) was combined

wi th NFQHF2 (generated as described abuve from 33.8 mmol of NFthFG) in 35

ml of HF, The mixture was stirred at ZSOC for 1 hour, then most of the HF
solvent was pumped off until incipient decomposition of NFhHF2 became notice-
able. After stirring for 2 hours at ZSDC, this concentrated mixture turned

into a clear solution. The remaining HF solvent and the excess of NF“HF were

2
removed at 55°C for 40 hours in a dynamic vacuum. The weight {1.257g) of the

solid white residue agreed with that expected for 5.58 mmol of NFQAIFQ
(1.077g9) containing, as in the case of the analagous NFhBezF preparation,

about 17 weight % of NF

5
thFG and CsSbFG. The presence of these ions was

confirmed by vibrational spectroscopy which also demonstrated the absence of

any unreacted NF“HFZ.

RESULTS AND OISCUSSION

The syntheses of (HFQ)ZBeF“ and (NF“) AIF6 by direct methods involving NF

3 3
F2 and the corresponding Lewls acid in the presence of an activation energy

source [9] is not possible because BeF, and AIF, are nonvolatile polymeric

2 3
solids. Simple metatheses
solvent
H3A|F6 + 3NFthF6 —_— 3HSbF64 + (NFQ)3A]F6

were also investigated wirere M was either Cs or Na and the solvents were

either BrF, at 25°C, HF at -78%C or molten NF,SbF, at 275°C under 1000 psi

5 Y6
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NF3 and F2 pressure. In all cases, no evidence for (NFI‘)3

AIF6 was obtained,
2
probably because the AIF63 and Bth anions are very strong Lewis bases

which undergo rapid solvolysis, such as

3_ = -
AIF6 + 2HF - 2HF2 + AIFQ

This metathetical approach was further complicated by the fact that the MIFI_I

salts appear to be quite insoluble and therefore cannot be separated from

the highly inscluble alkali metal SbF6 salts. Since previous studies in
our laboratory had demonstrated that these solubility and separation problems
can be overcome by digesting a polymeric insoluble Lewis acid, such as U{JF.,+ [1o]

or WOFh [11}, in a large exess of a highly concentrated NFQHF solution, this

2

approach was also applied to AIF3 and BeFZ.

The concentrated solutions of NFHHF in HF were prepared according to

2
HF

NF,SbF, + CsHF, ——— CsSbF

+ NF, HF
47706 2 _28%

6+ 42

followed by its addition to either A1F3 or Ber. After digesting these

mixtures at ZSOC until clear solutions were obtained, the excess of unreacted
NF HF_., which in the absence of a solvent is unstable at 25°C, was decomposed

g’

at 557¢C

NFHF, > NFy + F) + HF

and pumped off. Based on the observed material balances and spectroscopic
and elemental analyses, the solid residues consisted of mainly NFI‘BeZF5 and
NFhAth with some NFthFe and CsSbF6 as the expected impurities., Attempts

to purify NFhAth by recrystallization or extraction with HF were unsuccessful

due to the low solubilities of the salts involved and due to solvolysis. It
appears that the presence of a high HFZ- ion concentration is required to
diminish the acidity of the HF solvent and to suppress the solvolyses of the
5Lrong Lewis bases A!F63-, Alrh- or Bthz-. The fazt that at the cond of the
digestion periods of AIF3 or BeF2 in HF solutions of NFLIHF2 clear solutions
were obtained, while NFI_IJCHFI_I and NFnBest appear to possess only limited

solubilities in HF, suggests the pessibility that, inthe presence of a large

excess of HFZ-, either AIF63- or Bthz- might exist in these suvlutions.

Obviously, an excess of HF2

should suppress the following solvolysis reactions

3- =) =
6 y * W,

ATF,” + HF — ALF, + HF,

AlF + 2HF -+ AIF
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Unfcrtunately the nature of the complex fluoro anions in these solutions
could not be established because these anions are inherently poor Raman

ISF NMR signals due to rapid

scatterers, Nor o they result in separate
exchange with ihe HF solvent,

Although the above described experiments did not permit the isolation of
either (NFz.)y“F(, Y
salts NFhBezF5 and NFQAIFQ. The existence of the BezFs anion is well known,

and the infrarvec spectrun observed for NFQBGZFS {see Figure 1} confirms the

or (NFh)zBeF&, they resulted in the syntheses of the new

presence of BezFr- [12). Due to the poor scattering by the anion, the Raman

+
spectrum of NFhBt (see Figure 1) is dominated by the th lines. These

2fs +
lines are in excellent agreement with a tetrahedral NFh cation exhibiting
splittings into the degenerate components of each mode due to site symmetry
lowering or slight distortion of the cation. The assignments for NFh+ agree
well with our previous observations [13] and are summarized in Table 1.

The results of this study demonstrates that, in principle, the synthesis

of NFI‘+ salts containing complex fluoro anions derived from either AIF3
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Fig. 1. Infrared and Raman Spectrum of Solid NFhBest
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fluorine chemist.

TABLE 1

strongly basic AIF63- or Bth2

. - - - + - *
or BeF_, is possible. However, the isolation of NFN salts containina the

anions remains a challenge for the synthetic

for financial support.

Vibrational Spectra of NFhBe F5
Obsd freq, Cm-] and rel. intens. Assignment for NFh+
) N ) o - in point group Td
IR Ra
2310vw 2\‘3(Al +E+F)
1995 w vy v, (Fz)
1455 v v
w + {F.)
1444 I
1234 l
1220 ‘mw 2v, (A‘ + £+ rz)
1210
1185 sh 1189 (1.0)'
1160 vs 1158 (1.0) V3 (F,)
1145 sh‘ 1141 (l.o)‘
955 s5,br BeZF5
851 (10) 2 (AI)
765 ms, br}
690 ms, br BezF5
623 mw ) 621 (1.9)}
611 m 610 (3.3)‘ vy, (Fy)
597 mw ‘ 599 (2.4)
558 vw
498 vw
458 (z.z)!
L~ fo 1\ U-[E)
FHyo1L. 1)y Fa
436 m )
416 ms 1 BezF5
400 mw
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Perfluoroammonium Salts of Meial Heptafluoride Anions
Willaim W Wilvar and Karl O Christe®
Recened Ocrober 2] 108
Due e nhigh-cacrgy conicnt and unusual Rinetie siatbiiiny,
the NF,* cation is a unique oxidizer. Tts salts have found
numerous applications such as solid propellant NI~ gas
peneratars for chemical HE-DF Lisers.! ingredients in high
detonation pressure explosives,” and fluorinating ugents Tor
aromatic compounds.’  Although the NFJ* cuion has sue
k- cessfully been combined with a large number of different
| anions in the Torm of stable salts, all these anions were derived
from relatively strong Lewis acids, and their number of ligunds

‘ did nut exceed six. It was therelore of interest 1o explore
5 whether NF,™ salts containing metal hepta{luoride anions can
it exist.

Experimental Section

Apparatus, M olatle materials used 1 this work were handled i
wstainlesssteel=-Tellon FEL vacuum line: The ling and other hardw.are

(I Chesle, kG Wilson, © <0 Schaek, U Jrorg Chem 1977, 16,927
5 120 Chrste. K QU S S, 1207 124, 1980
:‘!‘ 3 Sehavk, C J L Chosie, KO Fluorine Cheme 1981, 18, 363




A
o

WML inorganic Chemistry, Vol 24, No. 5, 1982

used were well passivated with CIF, and. if HF was to be used, with
HF. Nonvolaule materials were handled in the dry-mitrogen atmo-
sphere of a glowebox. Metathe tical reactions were carried out in HF
solution with an apparatus consisting of two FEP U-traps intercon-
nected through a coupling containing a porous Teflon filter.*  Thermal
decompuosition measurements were carried out in a2 previously de-
scribed® sapphire reactor

Infrared spectra were recorded 1a the range 4000 200 cm "ona
Perkin-Elmer Madel 283 spectrophotometer, Spectra of solds were
obtained by using dry powders pressed between AgCl windowsn an
Econo press (Barnes Fngincering Co ). Spectra of gases were obtained
by using a Teflon cell of S-cm path length equipped with AgCl
windows.

Raman spectra were recerded on a Cary Model 83 spectropho-
tometer using the 4880-A exciting line of an Ar 10n laser and Claassen
filter® for the eimination of plasma lines. Sealed glass, Teflon FEP,
or Kel-F tubes were usend as sample containers in the transserse-viewing
transverse-excitation mude. Lines due to the Teflon or Kel- F sample
tubes were suppressed by the use of a metal mask.

Flemental analyses were carried out as previoushy descnibed ’

Materials, biteraiure methods were used for the syntheses of
NESBES and NFHF, solutions in HE®*  1lydrogen fluonde
(Matheson) was dried by storage over BiF, 1o remove the 1,0 1°
Tungsten hexafluoride (high punty. Alfa) and UF, (Allied) were used
as recened. Cesium Muonde (KBDH was dried by fusion in a platinum
crucible and ground in the drybox.

Preparation of NFWF,, Dry CoF (150 mmudtand NFSBF, (150
mmol) were loaded in the drybox intw hall of a prepassivated Teflon
double 1! metathesis apparaius. Dy HE (15 mL of liquid) was added
on the vacuum line, and the mixture was stirred with a Teflon: coated
magnetic stirring bar for 15 min at 25 *C. After the apparatus was
cooied to =78 °C, it was imverted and the NFF, solutior was filtered
into the other half of the apparatus. Tungsten hexafl roride (22,5
mmol) was condensed at -196 °C onto the NF,4F.. The mixture
was warmed (o ambient femperature, and two immiscible liquid phases
were observed. After 30 mun of vigorous stirring at 25 °C, the lower
W'F, layer dissolved in the upper HF phase. Must of the volatile
products were pumped of[ at ambient temperature until the onset of
NFHF, decompusition became noticeable (NF, evolution). An
additional 8.0 mmol of WF, was added at =196 °C 1o the residue.
When the mixture was warmed to ambient temperature, a white solid
product appeared in the form of a slurry, All material volatile ar ~31
2C wus pumped off for 1 h and consisted of HF and some NF,. An
additional 14 5 mrmol of W, was added to the residue, and the
resulting mixiure was kept at 25 °C for 14 h. All material volatile
at =13 *C was pumped off for 2 h and consisted of HF and WF,,
The residue was kept at 22 °C for 2.5 days, and pumping was resumed
at-13°C for 2.8 hand at 22 °C for 4 h. The volatiles, collected
at =210 °C, consisted of some HF and small amounts of NF; and
WF,. The white solid residue (5.138 g, 84% vield) was shown by
vibrational and '°F NMR spectroscopy to consist mainly of NF,2WF,
with small amounts of SbF, as the only detectable impurity. On the
basis of its elemental analysis, the product had the following com.
position (weight ) NF,WF;, 98.39; CsSbF,. 1.61. Anal. Calcd:
NF;, 17,17, W, 44,46, Cs, 0.58; Sb, 0.53. Found: NF,, 17.13, W,
44.49; Cs, 0.54; Sb, 0.55,

Preparation of NF,UF,. A solution of NF,HF; in anhydrous HF
was prepared from CsF (14.12 mmol) and NF,SbF, (14.19 mmol)
in the same manner as described for NF,WF,. Most of the HF solvent
was pumped off on warmup from -78 *C loward ambient temperature
until the enset of NF,HF, decomposition became noticeable. Uranium
hexafluoride (14.59 mmol) was condensed at -196 °C into the reaclor,
and the mixture was stirred at 25 °C for 20 h. The materia! volatile
at 25 °C was bricfly pumped off and separated by fractional con-

{4) Christe, K. O.; Schuck, C. J ; Wilson, R. D, fnorg, Chem. 1977, 16, 849.

{5) Christe, K. O.; Wilson, R. D.: Guldberg, . B. fnorg. Chem. 1979, 18,
2572,

(6) Claassen, H. H : Selig, . Shamir, ). J. Appl. Specrrosc. 1969, 25, B,

{7) Rushwonih, R Schack, C. 1.; Wilson, W. W, Chrisie, K. Q. Anal.
Chem, 1981, 53,845

(8) Chnste, K. 0. Schack, C. J; Wilson, R. D. J. Fluorine Chem. 1976,

8. 541,
1) Chnste, K. O, Wilson, W. W.. Wilson, R. D. faorg. Cherr. 1980, 10,
1494.
(10) Christe, K. O.; Wilson, W. W, Schack, C. J. J. Fluorine Chem. 1978,
11,71,
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Figure 1. Vibrational spectra of sohd NF,WFEF and NEF,UT; traces
A and D, infrared spectra of the dry powders pressed between AgCl
disks (the broken lines indicate absorption due to the AgCl window
material); traces B, C, and F, Raman spectra recorded at different
sensilivities and resolution.

densation through traps kept at -78, -126, and 210 °C. It consisted
of HF (6.3 mmol), UF, (9.58 muiol), und a trace of NF,. Since the
NF HF, solution had taken up only about unc-third of the stoi-
chiometric amount of UF,, the recovered UF, was condensed back
into the reactor. The mixture was stirred a1 25 °C for 12 h, and the
volatile material was pumped off again and separuted. It consisted
of HF {12.8 mmol). UF, (1.7 mriol). and i trace of NF,. Continued
pumping resulted in the evolution of only a small amount of UF,, but
no NF, or HF, thus indicating the absence of any unreacted NFHF..
The pale vellow solid residue (5.711 g, 88T vield} was shown by
vibrational and ""F NMR spectroscopy and clemental amalysis to have
the fallowing composition {weight 70 NFUF, 9747 NIL,U510,
1.50; CsSbF,, 1.03. Anal. Caled: N¥, 15.34; 1, 50.32; Sb, 0.90:
Cs, 0.37. Found: NF;, 15.31; U 5C.2: Sb, 0.90; Cs, 0.37.
Results and Discussion

Synthesis of NF,XF, Salts. The synthesis of NF XF; salts
ptoved rather difficull because melal hexafluorides are weak
Lewis acids and exhibil only a moderale tendency to form the
encrgetically relalively unfavorable heptafluoro anions.
Conscquently, neither direcl synthetic methods, based on the
reaction of NF; with Fy and a Lewis acid in the presence of
an aclivalion energy source,'' nor indircel methods such as
displacemeni reaclions'? or metathesis in anhydrous NF so-
lution'® could be used. For example, anhydrous HF displaces
UF, from NOUF, or CsUF;."" However, in the course of

(11} Chrisie, K. O.; Guertin, J. P.; Pavlath, A, £ US. Patem 3503719,
1970.

(12) Christe, K. O.; Schack, C. J: Wilson, R. U. fnorg. Chem, 1976, 15,
1275.
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a recent study in our laboratory a method for the prenaration
of (NF,).SiF, was discovered™ in which equilibrium ) was

INFHE nHFE + SiF, .- (NFOSIF, + 20 + DHE (1)

successfully shifted to the right by repeatedly treating a highly
concentraied NF,HF,-HF solution® with an excess of 5iF,
while periodically stripping off the HF. This method has now
been extended to the synthesis of NF,WF, und NFUL; ac
cording 10 (2} and provided the first known examples of NF,*
salts containing complex anions with more than six ligands
about their central atom.

NF,HFaHF + XF, .- NFXF; + (n + DHF
(X =W, 1)

The purity of the NF,XF; salts prepared in this manner was
about 98 weight % with CsSbF, and NF,SbE, as the principal
impurities. Product purification by recrystallization from HF
solution was not possible due to equilibrium 2, which in the
presence of a large excess of HF is shifted to the left. The
yields of NF,XF, were about 86'Z, on the busis of NFHF,.
with most of the WEN, vadues fust being due io hang up of
some mother liquor on the CsSbF, filter cake during the
metathe ical preparation of NF,HF, according to (3).

HF
NF,SbE, + CsHF, — CsSbFy| + NE,HF,  (3)

Physical Properties. NF,WF,; und NF,UF, are white and
pale yellow, respectively, and are moderately soluble in BrF;.
They are crystallinie, hygroscopic solids that are stable in a
dynamic vacuum at 125 °C. At higher temperatures, both
salts decompose according to (4}, with no evidence for the

NF,XF, -+ NF, + F, + XF, (4
formation of stable, volatile, higher valence state florides. The

ratio of NF, 1o XF; in the decomposition products was shown
to be 1.1, and the vibrational spectra of the solid residues

(13) Bougon, R.; Charpin, P.; Desmoulin, J. P.; Malm, J G. frnorg Chem.
1976, /5, 2532
(14) Wilson, W. W Chiisie, K. O. J. Fluorine Chem 1982, 19, 253

showed no ¢vidence for doubly charged antons, These ob-
servations indicate that neither the stepwise (¢q 3) nor re-

MUY, -+ MJUF, + UF, 5
ductive {eq b) decomposition, previously observed for the
N':UFB =M ‘-lFF'_! + ! .‘l;.‘ (h)

alkali-metal salts,'* are significant for the NF,* salts, Based
on the obser cd decomposition rates in a dynamic vacuum
145 °C (NF,UF;, 25% decomposition/h; NIF,WF,, 1.4%
decompasition/h), NE,WE- is thermally somewhat more stable
than NF,UF,.

Vibrational Specira. The infrared and Raman specira of
NFWE, and NF,UF,; arc shown in Figure 1, and the observed
frequencies and their assignmenis are summarized in Table
1. These spectra establish bevond doubt the presence of NF?
cations'* and WF, '"*and UF, anions'’ and also demunstrate
that, under the given reaction conditions, no significam
amounts of XF,” salts are formed.

1°F NMR Specira. The ionic nature of the NF XI5, salis
in BrF, solution was csiablished Dy " AR speciiomcapy.
For NF,WF; a1 -60 °C two signals, a triplet of equal imens.ity
at ¢ = 222.7 with S = 232.7 Hz and a hall-line width of
2 Hzand a singlet at ¢ = 142.2 with a half-line width of 2.8
[z and missing "W satelites were observed which are
characteristic for NF,* 4% and WF; "7 respectively. Anarea
intcgration of the two signals showed a satio of 4:6.99, in
excellent agreement with the expected ratio of 4.7, These two
signals changed very little when the sample was warmed to
ambient temperature; however, the solvent signals which at
=60 °C were well resolved collapsed at 25 °C 1o a single peak.
For NF,UF; at -60 °C, again, well-resolved signals for the
Brk solvent and NF,* were observed, but the UF; signal
could not be deteeted. These observations rule out a rapid

(150 Chnste. K. O Spectrochuy Acta. Part 4 1980, 364,921 and refeicnces
cited therein.

{16} Beuter, A; Kuhlmann, W, Sawodny, W. J Fluorine Chem. 1975, 6,
kLYS

(17) Prescoi. A Shaip. D. W A Winfield, J. M /. Chem. Soc., Dalton
Trans. 1975, 934,




exchange between UF.~ and either the BrF. solvent or NF,*,
but can be explained by the relatively large (400-600 Hz)
half-line width previously reported' for UF.",

Conclusion. The successful svnth.sis of NF,WF- and
NF,UF. shows that cven very weak Lewis acids such as metal
hexafluorides are capable of forming stable NF,* salts. This
surprising result 1s a furtker manifestation of the unigue
propertics of the NF,* cation.
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The NF XcF; sah was prepared from XeF, and NF,HF, and was converted to (NF,),XeFy by selective laser pholobysis.
These new salts and the known CsXeF, and Cs;XeFy were characterized, and their vibrational spectra are reporied. Evidence
is presenied for the existence of a stable NaXeF, sali. The presence of different phases in solid XeF, was confirmed by

Ruman spectroscopy.

Introduction

Perfluoroammonium salts are the major ingredient in sol-
id-propellant NF,-F, gas generator compositions for chemical
lasers.! For these applications, the active fluorine content
should be high, and 1he evolved gases should conta’a, besides
F; and NF,, only inert pases lo avoid deaciivalion of the laser.
Removal of undesired gases such as the parent Lewis acids
of 1he salis’ anions can be accomplished by the addition of a
suilable alkali-melal fluoride which forms a nonvolaiile clinker
with the Lewis acids.? However, 1he additional weight of 1he
clinkering agenls lowers 1he effective fluorine yields of these
composilions and renders 1hem less desirable. This problemn
might be circumvenied by 1he use of NF,* salts conlaining
noble-gas fluoride anions which, on decomposition, would yield
addilional fluorine values and incrl noble-gas diluent as the
only byproducl. In this paper we report the successful synihesis
of 1he first known examples of INF,* salts comaining noble-gas
fluoride anions and the characierizalion of the XeF, and
XeFg* anions.

Experimental Section

Cautiont Hydrolysis of XeF, and of its NF,* salts produces highly
sensitive xenon oxides and resulls in violent explosions. These com-
pounds must therefore be handled with the necessary safety precautions
and in the complete absence of maisture

Materials and Apparatus. The apparatus, handling procedures,
analytical methods, and speciroscopie teehniques nsed in this swudy
have previously been described.’  Literawre msthods were used for
the preparation of XeFe,,* CsXe¢F,;, Cs;XeF,.* and 1the NF,HF,
solution in anhydrous HF.*  Crsium fluoride {KB)) was dried by fusion
in a platinum erueivle and gronnd in the drybox.

Preparation of NF XcF,. Dry CsF (15.54 mmol) and NF,SbF,
115.65 mmol} were loaded inthe drybox into half of a prepassivated
Teflon U metathesis apparatus. Dry HF (9 mL of liquid) was added

{1) Christe, K. O, Wilson, ®t. D; Schack, C. 1. Inorg. Chem. 1977, 16, 937.
(2) Christe, K. O.; Schack, C. J.; Wilson, R. D. Inorg. Chem. 1977, 16, 849,
{3) Wilson, W, W.; Christe, K. Q. lnorg. Chem. 1982, 21, 2091,

(4) Malm, J. G.; Schreiner, F.; Osberne, D. W. fnorg. Nuci. Chem Let:,

1965, 1, 97,

(5) Peacock, R. D.; Selig, H.; Sheft, 1. J. fnorg. Nucl. Chem. 1966, 28,
2561,

Christe, K. O.; Wilson, W. W.. Wilson, R D fnorg. Chem. 1980, 19,
1494.
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on the vacuum line, and 1he mixture was stirred with a Tellon-coated
magnatic stirring bae for 45 min at 25 °C. Afler the apparalus was
vooled to -78 °C, it was inverted and 1he NF,HF, solution was filiered
into the other hall ol the apparatus. Most of the HF solvemt was
pumped off during warm-up from =78 °C 1oward room 1emperature
until the first signs of NF,HF, decomposition became noticeable. Al
this point the solution was cooled 10 =196 °C and XeF, (17.87 mmol}
wus added. The mixture was warmed 10 25 °C and stirred for 12
h. Although most of the XeF, dissolved in 1he liquid phase, there
was some evidence for undissolved XeF,. Material volatile at 25 °C
was removed under a statie vacuum and separated by fractional
condensation through traps kept at ~64 and -196 °C. Immediately,
a while copious precipitaie formed in the reactor bul disappeared after
about 10 min, resulting in a clear colorless solution. As soon as the
first signs of NF,HF, decomposition were noted, removal of volaliles
was stopped and the reactor was cooled 10 -196 °C, The HF collecied
in the 196 °C trap was discarded. bui the XeF, collected in 1he ~64
°C trap was reeyeled into the reacior, resulting in a yellow solution
al room temperalure. This mixture was stirred at 25 °C for several
hours, followed by removal of the material volatile at 25 °C under
a dynamic vacuum. The volatiles were separaled by fruelional con-
densation through traps kepl at =210, -126, and -64 °C and consisted
of NF, (~0.3 mmol}, HF (~11 mmol), and XeF,, respeciivelv. The
reactor was taken Lo the drybox, and the solid products were weighed.
The yellow filtraie residue (5.14% g: weight calculated for 15.54 mmol
of NF,XeF, 5,506 g, corresponding Lo a yield of 93.5% ) consisted
of NF,XeF,, and the wlale liier cake {5.75 g; weight calculated for
15.54 mmol of Cs8bF, 5.72 g) consisted of CsSbF,. The composition
of 1ncse solids was confirmed by vibrational and '°F NMR spec-
troscopy, pyrolysis, and analysis of Lhe pyrolysis residue for NF*,
Cs*, and SbF,". On the basis of these results, the reaction product
had the following composition (wi %): NF XcF; (98.01}, NF,SbF,
(0.88}, and CsSbF, (1.11).

Results end Discussion

The XeF; and XeFg? anions are thermally quite stable®
and, therefore, were a logical choice for 1he synihesis of the
corresponding NF,* salis. Although 1he syntheses of MXeF,
{M = Cs, Rb, NO,)* and M,XeF; (M = Cs. Rb, K, Na,
NO)*® sulis have been reported, 1hese salis have nol been well
characterized, excepl for a crystal siruciure determination of

(7y Holloway, 3. 11 Selig. 1., EI-Gad, U. J. tnorg. Nucl. Chem, 1973, 35,
3624,

{8) Moody, G. J.: Selig. H. Inorg. Nucl. Chem. Lent. 1966, 2, 319.

9 1982 American Chemical Society
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Figure 1. Raman spectra of CsXeF, containing excess XcF, {trace
A), CsXeF; recorded at two different sensitivity levels (traces B and
C}, Cs,XeFy generated by decomposition of CsXeF; a1 25 °C inthe
4880-A laser beam (irace D), Cs,XeF, generated by vacuum pyrolysis
of CsXeF, at 160 °C (trace E), and a mixiure of NaXcF, and
Na,XeFy {trace F).

{NO),XeF;? Therefore, a better characterization of the
XeF; and the XeF,* anion was necessary to allow proper
identification of their NF,.* salts.

Synthesis and Characterization of CsXeF,, Cs;XeF,, and
XeF,. Inagreement with a previous report® it was found that
CsF reacts with XeF; at 60 °C to form CsXeF, However,
the following observations deviate from the previous report.®

(9) Peterson, S. W, Holloway, J. H.: Coyle, B. A Williams, J. M. Science
(Washington, D.C.) 1971, 173, 1238,
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Figure 2. Raman spectra of XeFg recorded a1 -120 and 25 °C and
a1 different sensitivily levels. The differences between traces A-C
and D, E are atiributed to dificren) phases (see text).

(1) Et was not neccssary to carefully add the XcF, in small
increments to the CsF. No evidence for decomposition or
explosions was noted, as long as the CsF was carefuliy dried.
(ii) We couid not obtain complete conversion of CsF to Cs-
XeF,;. Evenwitha 13-fold excess of XeF; and 3-weck reaction
time at 60 °C, followed by 1 week at ambient temperature,
the XeF; uptake by the CsF was less than expected for a 1:1
stoichiometry, When the removal of the excess of XeF; from
the sapphire reactor was stopped at a weight corresponding
approximately to a 1:1 adduct, the Raman spectrum of the
product showed, in addition to CsXcF,, the preseace of either
free or very weakly associated XeFy, and tie product evolved
XeF; on standing. Even after removal of additional XeF,
{weight corresponding to the compasition of CsXeF0.19CsF)
the Raman spectrum still showed the presence of free XeF,
{sec trace A of Figure 1). A pumping time of about 8 h at
ambient temperature was required to obtain a constant weight
and te completely remove ree XcFy (sec trace B of Tigure
1). At this point the composition of the product had dropped
10 CsXcF0.89CsF. (i) The Cs;XcFy salt, prepared by
vacuum pyrolysis of CsXeF, at 160 *C, was white and not
cream colored.

Since xenon flucrides are excellent Raman scatterers, Ra-
man spectroscopy was used to distinguish “.eFg, XeF;™, and
XeF,* from each other. Previous work on similar M Fs, MF;,
MFy* (M = Mo, W, Re}' systems has shown that the ad-
dition of F- to a MF; molecule or MF;™ anion increases the
polarity of the M-F bonds and therefore progressively lowers
the frequencies of the MF, stretching modes. Since XeF; salts
arc yellow, they strongly absorbed the blue 4880-A exciting
line of our laser. To avoid decomposition of the samples in
the laser beam, we recorded the Raman spectra of XeF; salts
at low temperature. Although the Raman spectrum of solid

(10} Beuter, A Kuhlmann, W.; Sawodny, W. J. Fluorine Chem. £975, 6,
367 and references cited therein.
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Table 1. Raman Specira of Solid Xel

A B
25 °C 120°C 25 °C 120°C
t 658(t0) 652sh 658 (5)
656 (1003 c49(0.7) 646 (10} 649 (10}
636 16) 633(7.1)
620 (1) 620 sh
613 (1) 613 sh
$97.1D 589 sh
$76.15.00 579 (4.1) 579 (4.3)
sz L) 564 sh
404 (0.1)  396(0.4) 398 (0.3 396(0.2)
65(0.)  365(1.0) 362 (0.4) 365 (0+) br
346 10 4)
296 (0.4t 291 (0.6) 296 (0.4) br
29403 234 051
236 332 (0.4} 235-180 (04)br  235-180 (0.4) br
220}:0.21 205 sh
204 195 (0.3
179 sh
142 (0 ) 140 0 +)
105 0¢1 110002 107 (0+)
93 (0.1 86 (0+)
64 sh

% The observed differences in 1he A and B 1ype specira are
aliributed 1o 1he presence of more Lhan one phase in different
ratios. Observed frequencies are given in cm ', wilh relalive
intensities in parentheses (uncarrected Raman intensiliesh

XeF, has previously been recorded at 40 °C.'! its low-tem-
perature spectrum was required to allow its comparison with
those of XeF,” and XeF,*". The spectrum observed for XeF,
at =120 °C (trace A of Figure 2) shows splittings for most of
the bands observed in the room-temperature spectrum (trace
B of Figure 2). The latter agrees well with that previously
reported.!  However, depending on temperature cycling and
exposure time to the laser beam, a second type of spectrum
could reversibly be generated from the same sample and was
recorded at both —120 °C (trace D of Figure 2) and 25 °C
{trace E of Figure 2). Since XeF, is known 1o exist in at least
four different crystalline modifications,'? the different spectra
are atiributed to the presence of more than ene XeFq phase.
The observed frequencies are summarized in Table 1.

As expected from the previously known MF,, MFy, MFZ
series spectra,'® the strongest Raman line in the spectra of
XeF, and XeF; and XeFy* shows a frequency decrease with
increasing negative charge (sec Figure 1). For Cs;X«Fg, two
different spectra were observed, depending on its methed of
preparation. When the sample was prepared by laser photo-
lysis at ambicnt temperature (XeF; is yellow and strongly
absurbs the bhuc 4880-A linc of the Ar ion loser, whersas
XeFy? is white and does not decompose in the laser beam),
the spectrum shown by trace D of Figure 1 was observed.
When the Cs,XeF, sample was prepared by vacuum pyrolysis
of CsXeF, at 160 °C.* the spectrum shown by trace E of
Figure 1 was obtained. The genera! appearance of the spectra
is quite similar, but some of the bands exhibit significant
frequency shiits (see Table II). These shifts might be caused
by solid-state effects.

On the Existence of NaXeF;. On the basis of a previous
report®, only CsF and RbF form 1:1 adducts with XeF, while
for NaF only a 2.1 adduct can be isolated. However, the
experimental evidence given by the same authors® (combining
ratios of NaF:XeF, were as low as 1.73) suggested that
NaXeF; might exist in addition 1o Na.XeF,. This was now
verificd by Raman spectroscopy. As can be seen from Table
H and trace F of Figure I, the product abtained by reacting

Inorganic Chemisiry, Vol. 21, No. 12, [982 4115
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Figure 3. Infrared spectra of CsXeF; recorded a1 25 °C between AgCl
windows (trace A) and of NF XcF; recorded a1 -196 °C belween
Csl windows {trace B) and 25 °C beiween AgCl windows {trace C}
and Raman specira of NF,XeF; and (NF,):XeF; recorded at different
temperalures and sensilivities {traces D-I). The broken lines in 1he
infrared specira indicate absorption due 10 1the AgCl windows.

Xe with a large excess of F, and NaF at 250 °C, followed by
removal of all material volatile at 55 °C in vacuo.! clearly
contains XeF," in addition to XeFg*. Consequently, NaF can
form a 1.1 adduct with XeF, that is stablc up to at least 55
°C. Since KF generally forms more stable adducts than NaF,
it appears safe 1o predict that KXeF; should also exist. The
difficulty in obtaining 1:1 combining ratios for MF (M = Na
or K) with XeF, might therefore be attributed to difficulties
in achieving a higli conversion of the starting materials and
not to the nonexistence of the 1:1 adducts,

On the Structure of XeF,;” and XeF,. From a crystal
structure determination of (NO),XcF,,’ the XeF,» anion is
Known ic posscss a squarc-antiprismatic structure, The ob
served Raman spectra of Cs,XeF, are in excellent agreement
with such a structure of symmetry D,y Three Raman-active
stretching modes should be observed. onz each in species A,
E,, and E;. Of these, the A mode is assigned to the most
intense and single band at about 510-530 cm™, while the two
doubly degenerate E modes are assigned to the two doublets
at about 430 and 370 cm™! (see Table 11). The observed
frequencies agree well with those reported for TaF, > (622,
426, and 377 cm™').'° which is also known from X-ray data"?
to be a square antiprism. The fact that XeF,® has a
square-antliprismatic structure suggests that the free valcnce
electron pair on xenon is sterically inactive. This is analogous
1o the observations previously made for BrF, ", which duc to
its smaller central atom can accommeodate only a maximum
of six ligands, thus forcing the free valence electron pair on
bromine to become sterically inactive."

{10} tasner, E. L. Claassen, H. H. Inorg. Chem. 1967, 6, 1937,
{12) Sladky, F. MTP Int. Rev. Sci., Inorg. Chem. Ser. One 1972, 3. 14.

(13 Hoard, J. L. Martin, W. J; Smith, M. E.; Whitney, . F. J. Am. Chem.
Soc. 1954, 76, 3820.
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Christe and Wilson

‘fabte Il. Vibrational Spectra of MXcF, and M,XeF, Salts (M = NI, Cy, and Na)
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@ Uncomected Raman intensities. ¥ Tentative assignments. © Observed splittings into degenerate components are caused by solid-state

effects.

For XeF," no structural data are availaple and several
structural models must be considered. The free valence
etectron pair on zenon could be sterically either active or
inactive. If it is active, one would expect a structure derived
from a square antiprism with one of the positions being oc-
cupied by the free pair. Such a structure wouid be of low
symmetry and result in |8 mutually nonexctusive infrared and
Raman bands. If the free pair is sterically inactive, two models
are most likely. One mode] is a pentagonal bipyramid of
symmetry Ds,, as observed for MF; (M = [, Re), ZrF.*, and
certain CsMF,; (M = W, Mo, Re) salts.!® In this case, five
infrared- and five Raman-active bands are expected, which
should be mutually exclusive.'® The other model is a mo-
nocapped trigonal prism of symmtry Cy,., as in MF,»* (M =
Nb, Ta)," for which 18 Raman and 15 mutually nonexclusive
infrared bands are expected. The spectra observed for CsXeF;
(Tzble L1, trace B of Figure 1, and trace A of Figure 1) show
at least 10 Raman bands, most of which are also observed in
the infrared spectrum. Therefore, a model of symmetry Dy,
appears unlikely. However, a distinction between the two
remaining models (pseudo square antiprism and monocapped
trigonal prism) is not possible on the basis of the available data.

Synthesis and Properties of NF XeF,; and (NF,);XeF;. The
NF, XeF, salt, the first example of an NF,* salt containing
a noble-gas fluoride anion, was prepared by repeatedly treating
a highly concentrated solution of NF,HF; in anhydrous HF
with an excess of XeFy in order to shift the equilibrium

NF;HFI + XCF5 [ NF.XeF-, + HF (])
to the right-hand side. The displaced HF was removed to-

gether with unreacted XeF, The X¢F, was separated from
the HF by fractional condensation and was recycled. In this

manner, NF, XeF; was prepared in 94% yield and 98% purity.
The yield is based on N¥,SbF, used in the NF,HF, prepa-
ration step®

NFSbF, + CsHF; — NFHF, + CsSbF,i  (2)

and is less than quantitative due to hang-up of some mother
tiquor on the CsSbF, filter cake. The 2% impurities consisted
of CsSbF, and NF,SbF, and are typical*!' for metathetical
reactions involving NF,HF;.

The NF XeF; salt is a light yellow solid. It is stable at
ambient temperature and starts to slowly decompose at about
75 °C. Under a dynamic vacuum, the decomposition rates
at 75 and 100 °C were found 1o be 1.6%/h and 28%/h, re-
spectively. The decomposition mode

NFEXeF, — NF; + F, + XeF, (3)

was established by mass balance and the observed decompo-
sition products. Since the NF, XeF; salt viclently explodes on
contact with water and therefore could not be analyzed by
standard hydrolytic methods,” an exhaustive vacuum pyrolysis
at 120 °C, followed by an analysis of the solid residue, was
used to assay the compound.

The ionic nature of solid NF XeF; was established by vi-
brational spectroscopy (se¢ Table It and Figure 3, traces B-F),
which showed the bands characteristic for tetrahedrat NF,* '8
and X¢F; (see above). When solid NF XeF; was dissolved
in anhydrous HF, '?F NMR and Raman spectra of the re-
sulting solution showed XeFg and NF,* as the principal species,
suggesting that, in a large excess of HF, equilibrium | is shifted
all the way to the left-hand side. In BrF; solution at -40 °C,
the "’F NMR spectra originally showed the presence of NF,*
(triplet of equal intensity at 221 ppm below external CFCl,

(14) Bougon, R.; Charpin, P.; Soriana, ). C. R. Hebd. Seances Acad. Sci.
Paris, Ser. C 1971, 272, 565,

(15) Ferrare, 1. R. In “Low Frequency Vibralions of Inorganic and Coor:
dination Compounds™ Plenum Press: New York, 1971:pp 112-114.
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(16) Wilson, W. W.; Christe, K, Q. J. Fluorine Chem. 1982, 19, 253,

{17) Rushwnrih, R.; Schack, C. J.; Wilson, W. W, Christe, K. 0. Anal.
Chem. 1981, 33, 845,

(18} Christe, K. O. Spectrochim, Acta, Part A 1980, 36A, 921,




with Jue = 232 Hz),'® which was slowly replaced by the signal
of NF, (triplet of equal intensity at 145 ppm below CFCI; with
Jur = 290 Hz),'? suggesting again solvolysis of NF,XeF,,
followed by decomposition of the unstable NF ,BrF, inter-
mediate:

NF,XcF, + BrF, i+ [NF,BrF,] + XcF; (4)

lN FqBng] i NF], + Fz + BI'F_( (5)

When a sample of NF,XeF, was exposed at room tem-
perature for prolonged time to blue 4880-A laser light, pho-

tolytic decomposition of NF,XeF; occurred, resulting in
{NF,);XcF{ formation:

hr (4880 A)

INF XeF,

Attempts were unsuccessful to duplicate this reaction by
carefully controlled thermal decomposition of NF, XeF,. The
only products obtained were NF;, F;, XeF,, and unrcacted
NFXeF;. The sclective decomposition of NF XeF, and
stability of (NF,};X¢F, in the laser beam can be explained
by the different color of the two compounds. The yellow
NF,XeF; strongly absorbs the blue 4880-A light, whercas the
white (NF,);XeF, does not. Since the output of the available
laser was just 75 mW, only very small amounts of (NF),XeF,

{NF,):XeF; + XeF, (6)

(19) Dungan, C. H.: Van Wazer, J. R. tn “Compilation of Reported ''F
NMR Chemical Shifts™, Wiley: New York, 1970.
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could be produced in this manner, and identification of the
product was limited to Raman spectroscopy. As can be seen
from traces G-I of Figure 3 and Table I, the spectra clearly
show the presence of the NF,*'* and XeF,® ions (see above).
The observed splittings are due to lifting of the degeneracies
for the E and F modes in the solid state.'$

Conclusion. The present study further demonstrates the
unique ability of the NF,* cation to form a host of stable salts.
The successful synthesis of NF Xe¢F, and (NF,);XcF, provided
the first known examples not only of NF,* salts containing
noble-gas fluoride anions but also of an NF,* salt containing
an octafluoro anion. 'These salts are very powerful oxidizers
and on thermal decomposition generate NF,y, F,, and only inert
gascs. The formation of (NF,);X¢F, is an interesting example
of a selective laser-induced reaction. The XeF, and XeFy™
anions were characterized by vibrational spectroscopy. Raman
spectroscopic evidence was oblained for the existence of a
stable NaXcF, salt, and the presence of different phases in
solid XeF, was confirmed.
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THERMOCHEMISTRY OF NF,+ SALTS. ON THE ENTHALPY OF FORMATION OF
__AXeF7 AND THE NF,SbF BrF3 SYSTEM

6
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aRocketdyne Division of Rockwell International, Canoga Park,
CA 91304 (USA)

bCentre d'Etudes Nucléaires de Saclay, 91191 Gif-sur-Yvette

Cedex (France)

SUMMARY

The thermal decomposition of NFaXeF7 was studied hy differential
scanning calorimetry. From the obgerved enthalpy of decomposition,
a value of -491 kJ mol™! was calculated for AHf (NF XeF7(s)) The
reaction of NFA salts with BrF,, previously suggested [1] for
the determination of more precise thermochemical values for NFA
salts by solution calorimetry, was shown to be infeasible.

INTRODUCTION

In a previous paper [2] thermochemical data were summarized
for NFABFA, NFAPF6' NFAASFG’ NFASbF6, NFAGer and (NFQ)ZGGFB' In
this paper we would like to report thermochemical data for the
recently synthesized [3] NFAXeF7 which is of particular interest
due to its exceptionally high energy content. Furthermore, we
would like to comment on several suggestions, recently made by
Woolf [1], concerning the thermochemistry of NF4+ salts,

EXPERIMENTAL

The synthesis of NF, XeF, [3] and the DSC method [2] have
previously been described. Based on its elemental analysis [3]
the purity of the NFQXeF7 gsample used in this study was 98.0
weight percent with a total of two percent of NF,SbF, and CsSbFg

0022-1139/83/$3.00 © Elsevier SequoiafPrinted in The Netherlands
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being present as impurities. Since these impurities are thermally
muchy more stable [4] than NFAXeF7[3], they did not interfer with
the DSC measurements, and a simple 2 percent correction of the
starting weights was made.

The reaction of NFQSbFB[S] with BrF, (The Matheson Company)
was carried out in a well-passivated (with ClF3) Teflon FEP ampule
connected to a 3l4-stainless steel Teflon FEP vacuum system. The
NFQSbF6 was treated with a tenfold excess of BrF3 at 25°C for
2 hours. The volatile products were separated by fractional
condensation and consisted of mainly unreacted BrF3 and a small
amount of HF and NF3. No evidence for the formation of either
BrF5 or F, was observed. The solid residue had changed only
little in weight and based on its Raman spectrum consisted mainly

of NFASbFﬁ, a small amount of Br2+ and possibly some BrF2+ salts.

RESULTS AND DISCUSSION

Enthalpies of Decomposition and Formation of NFAXeF7 In a previous

study [3]} it was shown that the thermal decomposition of NFaXeF7

proceeds according to
NFAXeF7———--NF3 + F2 + XeF

6

Although (NFA)erFa is the logical intermediate in this decomposition,
this compound could only be isolated by selective laser photolysis [3].
The observation of a shoulder at 107°C on the main decomposition
endotherm of NF, XeF, (onset at 80°C) supports a two step decomposition
mechanism for NFaXeF7 and suggests the formation of (NFQ)ZXEFB as an
intermediate. Unfortunately, a large enough sample of pure (NFa)QXEFR
was not available to measure the decomposition enthalpy of the second
step separately, For the overall decomposition enthalpy of NF“XeF7 a

value aH = 64,645 kJ mol™ !

dec {lo) was found. From the known

enthalpies of formation of NF3[6] and XeF [7] the enthalpy of
formati?n of NF,XeF, is calculated as AHfo(NFAXEFT(s)) ==490,7

kJ mol ", A comparison of this value with those previously found
[2] for a series of NF4+ salts containing other complex fluoro
anions clearly demonstrates that NF,XeF4 is by far the most
energetic of these salts.
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Comments on the Paper by Woolf In a recent paper by Woolf [1] the
interesting observation was made that the experimentally determined
enthalpies of formation of several NF4+ salts [2] closely correspond
% to those ggtimated for the corresponding NO salts [1). Further-
more, it was extrapolated that this relatlonship for salts with
anion dominated lattlces should also hold for the cation dominated
lattlce salts NFL F~ and NO2 F, deriv1ng the enthalpy of formation
of NFQ F from an estimate for NO2 ¥ [1). Criticizing the admittedly
3 substantial uncertainties in the known experimental data [2]. Woolf

preferred his values derived from the same data, but extended by
estimates and extrapolations. 1In our opinion, this is unwarranted.

In spite of the above criticism, it is most gratifying that
Woolf's estimated value of -91 kJ mol™ ! for the enthalpy of
formation of solid NF4+F'[1] is almost identical to that (-95 kJ mol'l
derived from our previous data [2]

+36
Ny gy * P2 (o)

HEL-131.4 0 -95.4 kJ mol !

Unfortunately, the commentary in [1] could easily be misinterpreted,
After listing an exothermic value of -91 kJ mol'1 for the enthalpy
of formation of NF4+F', reference is made [1] to "the previous pre-
diction of instability" of this compound. Obviously, in both papers
[1,2] almost identical exothermic values are obtained for the
enthalpy of formatlon of solid NF4 F . However, as stressed in

[2], solid NF4 F~ is unstable with respect to decomposition to

NF, and F, by about 36 kJ mo1~!

In [1], solvolysis of NFA+ salts in BrF3 according to

BrF3

+ -
NF,*SbF," + 2BrF, —— NF31 + BrF

6 + BrF +ShF

5(BrFy) 5(BrFq)

was suggested as a method of obtaining more precise thermochemical
values for NF4+ salts, and a heat of reaction of about 70 kl mol'1
was anticipated for this reaction. A study of the NFASbFe-BrF3
system carried out in our laboratory shows that this reaction

does not proceed as postulated and therefore is of no practical
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usefulness, No BrF5 formation was observed, and the evolution
of some NF3. accompanied by some Br2+ and HF formation, is
indicative of experimental difficulties with undesired side
reactions, even in well-passivated Teflon-stainless steel
equipment. The discrepancy between the predicted [1] 70 kJ mo1” 1
exothermicity and the observed unreactivity of the above system
might be attributed to the previous neglect of taking the strong
association of liquid BrF3 into account. If the left side of

vap OF BrF3 (42.84 ki mol™h) [8],

the heat of reaction becomes endothermic by about 15 kJ mol”

the equation is corrected for AH
and agrees with the observed lack of reactivity.
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APPENDIX H

TETRAFLUOROAMMONIUM SALTS

Submitted by KARL O, CHRISTE,” WILLIAM W. WILSON,*
*
CARL J. SCHACK,” and RICHARD D. WILSON
Checked by R. BOUGON'

Since [NFa]+ is a coordinatively saturated complex fluoro cation,
the synthesis of its salts is generally difficult, 1 A limited
number of salts can be prepared directly from NF3, and these
salts can then be converted by indirect methods into other [NF ]
salts which are important for solid propellant hF3 F2 gas
generators or reagents for the electrophilic fluorination of

aromatic compounds,

The two direct methods for the synthesis of [NFA} salts are
based on the reaction of NF3 with either {KrF] saltsz.

NF, + [KrF)[AsF ] —— [NF,J[AsF ] + Kr

or F, and a strong Lewis acid in the presence of an activation

energy source E.3

S r
NF, + Fy + XF __~ au [NF,T{XF_,,]

For the chemist interested in synthesis, the second method3 is
clearly superior due to its high vields, relative simplicity
and scalability,

*
Rocketdyne, A Division of Rockwell Internatiomal Corp.,
Canoga Park, CA 91304

*Centre d'Etudes Nucléaires de Saclay, 91191 Gif sur Yvette,
France
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Four different activation energy sources have been used for the
. . +
direct syntheses of the following [N¥,]" salts:

(1) Heat:“"T[NF,J[BiF 3, [NF,J[SbF.], [NF,][AsF,],

[NFQ]Z[TiF6-nTiFA]

(1) Glow discharge:> °[NF,J[AsF ], [NF,][BF,]

(iii) W-photolysis- 10 1E[NF, J[SbF ], [NF,][AsF,], [NF,)[PF,;

6Ju
[NF,1(GeFg], [NF,][BF,]

(iv) Bremsstrahlung:lZ[NFQ][BFal

Of these, the thermal synthesis of [NFA][SbF6]“'7 is mest convenient
(Methcd A) and provides the starting material required for the
svntheses of other [NF * salts by indirect methods. For the
syntheses of pure [NFA]+ sales on a small scale, low-temperature
UV-photolysis is preferred (Method B).

The following indirect methods for the interconversion of [NFA]+
salts are known:

(i) Metathesis reaction:
n[NF,J{XF, ] + [Cs] [MF_, 1-2OMYeREo [NF ] [MF_ . ] + n[Cs][XF():

soluble sciuble soluble insgluble

where typically X = Sb and solvent = anhydrous HF or BrFS. This
method is limited to anions which are stable in the given solvent

and results in an impure product. Typical compounds prepared in

this manner 1nc1ude [NF ][BF 1, 6,13, la[NF J[HFz] (Method C),
[NF,1[50,F),'® [nF, ][c1o 1,15 and [NF,1,0MF 1 (M=sn, 17 73,18 §i 1% un®0)
(Method D).

B e
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(ii) Reaction of solid [NFA][HFz-xHF] with a weak Lewis acid:
When the MF;;H anicn is unstable in a solvent, such as HF, and
the Lewis acid MFm is volatile, thz equilibrium

n[NF,J[HF, xHF] + MF ———#=[NF,] [MF_ ] + n(x+1) WF

can be shifted to the right bv the use of an excess of MF_ and
continuous removal of HF with the excess of MF_ . Typical

salts prerared in this manner include: [NFAJZ[SiFG]zl (Method E)
and [NF,J[MF,] (M=U Wl xe?3y,

(iii) Reaction of [NFA][HFz] with a nonvolatile polymeric Lewis
acid: When in the metathesis (i) all the materials except [NFA][XFG]
are insoluble, product separation becomes impossible. This problem
is avoided bv digesting the Lewis acid in a large excess of [NFA][HFz]
in HF sclution, fcllowed by thermal decomposition of the excess
[NFa][HF?] at room temperature.

: HF -
[?\Fa][HFZ] + MFn—-——.— [NFtﬁ]LMFn+l] + HF

Salts prepared in this manner lnclude [hFa][MOFS](M—U 24W25

[NFA][AIFA] and [‘JFA][Be2 5]

) (Method F),

(iv) Displacement reaction: Displacement of a weaker Lewis
acid by a stronger Lewis acid can be carried out easily, as
demonstrated for [NFa][PFe].ll

[NF,1[BF,] + PFq ——-—[NFA][PFG] + BF,

(v) Rearrangement reaction: When [NFa][GeFS] is treated with
anhydrous HF, the following equilibrium is observed.

+HF X -
2[NFA][GeF5] —_— [P‘FA]Z[G“(’;] + GeFA
+GeF

4
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This equilibrium can be shifted to the rignt by repeated treatments
of [NFQ][GEFS] with HF and GeF, removal, and to the left by treatment

. 11
of [NFa]z[GeFﬁ] with GeF,.

A. TETRAFLUOROAMMONIUM HEXAFLUOROANTIMONATE (V)

- 250° ]
NF3 + 2F2 + SbF3-—————:ip-[NFA}LSbFo]
70 atm
Preocedure

@ Caurtion. High pressure fluorine reactions should only be carried

out behind barricades or in a high pressure bay using appropriately

pressure-temperature rated nickel or Monel reactors which hav: been

well passivated with several atmospheres of F2 at the described

reaction temperature. Stainless steel reactors should be avoided

e s + .
due to the potential of metal fires. All [NF&] salts are moisture

sensitive and must be handled in a dry atmosphere. Thev ave strong

oxidizers and contact with organic materials and fuels must be avoided.

A prepassivated (with C1F3), single-ended, 95-mL-Monel cylinder
(Hoke,* rated for 5000 psi working pressure), equipped with a Monel
valve (Hoke* 3232 M4M ox equivalent), is loaded in the dry nitrogen
atmosphere of a glove box with SbF3;7(31 mmole). The cylinder is
coanected to a metal vacuum system, evacuated, vacuum leak tested,
: (65 mmole) and F2§ (98 mmole) by condensation
ar -196°. The barricaded cylinder is heated for five days to 250°.

The cylinder is ailowed to cool bv itself to ambient temperature and

aud charged with NF3

is then cooled to -196°. The unreacted F, and NF3 are pumped off at

*Available from Hoke I1ic., One Tenakill Park, Creskill, NJ 07626
+Available from Qzark-Mahoning, 1870 South Boulder, Tulsa, OK 74119

SAvailable from Air Products and Chemicals Inc., Specialty Gas Dept.,
Hometown Facility, P.O. Box 351, Tamaqua, PA 18252

H-4
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-196° (the pump must be protected by a fluorine scrubber28

), and
during the subsequent warm-up of the cylinder to ambient tempera-
ture, [NFQ][SbF6] (10.1g, 31 mmole, 100% yield based on SbF3) is
left behind as a solid residue. The product is either scraped out
of the cylinder in the dry box or, more convenieuclv, dicsoived in
13

5 Small amounts of
Ni[SbF6]2 and Cu[SbF6]2, formed as impurities by attack of the

Monel reactor by F2 and SbFS, are only sparingly soluble in HF

anhydrous HF which has been dried over BiF

and are removed from tEe [NFa][SbF6] solution by filtration using
a porous Teflon filter . If desired, the SbF3 starting material
can be replaced by SbF5+ without changing the remaining procedure.
Ana1.?? Caled. for [NF,1[SbF,]:NF,,21.80;5b,37.38. Found: NF,,
21.73;Sb,37.41.

Properties

Tetrafluorcammoniur hexafluoroantimonate (V) is a hvgroscopic,
white, crystalline solid which is stable up to about 270°.A'5'30.
It is highly soluble in anhydrous HF (259 mg per g of HF at -780)13
and moderately soluble in BrFS. Its "'F NMR spectrum in anhydrous
HF solution consists of a triplet of equal intensity at 214.7 ppm
downfield from CFCl3 (JﬁF=231Hz) for [NF4]+. The vibrational
spectra5 of the solid exhibit the following major bands (cm'l):
IR(pressed AgCl disk), 1227(mw), 1162(vs), 675(vs), 665(vs), 609(m);
Ra, 1160(0.6), 1150(0.2), 843(7.0), 665(1l), 648(10), 604(3.9),

’
26%(0. 9y 437(1.5), 275(3.8}.

Lo -

O -

*Available from Pallflex Products Corp., Kennedy Drive, Putnam,
Conn 06260

TAvailable from Ozark-Mahoning, 1870 South Boulder, Tulsa, OK
74119

H-5



-6-
B. TETRAFLUOROAMMONIUM TETRAFLUOROBORATE (III)
NF, + F, + BF, —t s fNF, ][BF, ]
375 3 5 44 LBF,
-196
Procedure

@ Caut:on. Ultraviclet gogzles should be worn for eye protection
when working with higher power UV-lamps, and the work should be

carried out in a fume hood. NF,BF, is a strong oxidizer and contact

with organic matecials, fuels and moisture must be avoided.

The low-temperature UV-pheotolvsis reaction is carried out in a quartz
reactor with a pan-shaped bottom and a flat top consisting of a
7.5-cm diameter optical grade quartz window (see Figure 1). The
vessel has a side arm connected by a Teflon 0 ring joint to a
Fischer-Porter Teflon ValVe* tb facilitate removal of solid reaction
products. The depth of the feactor is about 4 cm, and its volume is
about 140 wul.. The UV source consists of a 900-W, air-cooled, high-
pressure mercury arc (General Electric Model B-H6) which is positioned
4 cm above the flat reactor surface. The bottom of the reactor is
kept cold by immersiord in liguid N2. Dry, gaseous N2 is used as a
purge pas to prevent condensation of atmospheric moisture on the

flat top of the reactor. As a heat shield, a 6-mm thick quartz

plate is positioned between the UV source and the top of the reactor.

§

Premixed I‘~H-“3-r and BF3 (27 mmple of each) are condensed into the

cold bottom of the quartz reactor. Fluorine+ (9 mmole) is added,
and the mixture is photc.yzed at -196° for 1 hour. After te'mi-

* .
Available from Fischer & Porter Co., 51 Warminster kd, Warmirster,
PA 18974

TAvailable from Air Products and Chemicals, Inc., Specialty Gas
Dept., Hometown Facility, P.0. Box 351, Tamagua, A 18252

Available from Matheson, P.0U. Box 85, 932 Pac=xrson Plank Rd..
tast Rutherford, NJ 07073

§
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nation of the photolysis, volatile material is pumped out of the
reactor (through a scrubberzs) during its warm-up to room tempera-
ture. The nonvolatile white solid residue (1.0g) is pure [NFa][BFa]
Instead of the pan-shaped reactor a simple round quartz bulb can

be used with a [NFA][BFA] yield of about 0.3g/hr. Anal.29 Caled.
for [NFQ][BFA];NF3,AO.16;B,6.11. Found: NF,4,40.28;B,6.1.

Properties

Tetrafluorcammonium tetrafluoroborate (III) is a hygroscopic, white,
,11,12,30 It

is highly soluble in anhydrous HF and moderately scluble in BrFS.
Its 19
triplet of cqual intencity at 220 ppm downfield from CFCly (Jyp=230Hz)

crvstalline solid which is stable up to about 150°.
F NMR spectrum in anhydrous HF solution consists of a sharp

for {NF4]+ arid an exchange broadened singlet at 158 ppm upfield

from CFCl3 for [BFAJ—‘ The vibrational spectra of the solid exhibit
the following major bands (cmfl): IR(pressed AgCl disk), 1298(ms),
1222(mw), 1162 (vs). 1057(vs), 609(s), 522(s); Ra, 1179(0.6),
1148(0.6), 1130(0+), 1055(0.2), 884(0+), 844(10), 772(3.2), 609(6.3;,
524(0.4), 443(2.6), 350(0.9).

C. TETRAFLUOROAMMONIUM .(HYDROGEN DIFLUORIDE)

H¥
[NFQ][SbF6] + CSFTCS[SbF6]+ + [NFa][Hle

Procedure

8 Caution. Anhydrous HF causes severe burns and protective clothing

should be worn wher working with this material. The HF soiuv.ions

+ T ;
of NF, salts are strongiy oxidizing and contact with fuels must oe
2voided.

R ——
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A mixture of dry CsF" (2.36lg = 15.54 mmole) and [NF, )[SbF
(5.096g = 15.64 mmole) is placed inside the drybox into
trap I of the leak-checked and passivated (with ClF3 and
dry HF13) Teflon FEP-Monel metathesis apparatus shown in

6]

Figure 2. The CsF is dried by fusion in a platinum crucible,
immediately transferred to the drybox, cooled and finelv ground. The
apparatus is attached tc a metal-Teflon vacuum system”’ by two
flexible, corrugated Teflon tubesJr and the connections are
vacuum leak-checked and passivated. The system is repeatedly
exposed to anhydrous HF®, until the HF is colorless when frozen
out at -196° in a Teflon U-trap of the vacuum system to avoid
contamination of the product with any chlorine-fluorides which
may be adsorbed onto the walls of the metal vacuum system,
Anhydrous HF'® (16.2g = 810 mmole) is added to trap I and the
mixture is magnetically stirred for 1 hour at room temperature.
The metathesis apparatus is cooled with powdered drv ice to -78°
for 1 hour, and then inverted. The HF solution which contains
the [NFA][HFZ] is separated from the Cs[SbF6] precipitate by
filtration. To facilitate the filtration step, trap I is
pressurized with 2 atm of dry N, after inversion. A pressure
drop in trap I indicates the completion of the filtration step.
1f desired, repressurizétion of trap I may be repeated to
minimize the amount of mother liquor held up in the filter cake.
The desired HF solution of [NFAJ[HFZJ is collected in trap II.
It contains about 94% of the original [NFA]+ values, with the

remainder being adsorbed on the Cs[SbF.] filter cake. The [NF, 1MHF,1

L}, ‘ls?.

*Available from Kawecki Berylco Industries, Inc., 220 E. 42nd
Street, New York, NY 10017

+Available from Penntube Plastics Co., Madison Ave and Holley St.,
Clifton Heights, PA 19018

§Available from Matheson, P.0. Box 85, 932 Paterson Plank Road,

East Rutherford, NJ 07073

H-8
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solution has a purity of about 97 mole % and contains small amounts
of Cs[SbF¢](solubility of Cs[SbF] in HF at -78° is 1.8 mg/ghF):3
and [NFAJ[SbFG] (if a slight excess of [NFQ][SbFﬁ] has been used

in the reaction to suppress, by the commcr 1on effect, the amount
of dissolved Cs[SbFﬁ]).

An unstable solid having the composition LNFQJ[HFZ'nhF](n=2-10)
can be prepared by pumping off as much HF as possible below 0°.

Progerties

Tetrafluoroammonium (hydrogen difluoride) is stable in HF solution
at room temperature, but decomposes to NF3, Fz and HF on complete
15 Th 19
e
shows a triplet of equal intensity of 216.2 ppm downfield from
CFCly with Jyp=230Hz.  The Raman spectrum of the HF solution shows
bands at 1170(w), 854(vs), 612(m) and 448(mw) cm L.

removal of the solvent. F NMR spectrum of the solution

D. BIS(TETRAFLUOROAMMONIUM) HEXAFLUOROMANGANATE (IV)
‘ HF
Z[NFA][SbFﬁ] + Csz[MnFﬁj—?;EEr—-—-2Cs[SbF6] + [NFA]Z[MnFG]

Procedure

@ Caution. Anhydrous HF can cause severe burns and protective

clothing shouid be wuru when working with this solvent, [N'_,*lz

; [MnEé] is a strong oxidizer and contact with water and fuels

must be avoided.

The same apparatus is used as for procedure C. In the dry N2
atmosphere of a glovebox, a mixture of [NFa][SbFﬁ](37.29 mmole)




b e

® a-iﬂ?& e

Lot s o ol i

-10-

and Csz[MnFe]20 (18.53 mmole) is placed in the bottom of a pre-
passivated (with C1F3) Teflon FEP (fluoro-ethylene-propylere
copolymer) double U-tube metathesis apparatus. Dry HF1

(20 mL of liquid) is added at -78° on the vacuum line.27 and

the mixture is warmed to 25° for 30 minutes with stirring. The

mixture is cooled to -78° and pressure filtered at this temperature.

The HF solvent is pumped off at 30" for 12 hours resulting in l4g
of a white filter cake (mainly Cs[SbFej) and 6.1g of a yellow
filtrate residue having the approximate ¢omposit
[NFa]z[MnFGJ,QZ;[NFQ][SbFs],&;Cs[Sbe],A. Yield
877 based on Csz[MnFs].

on {weight
of [NFA}Z[MnF

1

Progerties

Bis(tetrafluoroammonium) hexafluoromanganate(IV) is a yellow,
crystalline solid which is stable at 65°, but slowly decomposes
at 100° to NF3, Fy and MnF3.20 It is highly scluble in anhydrous
HF and reacts violently with water., 1Its 19F NMR spectrum in
anhydrous HF solution shows a broad resonance at 218 ppm below
CFCl3 due to [NFA]+. -The vibrational spectra of the solid show
the following major bands (cm—l): IR(pressed AgCl disk), 1221 (mw),
1160(vs), 620(vs), 338(s); Ra, 855(m), 593(vs), 505(m), 450(w),
304(s).

E. BIS(TETRAFLUOROAMMONIUM) HEXAFLUOROSILICATE(IV)
2[NFa][HF2'nHF] + SiF, —--[NFa]z[SiFGJ + 2(n+l)HTF
Procedure

@ Caution. Anhydrous HF can cause severe burns and protective
clothing should be worn when working with liquid HF. All [NFﬂlt
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salts are strong oxidizers and contact with fuels and water must

be avoided.

A solution of [NF,]J[HF,](27 mmole) in anhydrous HFY is prepared

at -78° by procedure C. Most of the HF solvent is pumped off

during warm-up towards 0° until the first signs of decomposition

of {NF ][HF ] are noted from the onset of gas, evolution. The
lebultlng re51due is cooled to -196” and ulFa (3, mwole) is

added. The mixture is allowed to warm to ambient temperature

while providing a volume of agbout 1L in the vacuum line for
expansion. During warm-up of the apparatus, the 5iF, evaporates
first and, upon melting of the [NFQ][HFZ-nHF] phase, a significant
reduction in the SiF4 pressure i1s noted, resulting in a final
pressure of about 400 torr. A clear colorless solution is obtained
without any sign of solid formation. The material volatile at 0°

is pumped off, and separated by fractional condensation through
-126° and -196° traps. The éiFA portion (about 22 mmole), trapped
at -1960, is condensed back into the reactor which contains a

white fluffy solid. After this mixture has been kept at 25° for

24 hours, all volatile material is pumped off at 25° and the SiF,

is separated again from the HF. The solid residue is treated

again with the unreacted Squ at 25° for 14 hours. The materials
volatile at 25° are pumped off again. They contain at this point
less than 1 mmole of HF. The solid residue is heated in a dynamic
vacuum to 50° for 28 hours until no further HF evolution is noticeable.
The white solid residue (~bout 3.8g = 807 vield) has the approximate
composition (weight 7): [NF4]2[81F6](95.0),Cs[SbF6](2.2),[NFQ][SbF6](2.3).

Progerties

Bis(tetrafluorcammonium) hexafluorosilicate(IV) is a white

*Available from Matheson, P.0Q. Box 85, 932 Paterson Plank Road,
East Rutherford, NJ 07073
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crystalline solid which is stable at 250. but slowly decomposes

at 90° to NF3, F. and SiFA.21 The vibrational spectra of the

. ly. IR(pressed AgCl
disk), 1223(mw), 1165(vs), 735(vs,br), 614/m), 609(mw), 478(s),
448(w); Ra, 1164(1.5), 895(0+), 885(0+), 859(10), 649(3.2),
611(5.8), 447,441(3.8), 398(1).

solid show the foilowing major bands (ecm~

F. TETKAFLUOROAMMONIUI! FENTAFLUOROCXOTUNGS iATE (VI)

[NF,1[HF,] + WOF, ——m [NF,J[WOFs] + HF

25
Procedure

B Caution. Anhydrous HF can cause severe burns and protective
clothing should be worn when working with liquid HF. A1l [nF,]%
salts are strong oxidizers amd contact with fuels and water )
should be avoided.

A solution of 20 mmole of [NF,][HF,] in 16 mL of dry HF'3 is

prepared at -78° by procedure C and pressure filtered into the
second half of the metathesis double U-tube containing 14,6

mmole of WOF&.31 The mixture is stirred with a magnetic stirring
bar for 30 min at 25°., The volatile material is pumped off at 25°
for 12 hours. The solid residue (about 5g = 867% yield based on
WOF,) has the approximate composition (weight %): [NF&}[NOFSJ(Qéj,
Cs[Sbe] (2), [NFA][SbFGJ (2).

Properties

Tetrafluoroammonium pentafluoroxotungstate (VI) is a white, crystalline
solid which is stable at $5°, but slowly decomposes at 85° to yield

H-12
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NF3, or,, WF6 and [NFA][WZOZFQ]‘ZS The vibrational spectra of
the solid show the following major bands (cm'l): IR(pressed AgCl
disk), 1221 (mw), 1160(vs), 991 (vs), 688(vs), 620(vs,br), 515(vs);

Ra, 1165(0.7), 996(10), 852(8.4), 690(5.4), 613(4.9), 446(1.6),
329(6.8), 285(0.5).
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APPENDIX |

CESIUM HEXAFLUOROMANGANATE (IV)

2CsF + .‘*'.nClz + 7F2 —_— CSZMnFG + 2C1F5

Submitted by WILLIAM W. WILSON" and KARL O. CHRISTE
Checked by

Several methods have been described in the literature for the
syntheses of alkali metal hexafluoromanganates (IV). The
reactions of Kzﬂnoal. MnO2 and KF mixtures, or KMnOA and 30%
H2022 with aqueocus HF produce KZMnFG, however, the yields and
product purities are low. Pure alkali metal hexafluoromanganates
(IV) were obtained in high yield by the fluorinaticn with F2 in a
flow system of either MnCl, + 2MCL at 375 to 400°C,>'* MaF, + 2KF
in a rotating A1203 tube at 6000C,5 or MnCl, + 2KC1 ag 280°C,6 or
by the fluorinatien of a KMnO,-KC1 mixture with BrFa. The
method described below is based on the fluorination of a stoichio-
metric mixture of CsF and HnCl2 in a static system at L»ODOC.8
Hexafluoromanganate (IV) salts have interesting spectroscopic
properties,g'lo and Csz.'“lnF6

metathetical synthesis of (NFA)ZMnFe'

is a starting material for the
11

Procedure

B Caution. Safety barricades must be used for carrying out high
pressure fluorination reactions. The ClFs-ClF byproducts are

3
cxidizers and confact with fuel. water or reducing agents

-y
[

(5]

S
ust be avoided.

=}

*Rocketdyne, A Division of Rockwell Internztional Corp.,
Canoga Park, CA 91304
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Commercially available HnClz'&HZO* is dehydrated by heating in a
Pyrex flask to 255°C in vacuo (10‘* torr) for 24 hours. Commer-
cially available CsF' is dried bv fusion in a platinum crucible
and immediately transferred to the drybox.

A mixture of finely ground dry CsF (7.717g, 50.80 mmol) and MnCl2
(3.150g, 25.40 mmol) is placed inside the drvbox into a pre-
passivated (with C1F3) 95ml high pr:ssure Monel cvlinder (Hoke

Model 4HSM, rated for 5000 psi working pressure) equipped with

a Monel valve (Hoke, Model 3212M4M). The cylinder is attached to a
12 evacuated, and cooled to -196°C with
(262 mmol) is condensed into the cylinder.

The cylinder is disconnected from the vacuum line, heated in an

oven to 400°C for 36 hours, and then cooled again to -196°C on the
vacuum line. Unreacted F, is pumped off at -196°C through a fluorine
scrubber,12

metal-Teflon vacuum system,

liquid N,. Fluorine®

and the ClFS-ClF3 by-products are pumped off during the
warm-up of the cylinder towards room temperature. The yellow solid
residue (11.045g, 100% vield) is pure Cs,MnF.. Anal. Caled. for
CszMnF6: Cs, 61.14; Mn, 12.63. Found: Cs, 61.2; Mn, 12.5.

Properties

Cesium hexafluoromanganate (IV) is a stable yellow solid which
decomposes only slowly in meist air. The infrared spectrum of the
solid as a dry powder pressed between AgCl plates shows the following
majer abscrptions: 620, vs (antisymmetvic stretch); 338 cm'l, s
(antisymmetric deformation). The Raman spectrum of the solid shows
bands at 590 vs (symmetric in phase stretch), 502 m (symmetric out

of phase stretch), and 304 cm‘l, s (svmmetric deformation).
According to ref. &, Cs,MnF crystgllizes at room temperature in the
cubic KthCI6 system with a = 8.92A.

*Available from Alfa Products, Thiokol/Ventron Pivn., P.0O. Box 299,
152 Andover Street, Danvers, MA 01923

+Ava11able from Kawecki Bervlco Industries, Inc., 220 E. 42nd Street,
New York, NY 10017

§Available from Air Products and Chemicals Inc., Specialty Gas Dept.,
Hometown Facility, P.0. Box 351, Tamaqua, PA 18252
-2




References

1. R. F. Weinland and ¢. .auenstein, Z. anorg. Chem.,
20, 40 (1899).

2. H. Bode, H. Jenssen, and F. Bandte, Angew. Chem., 65, 304
(1953).

3. E. Huss and W. Klemm, Z. anorg. allg. Chem., 262, 25 (1950).
H. Bode and W. Wendt, Z. anorg. allg. Chem., 269, 165 (1952).

5. C. B, Root and R. A. Sutula, Proc. 22nd Ann. Power Sources
Conf., U.S. Armv Electronics Command, page 100 (1968).

6. T. L. Court, Ph.D. Thesis, University of Nottingham, England,
1971,

7. A. G. Sharpe and A. A. Woolf, J. Chem. Soc. 798 (1951).
K. 0. Christe, W. W. Wilscn, and R. D. Wilson, Incrg. Chem.,
19, 3254 (1980). .

9. C. D. Flint, J. Mol. Spegtroscop.. 37, 414 (1971).

10. S. L. Chodos, A. M. Black, and C. D. Flint, J. Chem. Phys.,
65, 4816 (1976).

11. K., 0. Christe, W. W. Wilsecn, C. J. Schack, and R. D. Wilscn,

oy - o il ol o i L T T By 11
i
i

Inorg. Synthesis,...
12. K. 0. Christe, R. D. Wilson, and C. J. Schack, Inorg. Synthesis,..

1-3/1-4

e o A RGN




APPENDIX J
TUNGSTEN OXIDE TETRAFLUORIDE

HF

2WF6 + SiOZ----—---ZWOF(4 + Si.F(4

* *
Submitted by WILLIAM W. WILSON and KARL 0. CHRISTE
Checked by

Tungsten oxide tetrafluoride can be prepared by numerous methods,
such as the fluorination of W0, at 300°C, slow hydrolysis of
WF6,2 the direct fluorination of W in the presence of 02 at 300°C,3
the reaction of WF6 with UOB at bOOoC,& the reaction of WOC1A with
HF,5’6 or by oxvgen-fluorine exchange between WF6 and B203.6 The
method given below is a modification of the method of Paine and
Mchowell which uses stoichiometric amounts of SiO2 and WF6 in
anhydrous HF for the controlled hydrolysis of WF6.2 In our
experience,7 the use of stoichiometric amounts of SiO2 and WF6
leads to the formation of som» H3O+WOF5' and H30+W202F9— as
by-products which are difficult to separate from WOFQ. This
problem can however be avoided by the use of an excess of
NF6. Tungsten oxide tetrafluoride is a starting material for

the syntheses of numerous UOF5 salts.
Procedure

@ Caution. Anhydrous HF causes severe burns and protective

clothing and safety glasses should be worn when working with
liquid HF.

Quarrz wool?(l.0482g, 17.445amol) is placed into a 3/4 inch o.d.
Teflon FEP (fluorc-ethylene-propylene copolymer) ampule equipped

* Rocketdyne, A Division of Rockwell International Corp.,
Cancga Park, CA 91304

f Available from Preiser Scientific, 1500 Algonquin Parkway,
Louisville, KY 40201
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with a Teflon coated magnetic stirring bar and a stainless steel
valve. The ampule is connected to a metal-Teflon vacuum system,8
evacuated, and dry’ HF (19g) and WF,' (22.102g, 74.207 mmol) are
condensed into the ampule at -196°C. The contents of the ampule
are allowed to warm to room temperature and are kept at this
temperacure for 15 hours with stirring. All material volatile at
room temperature is pumped off (vacuum of 10-4 torr) for 12 hours
leaving behind 9.7226g of a white solid (weight calcd for 34.89
mmo 1 WOF , 9.6244g). This crude product usually still contains some
H30+W202F9' (infrared spectrum of thelsolid pressed as a AgCl disk
3340, 3100, 1625, 1040, 1030, 908 cm ) and can be purified by
vacuyum (10'A torr) sublimation in an ice water cooled Pvrex
sublimator at 55°C resulting in 4.245g of sublimate. The purity

of the sublimate is verified by vibrational spectroscopy of the
solid (infrared spectrum as a AgCl disk: 1054vs, 733s, 666vs,
550vs, em’ !, Raman: 1058(10)," 740(1.9), 727(6.3), 704(0+),
668(0+), 661(0.9), 559(0+), 518(0.7), 325sh, 315sh, 311(5},
260(0+), 238(0.7), 212(0.5), 185(04) cm 1,10

Anal. Calcd. for WOF, W, 66.65, F, 27.55. Found: W, 66.5; F,27.7.

Properties

Tungsten oxide tetrafluoride is a white hygroscopic solid (mp 104.7
at 33 mbar, bp 185.9°C) which can readily he sublimed. It is
soluble in HF, propylene carbonate, CHC13,and absolute alcohol.

The lgF NMR spectrum in propvlere carbonate solution consists of

a singlet at 65.2 ppm downfield from external CFCl; with two

. . _ 11
satellites with JWF = 69 Hz.

*
Available from Matheson, P.C. Box 85, 932 Paterson Plank Road,
East Rutherford, BJ 07043

tAvailable from Alfa Products, Thiokol/Ventron Divn., P.0. Box 299,
152 Andover Street, Danvers, MA 01923
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APPENDIX K

Contribution from Rocketdyme, A Division of
Rockwell International, Canoga Park, California 91304

Coordinatively Saturated Fluoro Cations.
Oxidative Fluorination Reactions with KrF' Salts and ngs

*
Karl 0. Christe , William W. Wilson, and Richard D. Wilson
Received August 24, 1983

Abstract

The usefulness of KrF' salts and PtF6 as oxidative fluorinators
for the syntheses of the coordinatively saturated ccmplex fluoro
cations NF4+, C1F6+, and BrF6+ was studied. The syntheses of
NFQSbF,, NF4A5F6, NFABFQ, and NFATiFS-nTiFA from KeroLewis acid
adducts and NF, were investigated under ditferent reaction con-
ditions. The fluorination of NF3 by KrF . SbF6 in HF solution was
found to proceed quantitatively at temperatures as low as -31%,
indicating an lonlc two electron oxidation mechanism. An improved
synthesis of KrF MF6 (M=As, 83) Raman data and solubilities in HF,
and the existence of a Kr2 3 nKerBF4 zdduct in HF at -40°C are
reported. Attempts to fluorinate OF,, CF4JF,, and C1F40 with
KrF' salts were unsuccessful. Whereas KeFT is capable of oxidizing
3, ClFs, and BrFyg to the corresponding complex fluoro cations,
PtF6 was shown to be capable of oxid121ng only NF, and ClFs. Since
the yield and purity of the NFA fluoroplatinate salts obtained in
this manner was low, NFAPtFG was also prepared from NF,, F, and
PtF6 at elevated temperature and pressure. General aspects of
the formation mechanisms of coordinatively saturated complex
fluorocations are discussed briefly.

Introduction

The preparation of coordinatively saturated complex fluoro
cations presents a great challenge to the synthetic chemist. The
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nonexistence of the corresponding parent molecules preempts the
normally facile cation formation by a simple F abstraction

from a parent molecule, and an F addition to a lower fluoride

is ruled out by the fact that fluorine is the most electronegative
element and therefore F+ cannot be generated by chemical means.1

In view of these difficulties it is not surprising that at the
present time only three coordinatively saturated fluoro cations,
NF4+.2'3 ClF6+,4’5 and BrF6+,6 are known to exist. In addition

to their challenge to the synthetic chemist, the formation mechanism

of these cations represents an intriguing and yet unsolved puzzle.7

These problems were complicated by the facts that each of the
three known coordinatively saturated fluoro cations had been
prepared by a different met:hod,z"6 and that these methods could
not readily be transferred from one cation to another. .The
purpose of this study was to examine whether the synthesis of each
coordinatively saturated fluoro cation is indeed limited to a

specific method and whether these methods possess any commonalties.

Experimental

Apparatus. Volatile materials used in this work were handled in
a stainless steel-Teflon FEP vacuum line. The line and other
hardware used were well passivated with C1F3 and, if HF was to
be used, with HF. Nonvolatile materials were handled in the
dry nitrogen atmosphere of a glovebox. Metathetical reactions
and sclubility measurements were carried out in HF solution
using an apparatus consisting of two FEP U-traps interconnected
through a coupling containing a porous Teflon filter.

Infrared spectra were recorded in the range 4000-200 cn:f'1 on a
Perkin-Elmer Model 283 spectrophotometer. Spectra of solids
were obtained by using dry powders pressed between AgCl windows

K-2
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in an Econo press (Barnes Engineering Cumpany). Spectra of gases
were obtained by using a Teflon cell of 5 cm path length equipped
with AgCl windows.

Raman spectra wgre recorded on a Cary Model 83 spectrophotometer
using the 4880-A exciting line of an Ar-ion laser and Claassen
filter9 for the elimination of plasma lines. Sealed glass,
Teflon FEP, or Kel-F tubes were used as sample containers in the
transverse-viewing transverse-excitation mode. Lines due to the
Teflon or Kel-F sample tubes were suppressed by the use of a
metal mask.

Materials. Literature methods were used for the preparation of
PtFg, 10 KrF,, 11 cryNFy, 12 c1F40,'3 clFg,t* and FNOM and for the
drying of HF.16 Nitrogen trifluoride (Rbcketdyne), F2 {(Air
Products), OF2 (Allied Chemical), BrF5 and BF3 (Matheson), and
AsFg, SbF5 and TiFa (Ozark Mahoning) were commercially available.
Their purity was checked by vibrational spectroscopy prior to
use, and where necessary, improved by fractional condensation

or distillation.

Preparation of KrFSbF,. Antimony pentafluoride (21.7 mmol) was
syringed in the drybo; into a prepassivated Teflon-FEP U-tube
equipped with two stainless steel valves. The tube was connected
to the vacuum line and dry HF (5 ml of liquid) was distilled into
the tube. The HF and SbF5 were allowed to homogenize at ambient
temperature, and a preweighed amount of KrF, (22.9 mmol) was
transferred in a dynamic vacuum into the U-tube at -196°C. The
mixture was warmed towards room temperature until a slight effer-

vescence was noted. At this point the tube was cooled again, and
the warm up procedure was repeated. After a total of three warm

up cycles, all volatile material was pumped off at -22°% leaving

behind pure KrFSbFy (21.5 mmol = 99% yield based on SbFg) .

K-3
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KrFAsF, was prepared in an analogous manner, except for loading
the AsFg into the tube on the vacuum line.

Reaction of NF3 with Ker and AsFS. A prepassivated (with C1F3)
10 ml stainless steel Hoke cylinder equipped with a 1/8'" Whitey
stainless steel valve was loaded on the vacuum line at -196°C
with KrF2 (6.15 mmol), ASF5 (3.07 mmol) and NF3 (21.9 mmol).

The cylinder was placed in a liquid N,-dry ice slush bath and
allowed to warm slowly to room temperature over a 30 hr time

period and then was kept in an oven at 53°C for 4 days. The cylinder
was cooled to -210°C (Nz slush bath, prepared by pumping on liquid
Nz) and the volatile products were separated during warm up of the
cylinder by fractional condensation through traps kept at -156°C
(nothing) and -210°C (24.9 mmol of NF, and Kr). The white solid
residue (827.6 mg = 2.97 mmol) was identified by infrared and Raman
spectroscopy as pure NFAASF617 (96.7% yield based on AsFg).

Reaction of NF3 with KrF, and BF3. The reaction was carried out
as described above for the corresponding AsFg system, except for
a 40% reduction in the amount of starting materials used. The
yield of solid NFQBF4 was 30.6% based on BF3.

Reaction of Solid KrFSbF6 with NF3. KrFSbF6 (2.42 mmol) was

added in the drybox to a prepassivated Teflon PFA U-tube (59 ml
volume) equipped with Teflon PFA valve(s). The tube was connected
to the vacuum line and NF, (Z2.43 mmol) was added at -196°C. After
3 hr at 22°C, the volatile products were removed. Analyses of
the volatile material and of the solid residue showed that 12.7
percent of the KrFSbF6 had been converted to an NF4+ salt.

When the reaction was repeated with 2.32 mmol of KrFSbF6 and 6.84
mmol of NF, at 30°C for 3.5 hr, the conversion of KrFSbF6 to NF4+

K-
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salts was 43.8 percent An additional treatment of the solid
mixture of NF4 salts and unreacted KrFSbF, with more NF, for
4 hr at 30°C resulted in little further conversion to NF4+

salts, Vibrational spectra of the white solid product showed

the presence of the NF4+,17 Kr F+ 13 SbF6',19

and Sb2 11 ,17 ions.
Reacticns of KrFSb§6 with NF4 in HF Solution. General procedure:
KrFSbF6 (v3 mmol) was weighed in the drybox into a prepassivated
0.5 in o.d. Teflon PFA U-tube (58 ml volume) equipped with two
Teflon PFA valves. The tube was connected to the vacuum line,
and anhydrous HF (~1.25g) and NF3 were added at -196°C. The
contents of the tube were warmed for a specifiea time period to

the desired reaction temperature. The reacticn was stopped by
quickly pumping off the NFy, followed by removal of the HF scivent.
The material balances were obtained by separating the volatile
products via fractional condensation through traps kept at -126°
and -210°C, PVT measurements and infrared analysis of each
fraction, and by the weight change of the solid phase and its
Raman and infrared spectra which were compared against mixtures
of known composition. When stoichiometric amounts of KrFSbF6
and NF3 were used, the NF3 was condensed into the U-tube and

the valves were closed. When a large excess of NFy was used,
the NF3 pressure was kept constant at 1000 mm by the use of a
large ballast volume and a pressure regulator. The results of
these reactions are summarized in Table 1.

Reaction of PtF, with NF, in HF. A prepassivated Teflon FEP
U-trap (119 ml volume) was loaded at -196°C with HF (5 ml liquid)
and equimolar amounts (4.88 mmol each) of PtF6, NF; and ¥,. The
I contents of the trap were kept at 25°C for 14 hr. All volatile
material was pumped off at 25°¢ leaving behind 828 mg of a dark

R SRR e
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red tacky solid which based on its infrared spectrum was an NFA+
salt (1158 cm'l.vs,vS(Fz)) of PtFG' and/or a fluoroplatinate
polyanion (665vs,6255,560vs). Attempts were unsuccessful to
purify the sample by extraction with anhydrous HF.

Uv- Photolxsls of NF3__£§6 A prepassivated 0.5 in o.d. sapphire
reactor (26 m1 volume) was loaded at -196°C with PtF6 (1.22 mmol)
and NF3 (1.31 mmol). The mixture was irradiated for 2 days at
ambient temperature with a Hanovia Model 616A high-pressure quartz

mercury vapor arc lamp. All volatile material was pumped off at
25%, leaving behind a red-brown solid (116 mg) which based on its
infrared spectrum contained the NF[‘+ cation (200??,u1+v3(F2),
1218mw,2v&(A1+E+F2); 1159vs,v3(F2); 607m,v4(F2)) and a fluoro-
platinate polyanion (690vs; 659vs; 63vs; 535vs,br).

Synthesis of NF, Pt:F6 Into a prepassivated Monel cylinder (100 ml
volume) PtF6 (2,22 mmql), NF4 (211.8 mmol), and F, (216 7 mmol)
were loaded at -196°C. The cylinder was heated to 125°C for 7 days,
followed by removal of all material volatile at 25°C. The residue
consisted of 802 mg of a dark red solid (weight caled for 2,22

mmol of NF, PtF, = 884 mg) which baSefsoT7i§g infrared :nd Raman
spectra consisted mainly of NFaPtF6. vl IR: NF, ,

2305vw.2\)3; 1995w,u1+v3; 1758W,v3+v4; 1452w.vl+va; 1220mw,2v4;
1180sh,1158vs,1145sh,vq; 1049w,vytv, ; 606w, v, ; Pt:I-'6 ,1320,1300,
1280w 2RAZY 1220u2+v3, 675sh,650vs, 625sh, Vqi 570s,tr, Vi Ra:

NF& , 850mw, vy PtF 6 ,641vs,vl, 580mw, Vi 239m, Vi 194w, v

6

Reaction of PtF, with ClF5 in HF. A prepassivated 0.75 in o.d.

Teflon FEP ampule (49 ml volume) was loaded at -196°C with PtF6
(2.10 wmol), HF (2 ml liquid), and ClF5 (4.20 mmol). The mixture
was allowed to slowly warm to ambient temperature in an empty
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cold dewar. After keeping the ampule for 2 days at ambient
temperature, the brown PtF, color had disappeared. The volatile
material was removed in vacuo at room temperature and separated
by fractional condensation. It consisted of the HF solvent and
ClF5 (2.1 mmol). The orange-yzllow so0lid residue (0.91g) was
shown by infrared and Raman spectroscopy to be an about equimolar
mixture of CIF PtF, and C1F
1.05 mmol ClFaPtF

6PtF615 (weight calcd for a mixture of
6 and 1.05 mnol C1F6PtF6 = (.923g).

When the reaction was repeated under the same conditions, except
for using BrF5 in place of C1F5, no evidence for the formation
of a stable Br?6+ salt was obtained.

Results
Syntheses and Some Properties of KrF,.Lewis Acid Adducts. Although

the synthesis of KrF+MF6-(M=As,Sb) salts is well known,6718-21.22
the reported direct combination of KrF2 with the Lewis acids can

result in a spontaneous exothermic decomposition of KrF, accompanied
by a bright flash and gas evolution.18 In this study this problem
was avoided by dissolving the Lewis acid in a large excess of

anhydrous HF, before adding a stoichiometric amount of Ker. This
procedure resulted in an easily controllable, scalable and quanti-

tative synthesis of the desired Ker-Lewis acid adducts.

Since the Raman spectra of solid KrF+MF6' salts show many more bands
than expected for an isolated diatomic cation and an octahedral
anion,18 we have recorded the Raman spectrum of KrF+SbF6- in HF
solution at -5°C. The total number of bands was reduced to four,

as expected for & diatomic KeF™ (610 cm ) and octahedral SbF
(vl(A y=656, v2(E }=576, vS(F =278 cm ) thus confirming that the

add1tional bands observed for solid KrF SbF6 -18 are indeed due to




solid state effects. The solubility of KrF+SbF6' in anhydrous
HF at -31°C was also measured as 43.9 mg/g HF by the use of a
previously described method16

Since mixtures of KrF, and BF, in anhydrous HF are capable of
oxidizing NF3 to NF4+ (see below), it was interesting to
establish whether BF, forms an adduct with KrF, under these
conditions. Raman spectra of an equimolar mixture of KrF,

and BF3 in anhydrous HF at -40°C showed bands (597(10), 561(2),
462(7.5), 334(1), 179(1.7)) characteristic for Kr,F, -xKrF,!8
and a weak band act 879 cm -1 due to vl(A ,) of BF3.23 The bands
expected for BF, were difficult to observe under the given

5 conditions due to their low relative intensity and the low

E
-4
3
?-
3
3
-

signal to noise ratio. Removal of volatile material in a

dynamic vacuum at -78°C resulted in a white solid residue

which, based on its Raman spectrum (461 cm'l) at -110°C,
consisted of KrF,. = These results clearly show that KrF, does
not form a stable solid adduct with BF; at temperatures as low

as -78°C, but that in HF solutlon even at temperatures as high
as -40°C, ionization to (Kr,F, -xKer][BFa-] occurs. The
observation of free BF3 is readilv accounted for by the formation

of krypton fluoride polycations which leaves most of the BF,
uncomplexed. Whether any free KrF, is alsc present in the HF

o iRl g

solution is difficult to say because the KrF2 band coincides
with the 462 co ' band of Kr,Fy*.xkrF,.18

3

Fluorination Reactions with KrF' Salts. The oxidative fluorination
of NFy to NFh+ by KrF salts was first discovered25 by Artyukhow

and Khoroshev and independently rediscovered in our laboratory. 1In
our study, mixtures of NF4, KrF, and either AsFg or BF, in mole
ratios of 7:2:1 were allowed tc warm in stainless steel cylinders
from -196 to 50°C under autogenous pressures of about 75 atm. In two

K-8
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days NF,AsF. and NF,BF, had formed in 97 and 30% yield, respec-
tively, based on the limiting reagents AsF5 and BFB' in
agreement with the following equations

— NF3 + KrF2 + BF3 __.-NFAEFA + Kr

In the Russian study the reactions were carried out at room
temperature with either solid KrF+SbF6' and one atm of NF3, or
in HF solution with stoichiometric amounts of Ker, NF, and
the following Lewis acids, SbFS, NbFS, PF5- TiFA or BF3 at
total pressures of 3-4 atm and with reaction times of 1-3 hr.
Based on elemental analyses and vibrational spectra their
prodgcts were assigned to NF4+2§a1ts of SbFe', NbFe‘, PF6',
TiF "~ and BF, , respectively. We have repeated some of
these reactions in our laboratory because for (NF4)2T1F6 and
NFASbF61§h§9r§20rted vibrational spectra were those of poly-
anions, " '"7' and no yields and concentration or temperature
dependences were given which would help to shed some light on
the possible mechanism of these reactions.

Our results for the reaction of solid KrFSbF6 with NF4 showed

that indeed the NF4+ cation is formed, but that under the

reported conditions25 the reaction is incomplete and that the
+ q q

NF,  salt is mainly NF,Sb,F,, and not NF,SbF,.

When the reaction of KrF,-SbF; mixtures or of preformed KrFSbF,
with stoichiometric amounts of NF, was carried out, as previously
repcrted.25 in HF solution at ambient temperature, the reaction
was complete in less than three hours. However, contrary to the
previously reported elemental analysis but in agreement with the
listed vibrational spectra,25 the solid product consisted mainly
of NF,Sb,F (~90%) and not NFASbFG. The formation of mainly

2°11
NF,Sb,F,, suggests that under these conditions the oxidation of

)
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NF3 by KrFSbF, is not quantitative and that gome KrFSbF6
decomposes to Kr, F, and SbF5 with the latter combining with
NI-‘ASbF6 to form NFASbZFll' By lowering the reaction tempera-
ture, we succeeded in completely suppressing the formation
of NFASbZFll' and NFASbF6 was obtained as the only product,
contaminated by large amounts of unreacted KrFSbFﬁ. However
a quantitative oxidation of NF3 by KrFSbF6 according to

NF‘3 + KrFSbF6 —_— NFASbF() + Kr

was accomplished by the use of a sufficient excess of NF,.

Since the concentration of NF, in the HF solut%gn is propor-
tional to the NF3 pressure above the solution, the excess

of NF3 required for a complete reaction can be minimized by

using a small ullage in the reactor. This results in a high NF3
pressure and consequently in a high concentration of NF3 in the
HF solution. The results of a series of ruas are summarized in
Table 1 and demonstrate that, for example at -31°C in HF solution
at an NF, pressure of 1000 mm, NF; can quantitatively be oxidized
by KrFSbF6 to NFASbF6 in less than one hour.

25 it was of

In the absence of yield data in the previous report,
interest to examine whether NFABFA can also be formed quantitatively
under similar conditions. We found that an equimolar mixture of
Ker, NF3 and BF3 in anhydrous HF, when allowed to warm slowly

from -196 to 25°C and kept at 25°C for 3 hr, resulted in only a
28.17% yield of pure NF,BF,. When the reaction was carried out at
-78°C for 3 hr, the yield of NF,BF, (7.1%) was, contrary to the
NFB-KrFSbe system, still appreciable. Without the use of HF as a
solvent and at ambient pressure, no detectable amounts of NFABFA
were obtained after 3 hr at 25°C. However, as stated above, the

use of a sevenfold excess of NF3 at 45 atm pressure and gentle
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heating to 53°C for & days resulted in a 31% yleld of NF&BFA.

In view of the known tendency of TiFﬁ to form polyanion salts with
(NFA)ZTiFG26 and the fact that the vibrational bunds attributed in
the Russian study25 to TiFGZ' resemble those of a polyanion,26

we have also repeated the reaction of NF, with KrF, and TiF, in
the same 2:2:1 mole ratio in HF solution at room temperature for

3 hr. Based on the observed material balance, our solid product
had the average composition NFaTiFS'Z.ZSTiFa. The presence of
only polytitanate anions and of no TiFGZ' was confirmed by vibra-
tional spectroscopy (strongest Raman bands at 795 and 755 cm-l).
Based on our above results for NFQSbFG, it appears safe to predict
that the use of a large excess of NF3 and particularliy of an
increase in the NF3 Pressure and concentration should also decrease
the extent of polyanion formation in the NF3-KrF2-TiF4 system.

f@ Attempts to prepare the unknown 0F3+AsF6' and 0F3+SbF6' salts by
Vf the above methods (reaction of OF, with KrFMF, in eithex HF
V& solution at temperatures as low as -31°C or neat in a nickel
b cylinder under 25 atn of OF, pressure) produced no evidence
for the existence of these salts,

We have also attempted to oxidatively fluorinate CF NF, with
KrF' salts to CFyNF," salts. A mixture of KrFy, AsFg and CF,NF,
in a mol ratio of 1.86:1:5.62, when slowly warmed in a nickel
reactor from -196 to 50°C produced NFq and CF, as the main
products, with the excess of CF4NF, being decomposed to give

CF, and cis- and trans- N,F,. The cis- N,F, reacted with AsF5
to form solid N2F+AsF6'.28 Attempts to moderate this reaction

K-12
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by using preformed KrFSbF6 and HF as a solvent resulted again in
an oxidative fluorination of the C-N bond with CF,, and NF5 and
some trans- NZFZ as the main products. However in this case

the white s0lid product consisted mainly of NFthFGEbeFS.

An attempt was also made to oxidize the Cl1F,0 anion29'30 with
mp 4
preformed KrFSbF6 in anhydrous HF solution at -78°C. The

following reaction was observed.
+ =
KrFSbF6 + CsClF,0 + HF —m— CsSbF6 + Kr + F, + C1F,0 HF,

This result is not surprising since CsClFAO was shown to readily
undergo solvolysis in HF,

CsCLF,0 + 2HF ——=CsHF, + 01F20+HF2‘

and because the ClF20+ cation is difficult to oxidize.15 Reaction
of solid KrFSbF6 with CsClF,0 and of liquid C1F40 with KrF, also
did not result in oxidation of the ClFAO- anion.

Fluorination Reactions with Pth. Since gaseous PtF6 does not
react w%gh gaseous NF3 at ambient temperature to any significant
e:tent, we have studied this reaction in HF solution without
irradiation and in the gas phase under the influence of unfiltered
uv-irradiation. 1In both cases, the vibrational spectra of the
s0o’id reaction products demonstrated the formation of some NFA+
salts. The anions in these salts were not very well defined due
to the simultaneous formation of PtFg and possibly lower platinum
fluorides and their interaction with PtF6' to form polyanions.
Attempts to purify the products by extraction with anhydrous HF
were unsuccessful,

To obtain a better defined sample of an NFA+ fluoroplatinate salt

for comparison, we have prepared NFAPtF6 by a known, but unpublished

" i i)
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method.20 Using a large excess of F, and NF, and carrying out
the reaction at 125°C under an autogenous pressure of about
140 atm, NFaPtF6 was obtained in high yield according to

The NFAPtF6 salt is a stable solid which shows spectra charac-

teristic for tetrahedral NF’QH'7 and octahedral PtF6'15.

It was shown that the known oxidative fluorination of C1F5 to

C1F6+ with PtFGA'S'15 can also be carried out at room tempera-
ture in HF solution without requiring uv-irrodiation,
HF + - + -

However, attempts to prepare BrF6+PtF6- in an analogous manner
from BrFg and PtF, were unsuccessful.

Discussion

Syntheses of Coordinatively Saturated Fluoro Cations. At present,
+

only three coordinatively saturated fluoro cations, i.e. NF, ',
C1F6+ and BrF6+ are known to exist. They can be prepared from

the corresponding lower fluorides by one or more of the following
three methods: (1) oxidation by KrF+ salts; (2) oxidation by PtF6;

and (3) oxidation by F, in the presence of a strong lewls acid

and an activation energy source.

One of the goals of this study was to examine the scope of these
methods. A priori one would expect that the ease of preparing a
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given coordinatively saturated fluoro cation should increase

with increasing oxidizing power of the fluorinating agent and

3 with decreasing oxidation potential of the desired coordinatively
3 saturated fluoro cation. Although the oxidation potentials of

3 the three coordinatively saturated fluoro cations are unknown,
a comparison with those of either the isoelectronic fluorides
CFA, SF6 and SeF6 or the corresponding oxo anions in the same
oxidation states, i.e. NO5°, ClOa' and BrOa', suggests that the
oxidation potentials should increase in the following order
NF4:< C1F6

KrF PtF6 and F2 -Lewis acid combinations is concernedslsokolov

et al have shown that KrF' can oxidize PtF6 to PtF6.

both, KrF and PtF6, are expected to be stronger oxidizers than

+<BrF6+. As far as the order of oxidizing power of
and

mixtures of F, with Lewis acids. Therefore, the ox1d12er strength

should increase in order. F2 -Lewis acid <PtF6<KrF

The results of this study are in accord with these predictions.

i i " ] bl e

Thus, KrF+, the most powerful oxidizer, is capable of oxidizing

all three substrates, N¥q, ClF5 and BrFs. The second strongest
oxidizer, PtFG, can still fluorinate NF3 and C1F5, whereas the
weakest oxidizer, the Lewis acid-F, mixtures, can oxidize only

NFq. These results show that the preparative methods are trans-
ferrable from one coordinatively saturated fluoro cation to
another, provided that the oxidant is powerful enough to oxidize
the substrate. Obviously, secondary effects, such as the possi-
bility of high activation energy barriers and competitive side
reactions might also be important. For example, the activation
energy sources used in the F,-Lewis acid method can cause break-
down of C1F5 and BrFg to F, and lower fluorides with the latter
being continuously removed from the equilibrium by rapid complexing
with the Lewis acid. For NF3, such a side reaction is not effective,
and the F,-Lewis acid method is therzfore well suited foi the prep-

aration of NFQ+ salts,
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Formation Mechanisms of Coordinatively Saturated Fluoro Cations.
Previous reports7 have been concerned almost exclusively with
the formation and decomposition mechanisms of N’E“'+ salts, and
several different mechanisms have been proposed. These include
the heterolytic fission of f].uor::I.ne,z’32

8+  &- AE
NF3+F-F +ASF5

+
— NFA ASF6 (1)
the dissociation of NF4A9F6 to yield unstable NF5,33
NF4A8F6 ——"-[NFS]+ AsF5 (1I)
[l"le]---l——!‘u“3 + F2

the formation of an intermediate strongly oxidizing Lewis acid‘F
radical,34

L F, _.___:_"Zi? (111)

F+ ASF g o= ASF

6
. - 4 )
AsF6 + NF3 el NF3 AsF6

u‘_-

-+ _ c +
NF3 ASF6 + F /—*™ NF& A5F6

g ———in

_(; the formation of an intermediate NF, radical,?
P, = 2F (IV)
F + NF,———NF

T — L

. -4
NFA + Ast—--------*l'-"NF3 AsF6

4+ - +
NF3A3F6 + ¥ _“.—'l"'NF4 AsF

6

and the absorption and ionization of NF; on a I(rF+MF6' surface.25

K-16
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For the formation of NFa salts frca NF,, FZ and Lewis acids, the
importance of the F, dissociation step and of NF3 formation has
previously been experimentally confirmed, 34,35 thus rendering
mechanisms (IIXI) and IV) most likely. Of these two mechanisms
(IV) has previously been preferred by us because the formation

and decomposition of NF_,‘+ salts were assumed to follow the same
mechanism and the decomposition of NFaAsF6 is suppressed more
strongly by Ast thag6by NF3 7 However recent ab initio molecular
orbital calculations have provided evidence for NF being ener-
getically unfavorable, and the formation and decomp051tion of
NF&+ salts do not necessarily proceed by the same mechanism.

These considerations prompted us to reconsider our previous
preference.

The results of the present study confirm that NF4+ salts can be
formed from NF3 and either Fo-Lewis acid mixtures, KrF+ salts or
PtF6. Furthermore, the fact that the reaction of KrF with NF3
proceeds not only quantitatively, but also at temperatures

(-31 to -QSOC) at which KrF+SbF6' is completely stable, rules

out a free radical mechanism based on the decomposition of Ker

to Kr and F atoms and supports an ionic mechanism for the KeFt NF3
reaction. In such an ionic mechanisn, NF3 is oxldlzed either to
an intermediate NF3 radical cation or directly to NFQ . In view
of the quantitative yields of NF,t salts and our failure to obtain
evidence for an intermediate NF3 radical cation in these KrF+
reactions by ESR spectroscopy, the direct fluorination to NFh+

is preferred. One can easily envision an intermediate activated
couplex between the electrophilic KrF' cation and the, albeit

weak, electron donor NF5 which could readily decompcee to NFa+
with Kr elimination.
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For the reactions of NF3 with Fy-Lewis acid mixtures the requirement
for an activation energy source capable of dissociating Fy, 4 the
ESR evidence for the intermediate formation of the NF3 radical
cation,35 and the unlikely formation of an NFA radica136 favor

the free radical mechanism III. ¥For the thermal decomposition

of NFQ+ salte which are derived from stable Lewis scids, mechanigm
I1 is preferred because it best explains the observed strong rate
suppression by the Lewis acids.7

e

Even in the absence of experimental data it appears rather safe

to propose for the PtF6 oxidation reactions a one electron transfer
leading to NF4 PtF6 as an intermediate which is then further
fluorinated by a second PtF6 molecule to NFQ . Such & mechanism
is in accord with the rather low yields of NFQ salts obtained

for the NE3-PtF6 system, and has previously also been proposed

for the ClFs-Pth system.

Considering all the experimental evidence presently available for

the formation mechanisms of coordinatively saturated complex fluoro
cations, it appears that all reactions exhibit a certain commonality.
The crucial step in all systems appears to be the reaction of & power-
ful one electron (Ptl’-‘6 or Lewis acid:F) or two electron (KrF+)
oxidizer with the substrate (NF3, CIFS, or BrFs) resulting in an
electron transfer from the substrate to the oxidant, with a

simul taneous (in the case of KrF+) or subsequent (in the case of

PtF6 and Lewis acid‘F) fluorination of the intermediate radical

cation aF,*, argt, BrFs') to give the final product (NF,, CIF,",

BrF ) Thus, the mechanisms of the three presently known methods
for the syntheses of NFQ salts might be written in the following
manner.

e it
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Lewis acid -F, system:

FZ.LE..zi-“

F + AsFS-———--AsF6

. S _
Asl’-‘6 + NF3 i NF3 Asl“6

-4 _ . . + -
NF3 AsF6 + F {(or AsFG) ———--NFQ AsF6

PtF6 system:

o+

4 - + -

and RrF+ system:

NF., + KrF+SbF6' = [KrF. . -NF3]+SbF6

3
+ S + -

As can be seen from these equations, an ionic oxidant (KrF+)
results in an ionic mechanism and a radical oxidant (LAF or PtFG)
in a radical mechanism,

If in the Lewis acid ~F2 reactions the hard base NF3 is replaced
by a soft bLase, such as Re, the reaction can proceed even in the
absence of an activation energy source, as was demonstrated by
Stein for the Xe-Fz-SbF5 system.37 Although XeF+ is not a
coordinatively saturated cation, this reaction is most interesting.
Contrary to the NF3-F2-Lewis acid reactions, it probably proceeds
2s a two electron oxidation reaction by F, and therefore might be

K-19
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considered as the only presently known example of an actual
X heterolytic fission of fluorine ty a Lewis acid and a Lewis
base.32

b &+ &- n _

1 Xe---F - F---SbFs———-—XeF SbF6

The lower activation energy required for fluorinating Xe, compared
to NF3, is attributed mainly to its increased polarizability, i.e.
it is a softer base, and to a lesser degree to the difference in
their ionization potentials (IPNF = 13.0, IPXe= 12.13eV), because
the hard base 0, has an even lower IP of 12.06eV, but does not

react with fluorine and a Lewis acid in the absence of an activation
energy source,

Conclusion. Alvhough the present study has provided us with more
insight into the formation reactions of coordinatively saturated

complex fluoro cations, and particularly into those involving the
use of KrF+ salts as an oxidant, there is a definite need for more
experimental and theoretical work in this field to further establish
the mechanisms of these interesting reactions.
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Fluorine Perchlorate. Vibrational Spectra, Force Field, and Thermodynamic Properties

KARL O. CHRISTE® and E. C. CURTIS
Received December 15, 1981

Infrared spectra of gaseous, solid, and matrix-isolated C10,0F and Raman spectra of liquid C1O,0F are reported. All
12 fundamental vibrations expecied for the covalent perchlorate struciure

F-.____o

:7“\(,

of symmetrv , were observed and assigned. A modified valence force field was compuied for CIOLOF hy nsing the aheerved
WCI-¥'C1 isoropic shifts, symmeiry relations between the A’ and the A” block. and the off-diagonal symmetry force constants
of the closely related FCIO, molecule as constraints. Previous assignments for €10,0CI, C10,0Bs. C10,0CF,, C1,0;,
and CIy0, are revised. The '*F NMR spectrum of C1O;0F was recorded, and thermodynamic properties were compuled

in the range 0-2000 K.

introduction

Fluorine perchlorate (or perchloryl hypofluorite) was
probably first prepared' in 1929 by Fichter and Brunner by
the fuorination of dilute HC1O, with F; but was incorrectly
identified. The first positive identification of C10,0F was
reported® in 1947 by Rohrback and Cady, who obtained the
compound from the reaction of F; with concentrated perchloric
acid. They reported that CIO,OF consistently exptoded when
frozen.

(1) Fichter, F.. Brunner, E. Helr, Chim. Acta 1929, 12, 305.
{2) Rohrback, G. H. Cady. G. H. J. Am. Chem. Soc. 1947, 69, 677.

L_

1

In view of tts explosive nature, it is not surprising that very
few papers dealing with C1O;0F have becn published since
then. In 1962, Agahigian and coworkers reported® the '°F
NMR spectrum of CHQ,0F in CFCl, and four infrared ab-
sorptions of the gas. The same four infrared bands have also
been observed in a study* at United Technology Corp. in which
the heat of hyurolysis was measured for CHQ,0F. Macheteau
and Giltardeau studied® the thermal decomposition of C10,0F

(3 Agahigian, H. Gray, A. P.: Vickers, G. O, Can. J. Cheme. 1961, 40, 157

(4) Brazeale, J. D.; et al. "Thermochemisiry of Oxygen- Finorine Bonding™,
Report UTC 2002-FR, AD No. 40288%; United Technology Corp:
Sunnyvale, CA, March 1563,
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Figure 1. Traces A, B, and C. infrared spectra of gaseous C1O,OF recorded ina 5-em path length cell at pressures of 1000, 100, and 10 1orr.
respectively. The broken line indicates background absorption by the AgCl windows. Traces [ and E; infrared spectra of neat and Ne matnox- wolated

CIO,OF, respectively, recorded al 4 K with Csi windows.

and confirmed the four infrared bands previously reported .’
Small amounts of C10,0F have been reeported to form as
byproducts in the reactions of F, with metal perchlorates**’
and Cl,0,.* Force constants have been predicted® for C10,0F
by Witt and Hammaker using the four published infrared
frequencices, estimaling the missing frequencies from the known
C10,0C1 data'® and transferring five iniernal force conslants
from C10,0C1 to CIO,0F. 1t was recenlly found that very
pure C10,OF could be obtained in high yield by the “hermal
decompoasition of NF,ClIO,."" The CIO,OF, prepared in this
manner, could be maniputaled and repeatedly frozen withoul
explosions.’?  In view of this improved synthesis and the
paucity of previous data on C10,0F. a betier characterization
of 1his compound was undertaken.

Experimenial Section

Caution! Allhough no explosions were incurred during the presenl
study, the original reports? of Rohrback and Cady indicate thal
CIO40F is a highly sensitive and powerful cxplosive. 1t should be
handled only in small quantities and with proper safety precautions.

Tiwotie percliivraic was prepated by 1iernai decomposition of
NE,CI0,M a1 ambienl temperature and was purified by (ractional
condensation in a well-passivatea (with CIF,) stainiess steel-Teflon
FEP vacuum sysiem. Fluorine perchlorate was flound Lo pass slowly
through a ~126 °C trap but to stop in a colder trap. The only impurity
detectable in the infrared spectrum of the gas at 1000 mm pressure
was a Irace of FClO,.

Infrared spectra were recorded on a Perkin-Elmer Model 233
spectrometer, which was calibrated by comparison with standard gas
calibration points.”*'* The reported frequencies and isotonic shifts

{5) Macheleau, Y.; Gillardcau, J. Bull. Soc. Chim, Fr. 1969, 1819,

(6) Grakauskas, ¥V, Fr. Paicnt t 360968, 1964,

(7) Bode, H.; Klesper, E. Z. Anorg. Allg. Chem. 1951, 266, 275,

(8) Da Vila, W. H. B. Rer. For. Cinenc. Quim., Univ. Nac. La Plata 1957,

29, 27,

M Wi, ). D Hamowker, R. M. J. Chem. Phys. 1973, 38, 30),
(1 . Chrise, K. O.; Schack, C. J.; Cuntia, E. C. faorg. Chem. 1971, 10, 1589,
(tt) Chrisic, K. Q.; Wilson, W. W, Inorg. Chem. 1980, 19, 1494,
(t2) Schack, C. ). Chrisie, K. O. fnorg. Chem. 1979, 18, 2619
(t3) Tolberg, W. E., privalc communicalion,

—

L-2

are belicved 1o be accurate to £2 and £0.1 cm !, respectisvely. Gas
specira were recorded with use of a Teflon ceil of S-cm path length
cquipped with a Teflon PFA valve (Fluoroware Inc.) and ApCl
windows. The spectra of neal and niatrin-isulated ClIOOF were
recorded a1 4 K witk use of an Air Producis Model ACL] Lelium
refrigerator equipped with Csl windows. Rescarch grade N. or Ne
(Matheson) was used as the matrix in 2 mole ratio of 1000:}.

The Reman spectra were recorded on a Cary Modcl 83 spectrometer
using the 4880-A exciting line with a Claassen filier for 1he elimination
of plasma lines."*  Polarization measurements were carried oul by
method V111, as deseribed! by Claassen et al. A Named-out 4-mm
od. quanz lube was used as a sample coniainer in 1% transverse
excitalion-1ransverse viewing mode. 1t was cooled 10 --100 °C in an
apparatus similar to that!’ described by Miller and Harney.

The "*F NMR spectrum of C1O.OF in HF solution was recorded
at 84.6 MHz on a Varian Mode] EM 190 spectrameter equipped with
a variable-temperature probe. Chemical shifts were determined relative
10 exlernal CFCly with posilive shifts being downlield from CFCl,.

Resuits and Discussion

Properties of (10,0F. Fluorine perchlorate is colorless as
a gas and a liquid and white as a solid. 1t was found 10 be
stable 21 room temperature in either Teflon or passivated steel
containers and to be the most stable member of the series
CIO0;0F, C10,0C1, ClOyOBr. Conlrary to the original report
of Rohrback and Cady,? explosions were not incurred on cither
freezing or melting C10,0OF, Since Rohrback and Cady had
prepared their sample of C10,0OF by fluorination of HCIQ,,
a small amount of the latter could have cuused their samples
10 be more sensitive.'*

The "F NMR chemical shift of CIO,OF has been reported’
to be 225.9 ppm downfield from CFCl;. However, since the

(14) Plyle:. E. K. Danti. A.; Blaine. L. R.; Tidwell, E. D. /. Res. Nail. Bur.
Stand., Seci. A 1960, 64, 841,

(15) toiernalional Union of Pure and Applied Chemisiry. *Tables of
Wavenumbers for the Calibration of tnfrared Speciromelers®; Bulter
worths: Washingion, D.C., 1961.

(16) Claassen, H. H.; Setig, H.; Shamir, J. Appl. Specirosc. 1969, 23, &,

(17) Miller, k. A.; Harncy, B. M. J. Appl. Spectroze, 1976, 24, 271,

(18) Schack, C. J.; Pilipovich, D.; Christe, K. Q. J. fnorg. Nucl. Chem.,
Suppl. 19786, 207
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Figure 2. Infrared spectra of N, and Ne matrix-isolated and of gaseous CIOJOF recorded with 20-fold scale expansion under higher resolution
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Figure 3. Sce capiion of Figure 2.

shift for FCIO,, reported in the same paper, is in error by about
35 ppm.’® we have redetermined the shift for ClOQ,OF. In HF
solution, a single line, 219.4 ppm downfield from external
CFCly, was observed, in fair agreement with the previously
reported’ value of 225.9 ppm.

Vibrational Spectra. The infrared spectra of C10,0F were
recorded for the gas, and for the neat and the neon- and
nitrogen-matrix-isolsted solid (s¢e Figures 1-3). The Raman
spectra of liquid C1O,0OF, recorded at =100 °C, are given in
Figure 4. The observed frequencics and their assignments
are summarized in Table I. The four infrared bands previ-
ously reported®?® for gaseous ClO;0F agree well with our
results.

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

Assignmenis, By analogy with .losely related molecules,
such as CF;OF, % fluorine perchlorate should possess a
staggered structure of symmetry C,.

F-..____U

/ﬂ
0
o/ ~ 0
The 12 fundamental vibrations expected for CIO,0F of sym-

metry C, can be classified as 8 A" and 4 A”, where all modes
are allowed in both the infrared and the Raman spectra. In

(200 Diodaii, F. P; Bariell, L. 5. J, Mol. Struct. 1971, 8, 395,
(21} Buckley, P.; Weber, J. P. Can. J. Chem. 1974, 52, 942,




H

Bl S L Ll

ra)

i
. P e B

Fluorine Perchiorale

Table 1, Vibrational Spectra of Cl0,01
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obsd freq, cm ', and intens

infrared Raman
gas N, matrix Ne matrix solid liquid 111 soln assignt in point group C,
1302 + 1295 = 2597 v+, (A1)
LN 2'x 1295 - 2590 2, (A1)
2335w 1295 + 1049 - 2344 b, + 1, (A7)
1302 + 885 - 2187 b, 41 (A)
2183 vew {1295 + 885 - 2180 iy + oy AA)
2097 vw 2% 1049 = 2098 20, (A
1968 vw 1295 + 677 - 1972 ve + r (A7)
1891 vww 1295 + 599 - 1894 vy + 11y (A7)
1749 vw 2% B85 - 1770 2, (AD
1670 vvw, sh 1295 + 379 = 1674 vy 1 1y (A7)
1645 vww 1049 « 599 = 1648 v, + v, (A)
1610 vvw, sh 1049 + 563 = 1612 Py + v (AT
1555 vvw, sh 8BS + 677 - 1562 vy + o, (AT
1538 vwww 1302 4+ 230= 1532 v+ 1A
1480 vvw 885 + 599 - 1484 v, + 1m0 (A
1394 vvw 563 + 5594 2301392 o, + v, 4, (A")
1345 vw, sh Tx 677 1354 v, (A))
1307 sh
1304.6 vs i303.6 vw 1284 vs 1289 (0.3)br 1289(0.3) v, (A =
1303.0 vs 1302 sh 2x 386 + 529 1301 2y, + v, 1A
1301.8 sh 1297.4 mw
1294 8B vs 12961 mw 1284vs  1289(0.37br  125910.3) p, (A V(L
1293.7 sh 1295.2 vs
1297 vs 12898 m 1289.7m v, (AYMCl
1288.4 mw } ) D
1286.4 m 12859 mw 2% 378 + 5251285 2u, + v LA
1251.6 w v, (A"Y¥C]
1280.2 ms 1280.6 ms +
1276 sh
1195 va 2% 599-1198 v, 1A
1063 w 2% 529 - 1058 v, (A)
1055 vw 1056.0 w 678 + 379=1057 v, +uy tAT) 25C
:ggéf) i‘w 671 + 379 - 1050 by + by (A C
1049.2 s 1047.3 ms 1047.5 ms 1042 ms 1044 (10) p 1045 (1) v, (A ¥5C)
1046.5 mw
1046.8 ms 1044.2 mw 10442 m v, (A1 37C]
975 vww 599 + 3719 -978 vy + vy (A)
943 vvw 563 + 379 - 942 vy + vy (A"
886.7 w 883.3 mw 882.3 mw 2x 3794 127 - 885 20, + v, (AT)
884.6 mw 881.6m 887.2m 879 m BB2(43)p 882 (1.9 ¥y (A"
751w 750 w 2% 379758 2v, (A
683.7 mw 563 + 127 = 690 P b By (A)
682.1
679.2
676.8 q
674.6 674.6 677.7s 669 s 670 (2.8)p 670 (1.5) v, 1A °C1
6723 667.6 ms 670.7 ms p, (A CL
671.0
668
599 mw 5971 ms 597.6 ms 595 ms 596 (0.8) dp vy (A') 50
5933 m 593.R m by WAL
563 mw 561.8 ms 562.9ms 558Bms  559(0.8)dp v, (A}
5589 m 560.0m v (A7) Y01
529w 530m 531.6m 529m 52844 p 528 {1.B) v, (A)
3869 w 386 w
} } 383sh  3B2u.Jp  382sh v, (A"Yand 3, (A”)
378 w ;380.7»: 381 mw 3Ix127=381
3773 mw 378 mw 7Tmw 377 (Rp 3774 b, (A')
20(.4)p  232(08) v, (A)
127 (0.6) dp v, (A")

the Raman specirum, the A’ modes can be either polarized
or depolarized, while the A” modes should ali be depolarized.

An approximale description of all 12 modes is given in Table

.By comparison wilh the known spectra of 1he relaled
molecules CI0,0CL"* CIQ,0B:," CI0;0H,2 ClO,0D,2
OJCIOCIOJ,Q'H'Z‘ CFJ()(:IC);,25 FCIO;.”-]D FOSOZF."'“ and

CF;OF,** 1he assignments for most fundamenial vibralions
of CI0,0F (see Table [} are siraighiforward. Addilional

C 1971, 273, 781,

(23} Pavia, A. C.; Rozitre, I.; Potier, ). C. R, Hebd. Seances Acad. Sci., Ser.

24) ?:zi.ére.g.l.: Pascal, J. L.; Potier, A, Spectrochim. Acta, Part A 1973,
A, 169,

(25) Schack, C, J.; Christe, K. O. Inorg. Chem. 1974, 13, 2314,

(22) Karelin, A. |.; Grigorovich, A. 1; Rosolovskit, V. Y&, Spectrochim. Acta,

Part A 1975, 31 A, 765,

A T

{26) Lide, D. R., Jr.; Mann, D. E. J. Chem. Phys. 1956, 25, |128.
(27) Madden, R. P.; Benedict, W. S. J. Chem. Phys. 1956, 25, 594,

L-4 (28) Clanssen, H. H.; Appelman, E. H. Inorg. Chem. 1978, 9, 622.

P WL, 5 WA
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Figure 4. Raman spedira of liquid CIO,OF in 2 4-mm quariz tube
recorded a1 —100 °C with parallel and perpendicular polarization,
The insert shows the 377-cm’! band recorded with scale expansion,

support for these assignments comes from the observed
BCI-Cl isotopic shifts (chlorine has two naturally occurring
isotopes, 3*Cl and Y'C), with an abundance ratio of 3:1), from
the normal-coordinate analysis (sece below), and from the
Raman polarization data. Consequently, only the less
straightforward assignments will be discussed.

The two antisymmetric C10, stretching modes, v (A’) and
re(A”), are almost degenerate and therefore could be observed
as scparate bands only in the matrix spectra at about 1303
and 1295 cm™t. In the Ne matrix, the *'Cl satellite of the
1303.6-cm™ fundamental at 1289.7 cm™! appears to be in
Fermi resonance with the A’ combination band (2»; + »4) at
1285.9 cm™. Because Fermi resonance is possible only be-
tween vibrations belonging to the same symmetry species, the
1303.6-cm! band is tentatively assigned to the A’ mode. The
additional smaller splittings observed for the 1295-cm™! band
in the Ne matrix and for the other bands in the N; matrix are
attributed to matrix site effocts. The Raman polarization data
for the 1289-cm™' band were inconclusive due to the great line
width, low intensity, and low degree of polarization and
therefore were not useful for distinguishing between the A’
and the A” fundamental,

The frequencies of the two Cl0), rocking modes, »,(A’) and
mi(A”), almost coincide and are readily assigned on the basis
of their Raman polarization ratios (sec Figure 4}. The splitting
of v ,(A”) (see Figure 3: into two components in the ma-
trix-isolated infrared spectra is attributed to Fermi resonance
with 3p,(A").

The symmetric (umbrella) C1Oy deformation mede, #i(A").
and the iwo anlisymmetric C10, deformation modes, #4(A")
and #5{A’), are assigned to the three fundamentals observed
at about 599, 563, and 529 cm™', respectively. ‘The assignment
of the 599-cm™! fundamental to vs{A’) i> established by the

(29) Murphy, W.F.. Sunder. S.; Katz. H. J. Raman Spectrosc. 1978, 7, 76.
{30) Christe, K. O.; Curtis, E. C.; Sawodny, W.; Hacrtner, H ; Fogarasi, G.,
Spectrochim. Acta, Part A 1981, 374, 549,
(31} Dudley, F. B.; Cady, G. H.; Eggers, D. F. J. Am. Chem. So-. 1956, 78,
2%0.
(32) Qureshi, A. M., Levchuk, L. E.; Aubke, F. Can. J. Chem. 1971, 49,
2544,

{33} Onkes, K. Dissertation, University of Washingion, 1972,

(34) Wil, P. M. Dissertation, Vanderbill University, 1967,

{35) Will, P. M ; Jones, E. A. J Inorg. Nucl. Chem. 1967, 29, 2i08. 1968,
30, 1933

(36} Smardzewski, R, R, Fox, W, B, J. Fluorire Chem. 1975, 68, 417,

(37) Christe, K. O; Schack, C. J. Inorg. Chem. 1981, 20, 2566.

(38) Kuo, J. C.;, Des Marteay, D. D.; Fateley, W. G.; Hammaker, R, M ;
Marsden, C. )., Win, ). D. J. Raman Spectrosc. 1980, ¥, 230.

(39} Hammaker, R. M.; Falcley, W. G.; Manocha, A. S.; Des Marteau, D.
D.; Streusand, B. J.; Durig, J. R. J. Raman. Spectrose. 1980, 9, 181.

(40) Ueda, T.; Shimanouchi, T. J. Mol. Spectrosc. 1968, 28, 350.
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Vibrational Spectra of C10,0F Comparec. to Those of Closely Related Molecules

assignt for

Table 1.

CF,OF¢

C10,0Br¢

2,C10C10,4

C10,0CK

obsd freq, cm™!

C10,0F

Cio,0oD?

Clo,0H®

FCIO,®

approx description
of mode for C10,0F

Vasym(C10;) ‘l
vlym(ClO,)

w(O-F)

CIO,OF in
point group C,

1222
1294
882
947
678
585
429

1279
1039
683
648
572
509
387

1060, 1025

}704. 698
600
521,512
430, 283
154

1300

1287 (15Y
749 (3.8)
646 (8.5)
580 12.5)
511 (<L.5)
355

1040

1302 (14.5Y
885 (~0)
677 (1.0
599 (3.8)
529 (~1)
379 (<1)
230

1049 (3.3)

1282
1050
725
587
555
420

2624

1326
1201

1048

717 (10.0)
549 (0.39)

1314 (15.8)
589 (3.1)
405 (0.2)

1062 (3.05)

8 umbrena(ClO, )
S25ymClO; (o)
$in-plane (C1OQ; rock) (8)
ain.,h,,,(a-o-r){

W Cr0)

3553
126
582
555
421

1326

278
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Tabte 111. ngmetry IForce Constants,® Observed and Calculated Frequencies, and **C1-2"C] Shifts and Potential Energy

Distribution? of C10,0F

Cl isotopic
freq, cm ! shift, em™*

assignt  obad  caled obsd  caled

symmetry force connlants

potential energy distribution

A w1302 1303 145 157 F.=fr-fn 9.53 971
v, 1049 1049 33 33 F.-f+ Y, 949 974D
v, 885 885 <l 01 Fy,=/p 351 843+ 10N
v 617 61 1.0 10 F.-fr 238 S2{4)+4145) +9(8) + 6 (&) - 20 (45)
v, 599 599 38 38 F, -0653+0.350,+ 1300+ 238 5445+ 2046) + 8 (8)
0.70f5q ~ 1.91/ag - 0.95/4p
v, 519 529 ~1 L2 Fo“fa-faa 162 6316)+ 28 (4) + T(B) + 4(5) - 9 (46) . 5(45)
v. 319 3119 <l 0.7 Fo = fg-fag 154 69N+ 13+ 1065 +7(4) +58) 66T
v 230 230 031 £, f, 099  668)+ 18 (71 + 15 (4)
AT w1295 1295 146 IS0 Fo =fyfor 953 99 (%)
v, 563 563 29 29 Fu.-fa faa 1.55 80 (l0v + 8(11) + 7410,11)
v, 385 385 03 F 121 9411y + 18410) - 12 (10,11

LY 127 Fu,n B

F

Pn,n f f;!ﬂ
e

".u '.‘Lo,ln “Jra’ X fra
K "F'o’u_ frﬂ I
i 3 l.’ R

F

081/ 118 +

1.61fg - 0.539f "
E, 139
Fu - IRa

ke~ 1-02fxa

Foro Fron=fog - fag

0.27
0.35
0.16
0

0.51
0,218
-0.2

% Stretching constants in mdyn/A, delormation constants in mdyn A/tad?, and stretch-bend interaction constants in mdyn/rad. Although
identical explicit ¥ 1erms are givenfor I, F,,, F. and F,,, Fy o, F, 1, Tespectively, it must be kept in mind that the corresponding A’ and

A" lorce constants are similar, but not identical (see 1ext for explanation).

observed PQR band contour in the infrared spectrum of the
gas, by its large **C1-""C] isotopic shift, and, in particular, by
the results from the normal-coordinate analysis (see below).
By analogy with CF,OF,** CI0,0F is an accidemal symmetric
top with Cl and F lying on the axis of the smallest moment
of inertia (/,) and rotational constants of 4 = 0.181, B =
0.0932, and C = 0.0931 cm™.. Therefore, the band contours
for C1Q,0F are expected to be analogous of those of CF,OF
for which the PQR band contour of the umbrella deformation
mode is well established. By analogy with FC10,* and CI-
0,0C1,'9 the CI-O single bond stretching and 1he ClIQ; um-
brella deformation mode in CIO;OF are expected to exhibit
a total of about 11 em™! in ¥*CI-*'CI isotopic shift whose
distribution between the two modes is governed by their degree
of coupling. The assumption of a total isotopic shift of about
11 cm™! for these two modes was supported by a large number
of different force ficlds. As long as plausible interaction terms
were used, this total isotopic shift remained close to 11 cm™.
in C10,0F, the Cl isotopic shift of the C1-O stretching raode
is only 7.0 cm’!, thus requiring a Cl shift of about 4 cm! for
the ClC; umbrella deformation mode. This condition is met
by the 599-cm™! fundamental (A» = 3.8cm™') but not by that
at 32y cm™ (ar = 1 cm *). Furthermore, the nurnai-voul-
dinate analysis strongly preferred a Cl isotopic shift of about
3.0 cm™ for #¢(A”) and could accommodate a 3.8- or 1-cm’!
shift only with unreasonable off-diagonal cymmetry force
constants. Also, the potential energy distributions of all
physically meaningful force fields, obtained with the different
possible assignments, insisted on 599 cm™! belonging to the
A’ block and being the umbrella deformation mode. With the
599-cm™! fundamental being firmnly assigned 1o the umbrella
deformation mode, assignments for »s(A’) and rip{ A"} are
unambiguous on the basis of the Raman polarization data.

The frequency of 127 cm™! for the CI-OF torsional moae
in CIOyOF is in excellent agreement with that*** fownd for
the closely related CF;OF molecule and confirmed by mi-
crowave spectroscopy.il Since the reduced moment of inerlia
for internal rotation (I,), of CF,OF and C10,0F should be
comparable, the potential barrier to internal rotation in Cl-
O,0F is expeeted to be similar to that of CF;OF (about 4 kcal

L-6

b Coniributions of less than 5% 1o the PED are not listed.

mol™}.2%¥® The remaining assignments for CIO,0F are all
unambiguous and require no further comment.

Only minor frequency shifts were observed for CIO,0F
when going from the gas to the liquid and the solid. This
indicates little or no association in the condensed phases.

Comparison of 1he CIO,OF Assignments with Those of
Similar Molecules. In Table |1, the assignments for CIO,QF
are compared to those of similar molecules. The generai
agreement between the different compounds is excellent and
permitted improvement of some of the previous assignments.
For example, the assignments previously proposed for the
antisymmetric (A’} and the symmetric CIO, deformation
modes of C10,0C1,' CI0,0Br,'° and C1,0,° should be re-
versed and the assignments for C10,0CF, should be reviscd
to conform with those of C10,0F.

For CF;0F, we propose 10 exchange the previous assign-
ments*® for the symmetric and antisymmetric CF; stretching
maodes in species A’. The CF; modes in CF.OF are almost
identical with those in CF;ONF,. Raman polarization data
recently obtained in our laboratory for CF,ONF, established
beyond doubt that the highest CF, fundamental represcnts the
symmetric stretching mode.

Clilwsine Isotopic Shifts. The *C! VCl isoiopic shifis ob
served for CIO,OF are summarized in Table 111, In vicw of
the importance of these shifts for the force ficld computation,
factors influencing some of these shifts will be bricfly discussed.
Whereas uy, #q, and vy, are essentially undisturbed, some of
the other bands appear to be influenced by effects such as
Fermi resonance with combination bands.

For »), rzsonance between (2, + v} ’Cl and ¢, #7C| most
likely shifts 1he latter 1o higher frequency and decreases its
relative intensity and the apparent *C1-""Cl separation of #,'s.
Using a weighted average of the 1285.9- and 1289.7-cm™!
bands for the frequency of », ¥Cl results in a Cl isotopic shift
of abut 14.5 cm™, similar to that {14.6 cen™') observed for the
almost degenerate vo(A”) fundamental.

For », a discrepancy exists between the matrix isolation and
the gas-phase data. Whereas two Q branches with a frequency
scparation of 2.4 cm™! were observed in the gas-phase spec-
trum, the matrix isolation data show that in the Nc and N,
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matrices the isotopic shifts are 3.3 cm™. Two combination
bands, {», + »;) and 2, occur in this region and were indeed

Christe and Curtis

Table IV, Comparison of Internal Foree Constants® of C10,0F
with Those of 'CIO,

observed in the matrix spectra. However, since in the Ne Cl0,0F FCIO, CI0,0F _ FClo,
matrix they occur on the high-frequency side of v, and arc of ‘ -

low relative intensity, the larger isotopic shift in the matrix ;' 33% ggg fa-Tap :;: ::,,’) 1.49

spectrum cannot be attributed to Fermi resonance effects. o 0.09 008 fro-frgw 0.27 -0.29%
Since in the closely related FC10; molecule the Cl isotopic fa-fea 162(A) 153 fg-fg 038 ~0.33%
shift of this highly characteristic symmetric ClO; stretching 1.55 (A} fog-fag' 0.2 0.26

mode is 3.05 cm™,® we prefer the matrix shift value for »,
of CIO,OF. The second Q branch, observed in the infrared
spectrum of the gas, might be due to other effects such as hot
bands.

The O-F stretching mode, #,(A’), shows a splitting of about
5¢m in the Ne-matrix spectrum, but in the Nj-matrix and
gas-phase spectra the satellite band is shifted 10 the high-
frequency sidc of », and therefore is atliibuied iv the com-
bination band {25 + »))).

Normal-Coordinale Anmslysis. The normal-coordinate
analysis of C1O,OF presented a particular challenge because
previous force ficld computations for the closely related
ClO,0X (X = Cl, Br, C10,),*? CF,0X (X = F, Cl),»*»4!
and FSO,0F" molecules revcaled difficulties in reproducing
the experimental frequencies and resulted in exiensive mixing
of symmetry coordinates for many of the A’ modes. Because
of the highly underdetermined nature of these force ficlds, the
mere reproduction of the observed frequencies does not nec-
essarily result in a meaningful force field or cven support a
certain assignment. In order to avoid most of these drawbacks,
we have used for our normal-coordinate analysis of C1O;0F
the following additional constraints: (i) **CI-*"Cl isotopic
shifts, (ii) symmetry relations between the A’ and A’ block,
and (iii) transfer of many force constants, particularly off-
diagonal symmetry force contants from the closely related
FCIO, molecule to CIO;OF. For this purpose, it became
necessary to determine first a reliable general valence foree
field for FCIO,; from a combination of Cl isotopic shifts,
Coriolis constants, znd ab initio force constant calculations.®
Using this well-established FC1O, force ficld both as a starting
point for the CIQ,0F computations and as a criterion for
judging the plausibility of the resulting force ficld, we de-
termined a force field that met all our criteria.

For the computation of the C1O,OF force ficld, the vibra-
tional frequencies, Cl isotopic shifts, and assignments of Tables
11 and 111 were used. The required potential and kinctic cnergy
metrics were computed by a machine method*? using the
following geometry, estimated from a comparison with the
related molecules FCIO,,* CIO,0H,* and CF,OF. %!

9 J-or dimensions of fotce constants see foatnote a of Table 111,
b The different signs in these force constants are caused by the dif-
ferent signs in the symmetry coordinales used for the two compu-
talions and therefore have no physical meaning.

method to reproduce the observed frequencics and isotopic
shifts. Due to the symmetry relations between the A’ and the
A" block (Fyy = Fog, Fog = Fig10. F37 = Fiy 1 Frs = -Fy 100
F; = Fy . and Fg; = -Fig;,). both blocks were refined si-
multancously. Due to its low frequency and weak coupling
with other modes, the torsional mode »|; was omitted for the
analysis.

With use of this method and the FClO, force field as a
starting solution (supplemented by appropriate estimates for
the O-F group), the A’~A” symmetry constaint was at first
fully enforced. Although a close duplication of the observed
frequencies and isotopic shifts was possible, the resulting force
field and potential energy distribution were unsatisfactory. For
satisfactory force field solutions, the computed frequency of
vy wa3 always too low and that of ¥, too high. This suggested
that the two C10; rocking modes, »(A’y and »;(A"}, are not
completely degenerate, and therefore the £y, = F, |, constraint
was removed. Removal of this constraint significantly im-
proved that force field, but again the results suggested that
removal of the Fg = Fiq 0 constraint would significantly
benefit the force field. In this manner, a very satisfactory force
field (scc Table 111y was obtained that exactly duplicated the
observed frequencies and isotopic shifts and contained force
constants for the ClO, part of the molecule, which are very
similar to those of FCI(:,* (sec Table IV). Removal of the
F;; = Fy constraints was shown to be unnecessary since it did
not change the values of F\, and Fy. The only ininor deviation
between observed and computed isotopic shifts exists for »;
and vg; however, it must be kept in mind (i) that the shift of
v, is disturbed by Fermi resonance effects (see above) and (ii)
that anharmonicity corrections* for these large shifts would
be nf the same magnitude as the obscrved deviations.

The foree field of CIO;OF, given in Table 111, contains, in
addition to the interaction terms transferred from FCIO;, only
one relatively small (F,, = 0.22 mdyn rad™") off-diagonal

i =y sDe1. k2K symmetry force constant. This is not surprising in view of the
e 105° T '“"-ﬁ‘f near degeneracy of the OCIO, modes. if these modes were
Y i LLE5E q completely degenerate, v, v,, and »; would belong to species
o 0 / N Al E and »,, vy, and v, to species A, of the corresponding C;,,
S . symmielty molecuic and, therefore, no interaction force con-
s stants between the two species would be allowed. In the casc
. . of near degeneracy of these modes, a. in CiO,OF, the inter-

e T excest tat the numbering s diffeent and the re.  £<ton foros constats between the o groups can be nonzero

. , I i because they both bel ies A’. ‘ev i
| dundant coordinate was made exactly orthogonal to the other Y ongmow Lokpeciok A’ ‘Howevér, their

coordinates by the Gram-Schmidt process. Analytical ex-
pressions for the symmetry force constants arc given in Table
III. The off-diagonal symmetry force constants were adjusted
by trial and error and then kept fixed during adjustment of
the diagonal symmetry force constants by a least-squares

(41) Wahi. P, K.; Patel, N. D. Can. J. Spectrosc. 1980, 25, 70.

(42} Curtis, E. C. Spectrochim. Acta, Part A, 1971, 274, 1989,

(43} Clark, A. H.; Beagley, B.; Cruickshank, D. W. J.; Hewits, T. G J.
Chem. Soc. A 1970, 872, ) .

{44) Clark, A, H.; Beagley, B.; Cruickshank, D. W, J; Hewint, T. G. /.
Chem. Soc. A 1970, 1613

numerical values should be very small or zero, as can be shown
by semiquantitative arguments.

The fact that the symmetry constraints between the A’ and
the A" block are not strictly valid is not surprising. As ex-
pected, the two ClO,; rocking modes are the Icast degenerate
(22% difference). Because the O~F group is situated in the
symmetry plane of the molecule, the in—plane rocking motion
requires a significantly higher force than the corresponding
out-of-plane motion. For the antisymmetric ClO, deformation

(45) Mueller, A. “Vibrational Spectroscopy—Modern Trends™; Barnes, A.

J., Orville-Thomas, W. J., Eds.; Elsevier: Amsterdam, 1977.
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Figwre 8. Solution range of 1he A” block symmeiry force constants
of CIC,OF computed from 1he chlorine isotopic daia and plotted as
a function of Fy ;. The units are identical with those given in Table
111. The broken line indicates 1he preferred force ficld.

constants the difference between A’ and A” values amounts
to only 4% and for the antisymmetric ClO, stretching modes
it is zero. In view of the very near degeneracy of the anti-
symmetric ClO, stretching and deformation modes, it is not
surprising the symmetry constrainl imposed on the corre-
sponding off-diagonal symmetry force constanis worked well
for cur force field. In this connection, it should be pointed
cut that the expected, albeit small, tilt angle of the CI-O bond
away from the threefold axis of the ClO; group should cause
a smalt difference between the A” and A” force constants.
However, in the absence of exact struciural data for CIO;0F,
the tilt angle was assumed to be zero in this study

To obtain a better feel for the possible variation in the force
constant values of CIO,0OF, we calculated the range of possible
solutions for the A” block which is shown in Figure 5. Since
five independent frequency values were available from the
isotopic data for the computation of six symmetry force con-
stants, five force constants were calculated as a function of
the sixth one, in this case Fy,,. As can be seen from Figure
5, limitation of the off-diagonal force constants to reasonable
values places rather parrow limits on the more important
diagonal terms. The force field selected from the simultaneous
A —A" refinement is given by the broken line and is analogous
to the FCIO, E block force field.® The differences in the signs
of some of the off-diagonal force constants between FCIO, and
ClO;OF are caused by the different signs in the symmetry
coordinates used for the two computations and therefore have
no physical meaning.

The potential energy distribution for CLO,OF is given in
Table T11. It shows that the approximate mode descriptions
used in Table 1T are appropriate. The largest amount of mixing
was o' served for v,, which, by analogy with », of FCI0,, % is
an antsyminetric combination of S, (CI-O stretch) and S,
(8,(C1O,)).

In order to test the possibility of interchanging the assign-
ments of vy, v, and v, we computed force fields for all possible

L-8
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Table ¥V. Themody..2mic Properties of Ch), O

Iy Wy
Cplocali H,), W,
T.X {mol deg) kcalimol  cal/imoldep)  S7p, e
0 0 0 ] 9
100 9.438 0.8:1 50.106 58.411
200 14.09% 2.003 56.234 66.347
298.15 18,512 159 60.712 72.761
300 18.176 1626 60.187 72872
400 21.166 5.601 64532 78.535
500 23.289 1.830 67.840 83.500
600 24.789 10.238 70.823 87.886
100 25861 12,7714 73.545 91.791
800 26.641 15.401 76.049 95.299
LlLy 27.21 18.095 78.167 98.472
1000 27.660 20.840 80.524 101.364
1100 28.000 2364 82.541 104.017
1200 28.266 26.438 84424 106.465
1300 28.480 29.275 86.217 108.736
1400 28652 2132 87.902 110.854
1500 28.794 35.005 89.499 112.835
1600 28911 37.890 91.016 114.697
t700 29.010 40.786 92.461 116.453
1800 29.093 43.692 931841 118.114
1900 29.164 46.605 95.160 119.689
2000 29.225 49.524 96.424 121.186

assignments, which led to the conclusions stated in the dis-
cussion of the assignments.
namic Properties. The thermodynamic properties

of CIO;OF were computed with the molecular geometry given
above and the vibrational frequencies of Table 11, with the
assumption of an ideal gas at | atm pressure and use of the
harmonic-oscillator. rigid-rotor approximation.**  These
properties for the range 0-2000 K are given in Table V.

Conclusions. The observed spectra of CIQ,0F agree well
with a covalent perchlorate structure of symmetry C,. All 12
fundamental vibrations were observed and assigned. The
assignments were confirmed by a normal-coordinate analysis
using Cl isotopic shifts, symmetry relations between the A’
and A” block, and force constants transfecred from FCIO,,
as constraints. The resulting force field exactly duplicates the
experimental data, retains the most important force constant
features-of FCIO,, and results in a characteristic potential
energy distribution, thus demonstrating the usefulness of these
constraints for the determination of a reliable force field. A
comparison of the A" and A” block force constants shows that
the two C10; rocking modes significantly differ, whereas the
two antisymmetric Cl0O; deformation modes are almost de-
generate and the two antisymmetric ClO, streiching modes
are completely degenerate. This is not obvious from the ob-
served freqguencies, which due to a different degree of mixing
in A" and A" are very similar for the two rocking modes but
arc significantly differcnt for the two antisymmetric Cl0,
deformations. The force constants of the CIQ, group of
CIO,OF are very similar to those of FCLO, but, as expectcd
from the replacement of F by the somewhat less electronegative
-OF group. are slightly lowered.
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Synthesis and Characterization of TeF;OF
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A new method for the synthesis of hypofluorites was discovered utilizing fluorine fluorosulfate as the fluorinating agent.
The method was successfully applied to the high-yicld synthesis of the new hypofluorite TeF;OF. The compound was also
prepared in lower yield by the Quorination of TeF,OH with a concentrated NF,HF, solution. The physical properties and
infrared, Raman, '"*F NMR and mass specira of TeFOF are reported. The vibrational spectra of Tzl',OCI were redetermined,
and complete vibrational assignments are given for TeF;OF and TeFOCI.

Introduction

The number of ¢clements known 1o form hypofluorites is
small and uniil recenily was limited to the following nonmetal
main-group clements: H, C, N, O, 8, S¢, F,and CL.' The
synihelic method used for The syniheses of these hypofluorites
involved the fluorinalion of 1he corresponding hydroxyl com-
pounds of Their metal salls with elemenial fluorine. An un-
successful attempt? was made 10 apply 1his method to 1he
synthesis of the aitherio unknown TeF:OF. This failure 10
prepare TeF.OF, bu! the success in 1he synthesis of TeF:0CI
by an analogous method,® Ted to the conclusion? 1hal TeF;OF
is unslable or aclually nonexistent,

Our recenl success® in preparing a stable iodine hypofluorite
and the observation That hypofluorites are generally more
slable than the other hypohaliles suggesied thal TeF,OF
should not only exis1 but should also be siable. In This paper
we presenl dala 1hat show thal TeF,OF indeed exisls and is
slable.

Experimenial Section

Malerials and Apparatus. Volatile materials were manipulated in
a stainless steel vacuum line equipped with Teflon FEP U-Traps, 316
stainless steel bellows-seal valves, and a Heise Bourdon tube-1ype
pressure gauge. Telluric acid was prepared by a literature method®
and also purchased from Cerac, Inc., and from Pfaliz and Bauer.
Fluorosulfuric acid (Allied) was used both as it was received (light
brown color) and after it was distilled to obtain the clear colorless
material. Fluorine fluorosulfate was svnthesized as described.® The
reaction of TeF(OH with cither CI0S0;F or CIF was used to prepare
TeF,0CI7 Cesium and potassium chloride were oven-dried and then
cooled and powdered under the dry N, atmosphere of a glovebox.

Infrared specira were recorded in the range 4000-200 cm™ on a
Perkin-Elmer Model 283 spectrophotoreter calibrated by comparison
with standard gas calibration points,*® and the reported frequencics
are believed 10 be accurate 1o £2 cm™'. The spectra of gases were
obtained with use of cither a Teflon cell of 5-cm path length equipped
with AgCl windows or a 10-cm stainless steel cell equipped with
polvethylene windows that were seasoned with CIF,, The spectra of
matrix-isolated TeF,OF and TeFOC| were obtained at & K with an
Air Products Model DE202S helium relrigerator equipped with Csl
windows. Rescarci grade Ne (Matheson) was used as a matrix
material in a mole ratio of 400:1.

The Raman spectra were recorded on a Cary Model B3 spectro-
photomeier with use of the 488-nm exciting line of an Ar jon laser

(1) Lustig, M.; Shreeve, ). M. Adv. Fluorine Chem. 1973, 7, 175,

(2) Seppelt, K.; Nothe, D. fnorg. Chem. 1973, 12, 2721,

(3) Seppell, K. Angew. Chem., ini. Ed. Engl, 1979, 18, 186.

(4) Chrisie, X. Q.. Wilson, R. D.; Schack, C. J. Inorg. Chem. 1981, 20.

2104,

(5) Mathers, F. C.: Rice. C. M.; Brokerick, H.; Forney, R. fnorg. Synth.
1950, 3, 145.

(6) Dudley, F. B; Cady, G. H.: Eggers, D. F. J. Am. Chem. Soc. 1956, 78,
290

(7) Schack, C. 1; Chrisie, K. O., submilied lor publicalion.

(8) Plyler, E. K. Danii, A.; Blaine, L. R, Tidwell, E. D. /. Res. Natl. Bur.
Stand., Seci. A. 1960, 644, B41.

{(9) “Tables of Wavenumbers for the Calibration of Infrared
Speciromelers™; Butierworihs: Washington, DC, 1961.
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and a Claassen fiiter'® for the elimination of plasma lines. Quarts
tubes {3 mm o.d.), closed by a metal valve, were used as sample
containers in the transverse-viewing, transverse-excitation technique.
A previously described’! device was used for recording the low-1tem:
perature spectra.  Polarization measurcments were carricd out by
mcthod VI as described by Claassen et al '®

The '"F NMR spectra were recorded at 84.6 MHz on a Varian
Model EM 390 spectrometer. Chemical shifts were determined relanive
10 the CFCl, solvent with pasitive shifts being downflicld from CFCl,.?
Second-order specira were analyzed by using 1he programs NMRIT
and NMREN by Swalen."?

The mass spectra were recorded with an EAI Quad 300 quadrupole
spectrometer at an ionization potential of 40 ¢V,

Synibesis of TeF.OH. Telluric acid, H,;TeO,-21{.0 or Te{OH),,.
was fluorinaied to give TeF;OH by the method of Seppelt and Nothe’
with use of HSO,F as the Auorinaiing agent. This tchniguc cails
for the use of distilled HSOyF, and initially we encountered difficulty
in producing TeF;OH. Subsequently, it was discovered that adding
a few milliliters ¢f H;0O to the reaction mixture and heating the reaction
mixture at 160-170 °C for 5-6 h resulted in continuous evolution
of TeFyOH at a slow to moderate rate. Finally, undistilled HSO,F
was employed which furnished TeF,;OH in 70% purified yield; 93.9
mmol of TeF:OH from 135 mmol of Te{OH), and 1.75 mol of
HSO,F. Fractional condensation was used for the final product
purification,

Fluorlnation of M*TeF,0". The sals CsTeF,0'* und KTcF0'"
were treated with F, in stainless steel cylinders a1 low temperature.
Thus CsTeF,0 (1.43 mmol) and F, (4.46 mmol) were allowed to reaci
for 8 days at =45 °C. The only volatile produci condcnsable at —196
°C was TeF, {(0.38 mmol, 26%). Similarly a1 -10 °C for 2 weeks
a 48% yield of TeF, was obtained from the cesium salt,. When the
potassium salt (2.92 mmol) and F, {4.46 mmol) were kept at —45 °C
for 6 weeks, again Tel', (2.35 mmol, B0%) was the only volatilc
tellurium compound observed.

Synthesis of TeF,OF from CsTeF,O and FOSG,F. A 30-mL
stainless steel Hoke cylinder was loaded with CsTeF,0 (3.42 mmol)
in The glovebox. Afier evacuation and cooling of the cylinder 10-196
°C, FOSO,F (2.79 mmol) was added from the vacuum line. The
closed cylinder was slowly warmed to 78 °C in a liquid-nitrogen—CO,
slush bath and finally kept a1 —45 °C for 9 days. When the cylinder
was recovied jo =196 “C, abuut &5 cm® of noncondensable gas was
observed to be present. This was pumped away, and the condensable
products were separated by fractional condensation in a series of
U-traps cooled at -78,-126, and —196 °C. The —78 °C fraction was
TeF,OH (0.19 mmol) while the ~196 °C fraction was TeF, (0.49
mmol). A white solid was retained at -126 °C. which changed to
a colorless glass and melted, over a range of a few degrces, near -80
°C to a clear, colorless liquid. This material was identified as TeF{OF
{141 mmol, 68% yield) on the basis of its vapor density molecular
weight: found, 256.2; calculated, 257.6. Further identification was
based on its spectroscopic properties (see below) and on the preparation
of derivatives.'® The observed weight loss of the solid (0.375 g) agreed

(10) Claassen, H. H.; Selig. H.; Shamir, J. Appl. Spectrosc. 1969, 23, B.
(1t) Miller, F. A Harney, B. M. Appl. Spectrosc. 1970, 24, 271.

(12} Pure Appl. Chem. 1972, 11, 1215.

(13) Swalen, D. ). Compur. Programs Chem. 1968, I, 54,

(14) Mayer, E; Sladky, F. Inorg. Chem. 1975, 14, 589.

(15) Seppelt, K. £, Anorg. Allg. Chem. 1974, 406, 287

(16) Schack, C. J.. Chrisie, K. O, 10 be submitted for publication.
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well with 1hat calcutaled {0.389 g) for the conversion of 2.79 mmol
of CsTeF,0 to CsSO4F. The following vapor pressure-lemperature
data of TeF;OF were measured (T in °C, Pin mm): ~79.3, 16; -64.2,
45, -57.6, 63, ~46.9, 108: -12.5, 210; ~23.0, 312

Synthesis of TeF,OF from TeF,OH and NF,HF,. A sample of
NF,1{FyaHF (10.5 mmol) was prepared and concentrated in a Teflon
double- U me1athesis apparatus, as previously described.'” To this
reaclor was added TeF OH {10.5 mmol) on 1he vacuum line at ~1%6
°C. The mixiute was allowed 1o warm slowly to -23 °C and was
kept at this iemperature for 8 h under a dynamic vacuum. The volalile
products were separaled by fractional condensation through traps kept
al -95, -126. <142, and -210 °C. On the bas:s of their infrared and
“F NMR spectra the following products were collected in these 1raps:
-210 °C, NF, and a trace of TeF,: 142 °C, TeF, and TeF,OF in
a mole ratio of abou1 3:1; -126 °C. HF and some TeFOF: -95 °C,
TeF,OH and some HF. The while solid residue (0.57 g) decomposed
during an atiempt 1o transfer it a1 ambient temperalure to a devbox
for further characterization. The overalt yield of TeF OF was es-
timaited 10 be aboul 10-20% with TeF, and unreacied TeF.OH being
the principal producis.
Results and Discussion

Syntbesis of TeF,OF. By analogy to previous attempts™"*
to synthesize TeF;OF from either Hg(TeF,0), or CsTcF,0
and Fs, the fluorination of cither CsTeF(0 or KTeF,O with
F. at -45 to ~10 ®C was unsuccessful and resulted only in TeF,
formation. Since the decomposition of NF,XO salts had
recently been shown Lo provide new high-yield syntheses for
hypofluorites such as FOCIO,,'"" FOSO,F.” and FOIF,0.*
the synthesis of NF,TeF,O by metathesis of NF,SbF, and
CsTeF:0 in anhydrous HF was attempted. This attempt,
however, was preempted by the fact that CsTeFO was found
to react with anhydrous HF, uadergoing a displacement re-
action. Recent work'” in our laboratory had shown that even
in cases of Lewis acids tiat are weaker than HF their NF,*
salts can be prepared by treating NF HF»#HF with this acid.
Therefore, this approach was studied for NF, TeF,0. Al-
though the NF,TeF,0 salt itself could not be isolated, it was
found thal TeF;OH {which is equivalent to an equimolar
mixturc of the Lewis acid TeF,0 and HF) reacted wilh
NFHFynHF at -23 °C to produce TeF,OF in moderate yield:

NF,HF, + TcF,OH — NF, + T¢F,OF + 2HF

Since TeF, was the major product, we prefer to interpret this
reaction in terms of a fluorination of TeF;OH by nascent
fluorine formed in the decomposition of NF,HF,, rather than
in terms of a decomposition of an unstable NF, TeF;0 in-
termediate. In the latter case, we would expect a near-
quantitative yield of TeF;OF.

A morg facile high-yield synthesis of TeF,OF was discovered
by reacting CsTeF,O with FOSO,F at 45 °C;

CsTeF0 + FOSO,F -+ CsSO,F + TeF,OF

This reaction represents a new synthetic rouvte 1o hypufivuites.
On 1he basis of the gencral usefulness of the analogous C10-
SO,F reagent for the syntheses of hypochloriles,! FOSO,F
may be similarly useful for the synthesis of hypofluorites.

When the synthesis of TeF;OF from CsTeF;0 and FOSO,F
was carried out above -45 °C, the amoumt of TeF, byproduct
sharply increased. For example, at -10 *C and with a reaction
time of 7 days, the TeF, 1o TeF,OF ratio in the product
increased tc 1:1. The use of an cxcess of CsTeF0 in 1his
reaction was found advanlageous for the product purification
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Figure 1. Observed and calculaled '*1° NMR specira of the AB, pan
of Te F_\OF.
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Figure 2. Observed and calculated "F NMR spectra of the X pari
of TeF,OF.

Table L Mass Spectrutn of Tel ,OF Compared 1o Those of
Tel ,OCland Tel? ,OH

Tel Q) Tel OC1 [el’,OH
assignl nlens assignt inlens  assignl o inlens

Tk OF  ww Tel ,OCT  ww Tl 0°  w
Tek, 01+ o Tel OCr v Tel OHY vw
Tcl":()‘ } w ) !

Tel* s Tel s Tel ! Vs
TeF,* W Tel* yw Tel,” w
TeF,0* m Tek, s Tel",0* ]
Tel',* v Tel* vs Tel’,* Vs
TeF,* m Tk m Tel )t 0]
TelO* v TelO* w Tel-O* w
TeF* w Tek* w Tek w
Te* w Te* w Te* w

Properties of TeF;OF. This compound is colorless as a gas
and liquid. Its vapor pressure-tcmperature relationship for
the range -79 to -23 °C is given by the equation

log|# (mm)] = 69022 - 1101.2/(T (K)]

The extrapolated boiling point is 0.6 ®C. The derived hecat
of vaporizalion is AH,,, = 5039 cal mol™' and the Trouton
constanl is 18.4, indicating Little or no assaciation in the liquid
phase. Vapor density measurements showed that in the gas
phase the compound is also not associated, We were not able
to observe a sharp melting point for TeF,OF becausc our
samples showed a tendency to form a glass near -80 *C. The
compound ippears to be complelely slable al ambient tem-
peraturc and has been stored in stainless steel cylinders for
more¢ than 4 months without any sign of decomposition.
F NMR Spectrum. The '*F NMR spectrum of TeF,;OF
in CFCl, solution at 28 °C is shown in Figures t and 2 and

since il eliminates the need for separaling TeF;OF from 1 Charac'cr.’S]:f 157 ) lscccfmd-order AB.X spin system.rf\
1 FOSO.F. corr]pulcr-alde analysis of the spectrum resulted in the fe
i d lowing parameters: ¢*{A) = ~52.5, ¢*(B,) = -54.0, ¢*( X}
& = 1283, J,p= 180 Hz, Jux =49 Hz, Jpx = 190 Hz, R =
{17) Wilson, W. W.; Chrisie, K. O. J. Fluorine Chem. 1982, 19, 251, 1.20, Jispoep = 3800 Hz, These values are in excellent
o (1%) Sxdky, F. O. Mimaish, Chem. L978./10), 1571 a r':cmenTt= \:ilh those found for numerous other covalent
= (19) Christe, K. 0.; Wilson, W. W.; Wilson, R. D. fnorg. Chem. 1980, {9, g 1 &
;! £494. TeF,0-type compounds.
= (200 Christe, K. O.; Wilson, R, D.; Schack, C. J. Inorg. Chem. 1980, 19,
y 3046
5 {21) Schack, C. ). Christe, K. O [sr L. Chem. 1978, 17, 20 M=2 {22y Seppeh, K. Z. Anorg. Allg. Chem. 1973, 399, 65
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Figure 3. Vibrational spectra of TeF;OF: trace A, infraved spectrum
of TeF,OF isolated in a neon matrix {mole ratio 400:1) and recorded
at & K; traces B and C, infrared spectra of the gas, recorded al
pressures of 74 and 3 mm, respectively, in a S-cm path length cell
equipped with AgCl windows (the very weak bands at 1272, 1105,
640, and 548 cm'! in spectrum B are due to a trace of FCIO, resulting
from 1he CIF, used for passivation): traces D and E, infrared specira
of the gas, recorded at pressures of 86 and 8 mm, respectively, in a
10-cm path length cell equipped with polyethylene windows and with
polyethylenc windows in the reference beam; traces F and G, Raman
spectra of the liguid, recorded in 3 mm o.d. quartz tubes at -55 °C
with the incideni polarization parallel and perpendicular, respectively.

Tahle Il.  Vibrational Speciia of TeF OF

obsd freg, vm * (rel inlens®)

IR Raman
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CERY mares TR T2
7 i . .
T(Ijg :: }unpuuly.’
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AR T 319 s 55
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300 sh 302m 3105 p 301 sh "
80 mw 278 m 2730.2)dp 279 (0.2) v
Mlmw 239 mw 2400.20p  24010.2) I

166113 dp 167 (0.1) |4

¢ Uncunected Raman imtensihes (peak legelits), ¥ lor mode

duscription see Table 1V, Band shows 1ellunum isstope fine
structure with splittimgs ol abont 1,30 ¢m *

Mass Spectrum.  The mass specirum of TeF;OF is lisled
in Table | together with 1he specira of TeF,OCI and TeF,OH,
which were measured for comparison. All of the lisled frag-
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Figure 4. Vibrational spectra of TeF;OCI: traces A and C. infrared
spectra of TeF,OC! isolated in 2 neon mairix (mole ratio 400:1) at
6 K. tracc B, infrared spectrum of the gas, recorded at a pressure of
27 mmina 5-<m path length cell equipped with AgCl windows: traces
D and E, Raman spectra of the liquid, recorded in ¥ mm o.d. quariz
tubes at ~80 °C with the incident polarizatior: parallel and perpen-
dicular, respectively; trace F, spectrum recorded under the same
conditions as for trace D, excepi for a narrower slit width.

Table NI, Vibrational Specira of Tel’, O]

ubsd fiey, v ' el intens?®)

— IR.._ e Raman liquid,
s Ne malsin -80°C assignl?
1365 v oty
Blds
15 ! ‘
Bl12s 811 s KO9 (L9 p [N
FRRRVS 730 sh, dp r
32
SR TP N3delp v
663 (10} p 0"
655 ali, dp vy
551 m 558 m 554 6.5) p ry
327 vs 328 sh, dp v,
322 vs 36 (0.8 dp iy
WE 08y dp o,
285 m i
281 m 2Bl 28p v,

28 (L p ",
141 (0.5 dp (Ryy
9 Uncorrected Raman intensiiies. # Lo mode description see
Table IV, ¢ Band shows line stiovtuie with splittings ot aboul
1.3y em * due 1o 1ellurjum isotopes.

ments showed the characterisiic tellurium isotope pattern, and
therefore 1he individual m/e listings were omitted for sim-
plicity. The spectra of all 1hree compounds show weak parent
ions and TeF,* as 1he basc peak.

Vibrational Spectra of TeF,;OF and TeF,0C1. The infrared
specira of gascous and of ncon-mairix-isolaled TeFOF and
the Raman specira of liquid and solid TeF<OF were recorded
(see Figure 3), and the observed frequencics are summarized
in Table 11, Since the assignmenis previously reported®* for
TeF;0C could not be recanciled with our resulis for TeF,OF,
the vibrational specira of TeF.OC1 were also recorded (sec
Figure 4 and Table I1I). The following devialions from 1he

(23) Seppell, K. Z. Anorg. Allg. Chem, 1973, 399, 87,
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Table IV, Vibrational Spectia ol Tel?,OF and Tel OCTand Then Assignmwn( Compared to Those of Tel' C1

ubisd fiey, .::T_lne_l}n|rn<")

Tel-,CIP Tel' (X Tel- O
appran desenpn . . — — R O . —
assignt al mudy IR (gas) Raman chgnidh IR @as, mairny Raman diquih 1R gas, watind Raman lxpud)
Co N0y 1Tely T sh, m TR A p T18s Tilep 137 o TN Adip
’y rgl el ) 662 v 653G p se3 1 p o9 (1 p
I e1Te XD 411 ms LIRE PR 551 m S84 Sip 6lbm 61338 p
v, hatTet ) kY Y rwoxp Il m R (X RIp Wl m npwsp
B, 1, gt Tel ) 681 LR dp 635 sh, dp IIRTURIR T
fe MTel ) \94.
LT heerss! el 7)) e sydp K BLdp IR vw W dp
[N vl el ) 70 v 126 i dp Tidw 730 W0 dp TIN A A8 Sh dp
", s Tel ) S ms T wosndp 127w 128 0 dp AT & shodp
Vya MXTel i 167118 dp RRRERN IeamRdp RILATS {y-125)
iy Sl tel 1 Mom 23991 dp 2H8 280 miw M lndp
(°‘ LI ANY) L3 Y S p Witk vy Hus e dp
A vy, A leXY) 80 hp Hhinw MU N
v rnlheXY) 140 dndp

4 Uneonected Raman mzensities epwak hegehiad, ? Darg from rer 24,

previous literature data®™ were observed. (i) The infrared
specirum of the gas does not exhibit a very strong band at 708
cm™'. Although our Ne-matrix spectra show the presence of
two intense bands a) 732 and 718 ¢m”', respectively. their
frequencies are 100 close Lo result in two separate bands in the
gas-phase spectrum. (i) In the Raman spectrum of the liquid
the 141-cm! band is depolarized and the 809-cm'! band is
polarized. (iii) The infrared spectrum of the neon-matrix
sample shows the presence of two fundamental vibrations in
the 280.cm’! region (see trace C of Figure 4).

Using the well-established™ assignments of TeFCl and the
revised experimental data of TeF«OC! for comparison, we can
readily assign the vibrational spectra of TeF,JF (see Table
1V}, assuming a model with Cy. symmetry for the TeFO part
and C, symmetry for the TeOF part of the molecule:

o—F
Fe .|e’ F
;

e | e
F

Except for the symnietric out of phase, out of plane TeF,
deformation mode in species B,, which is usually not observed
for pseudooctahedral molecules and is inactive under O,
symmetry, all fundamentals expected for the above C,—C,
model were observed. The assignments (see Table 1V) are
straightforward and show for the three molecules almost
identical frequencies for the TeF, part of the mulecules. The
modes involving the XY group of this TeF. XY molecule show
the espected mass effects for difierent X and Y groups. Since

(24§ Brooks, W. V. F.. Eshaque, ﬁ Lav. C.; Passmore, J. Can. J. Chem.
1976, 14, Bi7.

I6b 1) 11adp

the Te—O streiching mode is expecied to couple strongly with
the O~Hal streteh and w couple moderately with 8 {TeF,)
(A ). these modes also exhibit a mass effect,

Cemparison of the assignments of Table 1V with those
previously given® for TeFOC] shows that with the exception
of v (B) and ¢y all the previously given assignments for the
deformation modes should be revised.  Since a thorough
normal.coordinate analysis has previously been carried out™
for TeFyCl and since the TeFCl and TeF XY spectra are
similar, a normal-coordinate analysis of the latter molceules
appears unwarranted.

Concluslon. The results of this study show that FOS0.F
is a useful reagent for the synthesis of hypofluerites.™®
Furthermore, it is shown that TeFOF, as expected from
comparison with TeF,OCl, TeFOBr, und FOIF,0, indeed
exists and is a stable molecule. The TeF;OF molecule was
characterized, and the vibrational assignments were made for
TeFOF and TeF,OCl.
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helpful discussions, and 1o K. Seppelt for a sample of TeF.OH
used in the initial part of this work., This work was finuncially
supported by the Air Force Office of Scientific Research, the
Office of Naval Research, and the Army Research Office.
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In conclusion, we have identified three crystallina forms
of N;O,. We believe that a-N;O, is identical with tha
low-temperature crystal already reported. The 3-N;O,
form is new, and ‘ve are currently working to obtain its
crystal structure. We know, however, that this form is not
cubic, that it has a significant N-N bond alignment lacking
in & a-N;O,. and that it converta readily to the ionic
structure. The third form of N;O, is the ivnic NO*NOy",
which is apparently the thermodynamically favored
atructure at high density. It is obtained upon either rsridly
increasing the pressure of fluid N,O, or increasing the
pressure of 3-N,O, above 20 kbar. Indeed, it is the only
well-formed single a-N;O, crystals that can survive at

higher than 20 kbar. Work is now in progresa to identily
the crystal structures of these various solida by X-ray
diffraction.

Note Added in Proof. We have recently become aware
of work by Boldman and Jod!'* also concerning the
production of NO*NO," from N;O,. In this wotk the
metastable ionic solid was trapped in a low-temperature
neon matrix.

Acknouledgment. This work was performed under the
suspices of the U.S. Department of Energy.

Registry No. N;0, t0544-72:6.

APPENDIX N

Far-Infrared Laser Magnetic Resonance Detection of FO,

F. Temps, H. Gg. Wagner,

Mar-Planck - Irams e Strormungstorschung, D-J400 Goenger:, F R.G.

P. B. Dav #s,* D. P, Stein,

Departrrant of Physcal Chamuiry, University of Cambridge, Cambriige CB2 IEP. Engiard

and K. 0. Cheista

Rockwed [nternations!. Rocasidyne Diveon, Canogs Park, Caliorna §1304 (Received: Septermbder 14, 1983}

New far-infrared laser magnetic resonance (LMR) spectrs have been detected in the reactions of fluorine atems
with O; and Q5. These sre assigned to the FO, radical based on chemical and kinetic results and on s qualitative
spectroscopic investigation. Thermal decompositior of 0,SbF, a known source of FO,, also yielded the same

spsctra.

Intreduction

The FO radical has not been as extensively studied as
the other diatomic halogen oxidea. The first structural
parameters for the radical in the gas phase were deter-
mined only recently from the 10-um laser magnetic reso-
nance spectrum of the 1 ground state.! Subsequent
photoelectron spectroscopy yielded ionization potentials,?
and improved vibrational and rotational parametars have
been determined from infrared diode laser spectroscopy
by McKellar et al.}

Prior to these investigations the microwave spectrum
had been searched for unsuccessfully by gas-phase electron
paramagnetic resonance spectroscopy.! The relatively
higb concentiations of FO measured mass spectromatri-
cally® and the siucb enhanced sensitivity of far-infrared
laser magnetic vesonance over microwave spectroscopy led
to the present search for FO spectra 'y LMR. During this
investigation strong, previously unreported spectra were
detected at many laser frequencies. Based on chemical and
qualitative spectroscopic evidence the carrier of these

(1} A R W. McKsllar, Can. J. Phys., 57, 2106 (1979).

(2} J. M. Dyke, N. Jonathan, J. D. Mills, and A. Morris, Mol. Phys.,
48, 1177 (1580).

(3} AR W. McKallar, C. Yamada, and B. Hirota, J. Mol. Spectrose.,
97, 425 (1983).

{4) D. H. Lavy, J. Chem. Phys., 58, 1415 (1972).

(8) H. Gg Wagnar, C. Zetzach, and J. Warnats, Ber. Bunsenges. Phya.

Chem., T8, 526 {1972). N-1

TABLE[: Source Reactions and Far-1R Laier Lines
Used to Detect FO, Spectra®

source reaction

wavelength, FeO,«

um laser gas F+0, M
119 CH,OH X
170 CH,OH X
354 CD, 0D X X
383 CH.F, X X
419 HCOOH X
433 HCOOH X
502 CH,F X X
513 HCOOH X
634 C,H,Cl X X
635 C.H Br X X
742 HCOOH X

4 X indicares spectra obaerved.

spectra is identified as the FO, radical.

LMR Spectra and Aasignment

The LMR spectrometers operated on a large number of
far-infrared molecular laser lines excited by optical
pumping with flowing gas CO, lasers. Further details of
these instruments have been published elsewhere.*” With

(6)A. W. Preuss, F. Teps, end H. Gg Wagner, MPI for
Stramungsforschung, report 18, Gottingen, 1980.
{7) D. P. Starn, Ph.D. Thesis, Univarsity of Cambridge, 1983.

0022-3854/83/2087.5088%01.50/0 © 1983 American Chemical Society
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Figure 1. LMR specirum in parallel polarization recorded with the
354-um CO,CO laser line by uming the reaction of F atorms with ozone
25 30urce.
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Figure 2. Pant of the LMR spectrum at 834 um in perpendicular
polarization between 0.3 and 0.5 T. Identical spectra were recorded
inboth F + O, and F + O; + M sowrces.

He-cooled bolometer detectors, 1-2-kHz Zeeman modu-
lation, and phase-sensitive detection, the sensitivity for OH
was ~2 X 108/cm.?

Initially the reaction of F atoms with ozone was selected
for generating high concentrations of FO?

F+U;=F0 + 0, A% = ~110 kd mol? (1)

Mixing occurred within a few miilliseconds of the center
of the LMR sampling region, which was part of a fast flow
system inside the far-1R laser cavity. Under these con-
ditions the concentration of FO is known® to be >2 x
10%/cm.?

Suitable laser lines for FO in both v = 0 and 1 levels were
selected for rotational transition frequencies calculated
from the 10-um data.!? Spectra were detected at 11
wavelengths between 119 and 742 gm (Table I). They
usually consisted of complicated patterns (Figures 1 and
2) with ncearinnal douhlet splittings of ~50 G (Figures 3
and 4). All the spectra behaved identically with respect
to reactant concentrations, pressure, etc. indicating that
s single carrier was responsible.

The complexity and extent of these apectra suggested
that FO was not the carrier and sn alternative source,
reaction 2, was tried, This reaction gave identical but

F+0,+M=F0,+ M 2)
more intense spectra. Zetzach® has reported a kinetic study

of (2) using mass apectroscopy and shown that {2) is fol-
Jowed by reaction 3 which partly removes FO,. It was also

F+F0O,=F.+0, (3)

found® that FO, formed in (2) increased steadily with re-
action time and identical behavior was observed with the

(8) C. Zetzach, “Europesn Symposium on Combustion®, 1973, p 35,
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Figwe 4. Parl Ol the LMR spectrum at 513 um in parpendicular
polarization show.g & doublel spiitting of the lines.

spectra reported here. If the LMR spectra arise from FO,
formed in the three-body reaction 2 their intensity should
also increase linearly with pressyre and with 0, Both
effects were qualitatively observed, for example, in the
spectra at 382.6 um (Figure 3) recorded st two different
pressures.

In addition to FO, small concentrations of FO were
detected in the mass spectrometric study.? These were
though to arise from reaction with an O-atom impurity in
the rapid interaction

0+FO,=F0O+0, (4}

This reaction was also used ta test the assignment. When
oxygen atoms were added through a second discharge the
new spectra disappeared and the O, LMR signals increased
in intensity. The presence of the same but weaker spectra
in the F + O, system is accounted for by the known*!"
bimolecular reaction of FO with itself (reaction 5}, followed
by reaction 2, and also by the reaction of FO with O,

FO + FO = 0, + oF 5)

Supplementary evidence was provided by using a quite
different source of the radical. 1t has been shown'!1? that

{91 Hg. Gg wagner, J. Warnatz, and C. Zewzich, Angeu. Chem., Ini. Ed.
Engi.. V0, 564 (39711,

(10 M. A A Clyne and R. T. Watson, Chem Phys. Lett., 12, 344
{1971,

{11} R. D. Coombe, D. Pilipovich, and R. K. Horne, J. Phys. Chem.,
82, 2484 (1978).
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thermal decompaosition of O,As?, and O.5hF; is a source
of FO,. A weuk spectrum identical with that in Figure 3
waa obtained when a sample of O.5bF, was heated to
ahout 200 °C and the products pumped rapidly into Lhe
spectrometer saumple region.

Supporting spectroscopic evidence comes from the
doublet splittings observed in a small number of epectra
irdicating the presence of a single [ = !/, nucleus. These
splittings are about 50 G (Figure 4) and much smaller than
expected for FO. ESR spectra of FO, in an inert matrix
and in the liquid phase yield values!'® of JA| = 36 MHz
(1283 G'Y and B, = £252, B, = #177, and B, = ¥75 MHz
for the tluorine hvperfine splittings. Gas-phase hyperfine
splittings cannot be calculated from this data without an
exact rotational assignment but the relative magnitude of
isotropic and anisotropic components accounts qualita-
tively 1or observed splittings several times larger than A
itsell. Assuming the same geometry suggested by Adrian'
we have calculated the rotational levels and transitions of
FO,. Both a- and b-type transitions are allowed and for
each laser frequency several possible candidates exist.
However, these predictions are strongly dependent on the
assumed geometry and not surprisingly transitions occur
in high rotaticnal levels accounting, in part, for the com-
plexity of the spectra.

Discussion

The discovery of strong LMR snectra in the grs phase
attributable to FO, rather than FO is not surprising con-
sidering the ubiquitous presence of FQ, in the condensed
and liquid phases !®'%%18  Qecently, McKellar® has

{12y J. E. Griffitks, D. Distefano, and W. A. Sunder, J. Raman,
Spectrosc., 9. 67 (1980).

(13! F. J. Adreian, J. Chem. Phys, 46, 1548 [1967).

(14} R. W, Fessenden and R. H. Schuler, J. Chem. Phys., 4d, 434
(19661

9(615.5) P.H. Kasui and A, D. Kimhenbaum, J. Am. Chem, Soc., 87, 3069
{1965).

(16) A. Arkell, J. Am, Chem, Soc., 87, 4057 (1966).

Le

measured the electric dipole moment of FO using 10-u4
LMR. Inthe v = 0 level it is 0.0043 D which explains t
elusive nature of ita rotational spectra. Following t!
initial experiments® on FO, the far-infrared LMR s
of CISO and FSO have been reported.? FSO has
been investigated by microwave spectroscopy® which
enabled an assignment of its 513-pm LMR spectrum to
made. Some of the FO, spectra are strikingly similar
both FSO and CI1SO spectra. i.e., many sharp resonan
varying steadily in intensity (Figures 1 and 2). The co
plexity of these Zeeman palterns suggests that the
approach initially for structure determination will
microwave spectroscopy or tunable laser spectroscopy ia
the mid-infrared, and results have recently been repurted
on two of the fundamentals of FO; using diode laser
spectroscopy.® The discovery of these guite intense
far-infrared LMR spectra of FO, may well explain the
origin of many unassigned LMR spectra at 5% and 10
um' in gystems containing fluorine atoms.
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(1T R D. Spratley, J. J. Turner, and G, C. Pimentel, J. Chem, Phys.,
4, 2083 {1966).

{18) M. E. Jacox, J. Mol Spectrosc., B4, 74 11980).

{19 A. R. W, McKellar, Bull. Soc. Chum. Belg., 92, 516 (1983}

(20) P B. Davies, F Temps, H. Cg Wagner, und D. P. Stem, MPI far
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APPENDIX O

CHLORYL FLUOQRIDE

* x
Submitted by KARL O. CHRISTE , RICHARD D. WILSON ,
and CARL J. SCHACK™
Checked by D. D. DESMARTEAU'

Chloryl fluoride is the most common chlorine oxyfluoride. It
is always encountered in reactions of chlorine mono-, tri-,

or pentafluorides with oxides, hydroxides or poorly passivated
surfaces. It was first obtained1 in 1942 by Schmitz and
Schumacher by the reaction of ClO2 with FZ. Qther methods
involve the reaction of KClO3 with either BrF3 or C1F33’a.

The simplest method5 involves the reaction of NaClO3 with C1F3.
resulting in the highest yields and products which can readily

be separated.
Procedure

B Caution. The hydrolysis of ClOzF can produce shock sensitive

C102.6_ Therefore, the use of a slight excess of ClF, is recommended
for the synthesis to suppress any Cl0, formation. Chlorine tri-

fluoride is a powerful oxidizer and ignites most orpanic substances

on contact. The use of protective face shields and gloves is
recommended when working with these materials.

Dry sodium chlorate (30 mmol 3.193g) is loaded in the dry box into
a 30-mL high-pressure stainless steel Hoke cylinder equipped with

#

cRocketdyne, A Division of Rockwell International Corp.,
Canoga Park, CA 91304

.T..

Department of Chemistry, Clemson University, Clemson, SC 29631
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a stainless steel Hoke valve. The cylinder is connected to &

= stainless steel Teflon FEP vacuum manifold (Fig. X) which has

% ' been well passivated with C1F3 until the C1F3, when condensed

: at -1960, shows no color. The cylinder is then evacuated and

é C1F3* (21.5 mmol) is condensed into the cylinder at -196°,

E Next, the cylinder is allowed to warm to room temperature and

is kept at this temperature for one day. The cylinder is then

cooled back to -196° and during subsequent warm-up of the ecylinder
the volatile products are separated by fractional condensation in
5 a dynamic vacuum through a series of U-traps kept by liquid N2

3 slush baths at -95° (toluene), -112°, (CS,), and -126° (methyl-

- cyclohexane). The trap at -95° contains only a trace of chlorine
oxides, the trap at -112° contains most of the C102F (29 mmol)

and the trap at -126° (7 mmol) contains mainly Cl2 and some

ClOzF. The yield of C102F is almost quantitative (29.4 mmol,

98%) based on the limiting reagent I\IaClOT'r The purity of the
material is checked by infrared spectroscopy in a well passivated
Teflon or metal cell equipped with AgCl windows and should not
show any impurities. A small amount of chlorine oxides which can
readily be detected by their intense color if present or formed
during handling of Cl0,F, can readily be removed by either con-
version to Cl0,F with elemental F, or by allowing them to decompose
to Cl, and 0, during storage at ambient temperature. Chloryl
fluoride can be stored in a metal vessel at room temperature

for long time periods without significant decomposition.

ProEerties6

Chloryl fluoride is a colorless liquid boiling at -6°. The infrared
spectrum of the gas4 shows the following major bands (cm'l): 1271(vs),

Pl

%
Available from Ozark Mahoning Co., 1870 So. Boulder, Tulsa, OK 74119

¥ The checker used one-third of the stated scale and obtained
Cl0,F in a yield of 95%.
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1 1106(ms), 630(s) and 547(ms). The F NMR spectrum’ of the liquid
E at -80°C consists of a singlet at 315 ppm downfield from external
E CFCl3.
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18, 319 (1976).
7. K. 0. Christe, J. F. Hon, and D. Pilipovich, Inorg. Chem.,
12, 84 (1973).
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Fig. X.

Tvpical metal-Teflon vacuum system used for handling
strongly oxidizing or corresive fluorine compounds,

As the vacuum source A, a good mechanical pump

(10™% torr or better) is normally sufficient. The

use of a fluorocarbon oil, such as Fomblin (Montedison),
Krytox (Du Pont), or Halocarbon (Halocarbon Products
Corp.) as a pump oil is strongly recommended for safety
reascns, B, glass waste trap with glass or Teflon
stopcocks and a detachable bottom; only fluorocarbon
grease should be used for the stopcocks and joint; the
trap is kept cold by a dewar with liquid nitrogen;

great care must be taken and a face shield and heavy
leather gloves must be worn when pulling off the cold
lower half of the waste trap for disposal of the trapped
material by evaporation in a fume hood. The glass waste
trap can be connected to the metal line by either a
glass-metal joint, a graded glass-metal seal, or most
conveniently by a quick coupling compression fitting with
Viton O-ring seals; C, scrubber for removal of fluorine;
the scrubber consists of a glass tower packed with
alternating layers of NaCl and soda lime which are held
in place by plugs of glass wool at either end; the valves
E are arranged in such a manner that the scrubber can

be by-passed during routine operation; D, Teflon FEP
(fluoro-ethylene-propylene-copolymer) or PFA (polyper-
fluoroether) U-traps made from 1/2 or 3/4 inch o.d.
commercially available heavy wall tubing,; all metal
lines are made from either 316 or 321 3/8 inch o.d.
stainless steel or Monel tubing, except for the lines from
the U-traps to the Heise gage J for which 1/4 inch o.d.
tubing is preferred; stainless steel bellows valves E,
such as Hoke Model 4200 series, are used throughout the




whole line; metal-metal or metal-Teflon connections are

all made with either flare or compression (Swagelok or
Gyrolok) compression fittings; F, lecture bottle of

ClF3 (Air Products) used for passivation of the wvacuum
line; G, He gas inlet; H, F2 gas inlet; I, connectors

for attaching reaction vessels, reagent containers,

etc.; J. Heise Bourdon tube pressure gage (0-1000mm:0.1%);
K, crude pressure gage (0-5 atm); L, 2 liter steel bulbs
used for either measuring or storing larger amounts of
gases; M, 3/8 inch o.d. metal U-tubes to permit conden-
sation of gases into the storage bulbs L; N, infrared

cell for gases, Teflon body with condensing tip, 5 cm
pathlength, AgCl windows. The four U-traps D, connected

in series constitute the fractionation train used routinely
for the separation of volatile materials by fractional
condensation employing slush baths of different tempera-
tures. The volumes of each section of the vacuum line

are carefully calibrated by PVT measurements using a

known standard volume.
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A Division of Rockwell International Corporation, Canoga Park. California 91304

Synthesis of N,N-Difluoro-O-perfluoroaikylbydroxylamines. 1. Reaction of

Perfluoroaikyl Hypofluorites with Difluoramine

WALTER MAYA,'* DONALD PILIPOVICH,"™ MICHAEL G. WARNER,'* RICHARD D. WILSON,

and KARL O. CHRISTE®
Received June 14, 1982

Perfluoroalk yl hypofluorites react with diflueramine in the presence of alkali-metal fivorides to produce the corresponding
-~ONFysubstituted perfluoroalkanes. This method was used to prepare the prototype compounds CF,ONF,, {CF,};C FONF,,
CF4{ONF;);, and FOCF,ONF,. Physical and spoctroscopic properties are reported for these compounds including vibrational
assignments for CF,ONF,, the simplest member of this class of compounds.

Introduction

Although the existence of NF,O has been known for more
than 20 years,’ only a few RONF, compounds have been
reported, ¢.g. CF,ONF,, FC(O)ONF, 5F,ONF,, and FS-
0,ONF,, usually prepared by the combination of NF, and RO
radicals gencraled from N, F, and the corresponding peroxides
or hypohalites, respectively.’ In 1964 siudies a1 Rocketdyne
showed 1hal the low-lemperalure reaciion of alkali-metal
fluoride—difluoramine adducts wilh fluorocarbon hypofluoriles
provides a new syniheiic roule 10 “ONF-substiluied fluoro-
carbons. However, excepl for a brief and incomplete de-
scriplion of some of the results ina U.S. palenl,* 1hese dala
remained unpublished. In this paper, we preseni a full account
of 1his and some subsequent work in our laboralory.

Experimental 5« ction

Cautiord Difluoraminc is highly explosive, and protective shielding
shoukd be used during handling operations. The compound was always
condensed at -142 *C, and the use of a 196 *C bath for condensing
HNF; should be avoided* Furthermore, the CsF-HNF, adduct
invariably explodes before reaching 0 °C.7

Malerials and Apparatus. Volatile materials, except for HNF,,
were manipulated in a passivated {wilh CIF,) stainless-stecl vacuum
line equipped with Teflon FEP U-traps and 316 stainless-stecl bel-
lows-seal valves and a Heise Bourdon tube-type pressure gauge.
Difluoramine was handled in ¢ither a Pyrex glass or an all-Teflon
PFA vacuum system. The hypofuorites CF,OF, {CF,),CFOF, and
CF3(OF);** and difluoramine® were prepared by literature methods.
The alkali-metal fluorides were dried by fusion in a platinum crucible
and then cooled and powdered in the dry N, atmosphere of a glovebox.

Infrared spectra were recorded in the rangz 4000-200 cm™ on a
Perkin-Elmer Model 283 spectrophotometer calibrated by comparison
with standard gas calibration points,'®!! and the reported frequencies

(1) Present addresses:  (2) Department af Chemistry, California State
Polytechnic University, Pomona, CA 91768; (%) MVT, Microcomputer
Systems, Inc., Westlake Village, CA 91361; {c) Jacobs Engineering
Group, Inc., Pasadena, CA 911801

(2) NF,O was independently discovered in 1961 at Rocketdyne (Maya, W.
US. Patent 3320147, 1962) and Allied Chemical (Fox, W. B., Mack-
enzie, J. §.; Vaanderkooi, N.; Sukornick, B, Wamser, C. A.; Holmes,
J. R.: Eibeck, R. E.; Stewart, B. B. J. Am. Chem. Soc. 1966, 38, 2604)
and in 1965 at the University of British Columbie, Vancouver (Bartletr,
N.: Passmore, J.; Wells, E. ). Chern. Contmun. 1966, 213},

{3) For a review of these reactions see: Schmutzler, R. Angew Chem., Int.
Ed. Engl. 196, 7, 440.

(4) Pilipovich, D.; Warner, M. G. U.S. Patent 3663 588, 1972,

{5) Lawlass, E. W.: Smith, 1. C. “Inorganic High Energy Oxidizers™, Marcel
Dekker: New York, 1968; p 69.

{6) Lawion, E. A Weber, ). Q. J. Am. Chem. Soc. 1963, 85, 3594

{7 Lawion, E. A; Pilipovich, D.; Wilson, R. D. facrg. Chem. 1968, 4, 118,

(8) Ruff, ). K; Pitochelli, A.; Lustig, M. J. Anmt. Chom. Soc. 1966, 85, 4531.
Lustig, M.; Pitochelli, A. R.; RufT, J. K 1bid. 1967, &9, 2841.

(9} Hohorst, F. A.; Shreeve, J. M. J. Am. Chem. Soc. 1967, 89, 1810,

{10) Plyler, E. K. Danli, A.; Blaine, L. R., Tidwell, E. D. J. Res. Natl. Bur,
Stand., Sect. A 1960, 64, 341,

{11} International Union of Pure and Applied Chemistry, “Tables of
Wavenumbers for the Calibration of Infrared Spectromeiess”™; Butier-
worths: Washington, DC, 1961.
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Table k. Reacnon of Perfluorvalby | Hypolluosites with 1INF, in
the Presence of KI9

surlm}. materials (mult ratm) pmdmt yield, &

(I ()I HNE, (Y Cl-,ONI, 10

WD, CEOE NNE, (1: D (CF,)LCIONE, 10

('F,(OI-'},. HNE, (1: D) CF,(ONI ), 10-20
CF (Ol ONY, $-10

CE (O ONF,, INI, (1:2.51 CF (ONF ), 20-100°

2 1n all reactions, except for that indicated in footnote b, HNF
KF was performed at — 78 *C with use of using a large excess of
KF; the perfluoroalkyl hypofluorites were added at - 126 or - 142
°C, and the mixtures were allowed to warm slowly to - 80 *C over
a period of several hours. ® The quantitative yield of CF (ONI,),
wis achived by cocondensation of the starting materials over KI¥
(sce text),

are believed to be accurate to £2 em™!. The spectra of gases were
obtained by using 2 Teflon cell of S-cm path length equipped with
AgCl windows. The specira of matrix-tsolated CF,ONF; were ob-
tained a1 § K with an Air Products Model DE202S helium refrigerator
equipped with Csl windows. Research grade Ar (Matheson) was used
as a matrix material in a2 mole ratio of J00:1.

The Raman spectra were recorded on a Cary Model 83 spectro-
photometer using the 488-nm exciting linc of an Ar ion laserand a
Claassen filler'? for the elimination of plasma lines. Quartz tubes
{}mm 0.d.), closed by 2 metal valve, were used as sample containers
in Ibe transverse-viewing, ransverse-excitation technique. A previcusty
described!? device was used for recording the low-temperature spectra.
Polarization measurements were carried out by method V111 as de-
scribed by Claassen ct al.!?

The "F NMR spectra were recorded at 84.6 MHz on a Varian
Mordel EM 390 spectrometer. Chemical shifis were determined refative
10 the CFCY, solvent with positive shifts being downfield from CFC1,.1

Mass spectra were recorded with a CEC21-103C mass spectrometer
modified with a metal inlet system, CEC Part No. 285400,

Syntheses of RONF; Compounds. Most reactions between the
pet luwmualky! hypofluorites and HNF, were carried out recording
lo the following general procedurc. Finely powdered dry KF (2 §)
was loaded in the drybox into a 300-mL Pyrex reacter. Difluoramine
(4 mmol) was added from the glass or Teflon line to the reactor at
~-142 ®*C. The mixture was warmed briefly 1o -78 *C and then
recooled to —142 *C. The reactor was transferred to the metal line,
and a slightly less than stoichiometric amount of perfluorcalkyl hy-
pofluarite was added at ~142 °C. The mixture was allowed to warm
slowly over several hours to =78 *C. The volatile products were
separated by fractional condensation through a series of cold traps
kept a1 appropriate temperatures. The amounts of material were
derermined by PVT messurements and identified by spectroscopic
techniques. Typical reaction conditions and yields are summarized
in Table 1.

Syathesls of F,C(ONF,), Ina Flow System. 1n a vacuum line, a
U-trap filled with glass beads coated with KF was kept at -112 °C;

(12) Claassen, H. H.; Selig, H.; Shamir, J. Appl. Spectrosc, 1969, 23, 8.
(13} Miller, F. A.; Hamey, B. M. Appl. Spectrosc. 1970, 24, 271.

p-1 (14) Pure Appl. Chem. 1972, 1, 1215.
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N, N-Difluoro-O-perfluoroalkylbydrox ylamines

on either side, U-iraps were kept a1 -142 *C 10 condense products.
A mixture of FyC(OF); {6.70 mmol) and HNF; (6.70 mmol) was
passed through 1he aystem. The reactasts were condensed at -142
*C allowed 1o pass through 1be cold iraps and KF 1rap by warming,
and recondensed 51 ~142 *C. The operation was repeated several
times. The products were separated by fractional condensation through
traps kept a1 =142 and -196 *C. The -142 *C trap contained 0.45
mmal of 8 minture of F;C(ONF,;); and FOCF;ONF;. Inthe -196
*C irap, there was left 6.52 mmol of a mixiure of F,C{OF),, NyF,,
and NF,.

Results and Discussion

Systheses of RONF, Compounds. Perfluocoalkyl bypo-
Muorites react with alkali-metal fluoride-HNF, adducts al Jow
temperatures 10 produce the corresponding ~ONF -substituted
perfluoraalkanes:

-4 -1

ROF + MFHNF, %+ RONF, + MF-HF

The generality of this reaction was demonstrated by the syn-
thesis of a primary (CF,ONF,), a secondary j(CF,;);,CFON-
F;}. a geminal bis-substituted {CF.(ONF,),], and a geminal
-OF-substituted (FOCF,ONF) N N-difluoro-C-perfluoro-
alkylhydroxylamine. It was found important to preform the
alkali-meta] fluoride~difluoramine adduct because in the ab-
sence of alkali-metal Muorides most of these bypofluorites react
uncontrotlably and sometimes explosively with HNF, to give
zero yickds of the desired “ONF-substituted products. A study
of tbe effect of different alkali-metal fluorides showed that
KF-, RbF-, acd KF-NaF mixtures were all equivaleat; CsF
afforded only traces of the desired compounds and is also less
desirable because of the tendency of its HNF, adduct to ex-
plode before reaching 0 *C." Sodium Muoride alone and LiF
were m;l examined because they do not form an adduct with
HNF,.

The yiekls of ROONF; in these reactions were gencrally low
and were in the 10-20% range, except for the reaction of
CF,(OFYONF, with HNF,. When this reaction was carried
out with preformed KF-HNF,, the yield of CF;(ONF;); was
low, but it was found that CFy(OF)ONF,; and HNF; could
be premixed without reaction and after cocondensation over
KF at -142 °C and slow warm-up to =78 *C produced
CF,(ONF,), in quantitative yicld. The generally low yields
and the nature of the main products (COF,, CF,CFO, CF,-
COCF,, CF,, N;F,, NF,, etc.) suggest a free-radical mech-
anism for tbese reactions. For CF,(OF); and HNF, a flow
reaction was also studied by repeatedly pessing an equimolar
mixture of the starting materials over KF at =112 °C. Al-
though CF,(ONF,); and CF,(OF)ONF, were formed, their
yields were considerably lower than those obtained in a static
sysriem

Since for CFyONF, the synthesis from CF,OF and N,F,
under the influence of UV radiation'*'* is clearly superior to
the method reported here, we examined the analogous reaction
between CF,(OF); and N,F, under the influence of water-
filtered UV radiation. However, no evidence could be obtained
for the formation of ¢ither CF,{OF)YONF; or CF{(ONF,),.
The only -ONF; compound formed was a small amount of
CF,ONF,, with COF, and FNO being the major products.
Therefore, the KF-catalyzed reaction of HNF; with CF,(OF),

ts, presently, the only known method for the syntheses
of CF,(OFYONF, and CF;(ONF.),.

Properties of CFyONF;. This compound is well-known and
has been well characterized,'*!¢ and the propertics observed
in this study were in good agreement with the literatyre data.
However, since CFyONF, is the simplest member of the class
of N,N-difluoro-O-perfluorcalkylhydroxylamines and since
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Table 11.  Viorational Specira of CF,ONF,
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only a partial infrared spectrum had previously been report-
ed,!*16 it was desirable to obta‘n complete vibrational spectra
(sec Figure | and Table II). Assignments were made for
CF,0NF, by assuming symmetry C, with the F-C-O-N part
of the molecule being located in tbe symmetry plane. These
assignments are summarized in Table 111 and were made by
comparison with the spectra of similar molecules such as
CF;OF," CF;NO,“ CF;N;.“ CF]NF).N SF;ONF;,N and

{15) Shroeve, J. M.; Duncan, L. C.; Cady, G. H. Inorg. Chem. 1968, 4, 1516,
{16) Hale, W. H.: Williamson, 5. M. Inorg. Chem. 198, 4, 1342,

p-2

(17 Kuo, ). C; DeaManeay, D. D.; Fately, W. G.; Hammaker, R. M.
Marsden, C. ).; Witl, J. D. J. Raman Spectrosc. 1980, 9, 230.
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Table N1 Vibrational Assgnmenis of CIONIE, Compared tu Thusc of Sumln Maolecules

APProx
asspenl descnipn of
n pnni muode ot . - -
group ¢, CU-,ONI, CHLONI, 11N o
- L 1303 1284 1294
r .ﬂll " 1218 1168 1222
v, igtNL Y 1034
re (- 942 947
" HO=N) Kb
v, 500k, 120 730 aT8
v, 8,1CF,) 567 513 585
v, S(NF ) $12
Ve broextCl ) 478 402 429
[, bpaenNI,Y st
vy s(CON) 205 119 278
2 vy, VaglCF, 1245 1254 1261
Yu vagtNF ;1 907
Vi g tCF 1 627 $56 607
. BroentCF .} 478 450 43t
X brgen NI k1.3
L) n(-0) 75 127
Vi n0-Nj

vbsd freg, vmy

CH,80°  CENES  RES v SI()NI s

1291 1290
1175 122
1018 1070 972 1029
LRY
730 72
533 516
28 573 500
4
110 1240
981 $11 REB 928
551 600
428
150

& Reference 19. ¥ Reference 17, € Reference 18. ¥ Relorence 20; the potential encrey distribution ol the lundamentals asugned 10 e
CF,. NI, and CN siretching modﬂ indicates s:rong mixing of the corresponding sy mmetry coordinaes, € Harmony, M. Myers, R, 0.7
(iem Phys. 1962, 37,636, { Comeford, ). ).; Mann, D. E.; Schoen, L J.; Ludc. . R. /hid. 1963, 28, 461, # Reference 16, ® The sssign-

ments given in this table for the CF, stretching modes ame lentative.
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Figwre 1. Vibrational spectra of CF,ONF,: traces A and B, infrared
spectra of the gas recorded in a S.cin puth length cell with AgCl
windows at pressures of 300 and 8 torr, respectively: trace C, infrared
spectrum of Ar-matrix-isolated CF,ONF; (mole ratio 300) at 6 K.
traces D, E, and F, G, Raman spectra of the liquid in a quartz tube
at -80 *C recorded at two different sensitivities with incident po-
larization parallel and perpendicular.

other ~ONF-substituted perflucroalkanes.?' Most stretching
modes and the »,, »;, and », deformation modes can be as-
signed with confidence. The assignment for the remaining six
deformation mades and for the CF; stretching modes are more

{18) Demuth, R.; Birger, H.. Pawelke, G.; Willner, H. Spectrochim. Acta,
Part A 1978, 344,113,

{19} Christe, K. O.; Schack, C. ). fnorg. Chem, 1981, 26, 2566,

(20} Asslla R, H.; Craig, A. D. J. Chem. Phys. 196, 45, 417, Bjork, C.
W.; Craig, N. C.; Mitach, R. A.; Overend, ). J. Am. Chem. Soc. 1968,
&, 1184 Oberhmmer H. Gllzhu H Blrpr, H.; Heyder, F.;
hwdhc G. J. Phys. Chem. 1983, 56,

(21) Christe, K. O., unpublisbed resuita,

or less tentative, In all the > CONF, compounds studied in
this laboratory, the » CONF, group exhibits a very charac-
teristic band pattern at aboul 860, 910, 940, and 1030 cm™’
of almost constant frequencics and intensitics and therefore
is well suited for the idemtification of a >CONF, group. In
particular, the symmetric NF, streiching mode at about 1030
cm™ is very useful for diagnos.ic purposes due 10 its high
Raman intensity and the absence of other bands in this fre-
qUERnCy region.

Properties of (CF,),CFONF,;. This compound had previ-
ously been prepared by the reaction of (CF,),CO with N,F,
and N,F. in a platinum tube at 100 *C and 1000 atm cxtcm.nl
pressure “and identified by its infrared and mass spectrum. 22
The infrared spectrum of our product (frequency (em™1}, in-
tensity: 1327, s; 1264, vs; 1215, w; 1176 5; 1121, 5; 1064, ms;
985, 5, 910, ms' B49, 5, 804, vw; 740, m; 725, m) was identical
with that previously reported.?? The identity of the compound
was confirmed by its %F NMR spectrum, which showed the
following shifts, multiplicities, coupling constants, and arca
ratios:

L A
22 W |
I——"‘Y
Wy}, =7 (b ———————— (N¥,
Goubit of tptoh saptes hennd tpiet with parnnlly resoived NF
spin-oin couphng
. 79 - W0 413
areq & i 1 g 2

Properties of CF,(ONF;),. CF,{ONF,), is the first known
example of geminal {ONF,),-substituted compound. 1t is
colorless as a solid, liquid, and gas. A sharp melting point was
not observed for CF,{ONF,), due to its tendency to form a
glass at low lemperature, The liquid boils at =9 °C. The vapor
slowly passes through a =112 ®C trap but stops at ~126 °C.
Vapor densily measurements {M, found 187, caled 186)
showed that in the gas phase the compound is not associated.
The compound is completely stable at ambient temperature,
Drop-weight tests performed on the liguid at about 0 ®*C were

(22) Smiley, R. A.; Sullivan, R. H. “Synthesis of High Energy Polymers and
Solid Oxidizers™, Summary Report, Contracl AFO4{611)-8169; 1962,




N.N-Difluoro-O-perfluorcalkylhvdroxylamines

Table IV. Vibrational Spectra of CF,(UNF,),
obsd freq, cm °, and intens

IR Raman
s liquid, - 80 *C assigni
1306 m t310 (0+)

12741 1274104}

vgotCl°; ) and combination
t2501 124810 +)

bands in Fermi resonance

1226 ms 1223 (0+)
1IBIvs 118504 gt CE)

1042 shp NI
\3sms  j0s00p  fraNED
949 mw 94910.4) p wC-0)
916 s 909 (1) dp VeI NE,)
8775 BI04 p .
$49vi  BIS (1) puen-on
752 mw 74901
79 mw
669 w 61 (Tip
624 w 621 (0.5)
SHivw  5700%p
51Tvw

458(0.4)

M 2Hp

3582 p

Midd9yp

31Te2.5p

2710060 p

260 (3.7 p

241 (1.6) dp

AT dp

t66 (0.6 dp

Table V. Mass Spectrum® of CF,(ONF,),

mje  abund on m/e sbund wn
MNe 21.5 CF,ONF,* 50 22 CF,
99 1 CIF,ONF* and CTONY,* 47 443 CFO*
69 064 CF,* KE] 147 NP
68 1 NF, O 31 <05 CF
66 <05 .0 30 0.5 NO
52 100 NF,* 8 <05 <O

& Recorded a1 70 eV,

all negative at the 115 cm kg level, compared to z 50% point
at 6.1 cm kg for ethyl nitrate. These tests indicate that
CF,(ONF,), is surprisiugly stable and is much less sensitive
than the lml“ﬂus CNF: derivnlivc. CF:(NF:):, which under
the same conditions gave a positive test at 23 em kg.

The structure of CF,(ONF,), was established by its vi-
hrational (sce Figure 2, Tahle 1V), mass (sec Table V), and
VF NMR spectra. The latter showed the following parzme-
ters.

23 nr
! i
CFp ——————m {ONF2)2
qQuintet trond partialiy resoived iniple?
+ -693 +124 6
areq 1 . 2

As expected. CF,(ONF,), is an oxidizer liberating iodine
from a KI solution. Uunlike fluorocarbon ethers, CFi(ONF,),
does not readily hydrolyze in concentrated H;SO, at 25 *C.
After a 40-h contact time with agitation, 95% of the CF,(O-
NF;); was recovered unchanged. 1o CH;OH after 40 h at
25 °C, 90% of CF,(ONF,), was recovered; however, in 1 M
sodium metboxide in methanol, slow renction was observed,
Similarly, it slowly rescted witb acetic acid. The nature of
the reaction products was not investigated.

Properties of CF,(OF)ONF,, Like CF;(ONF,),, this com-
pound had not been prepared previously. 1t is coloriess as a
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Figwre 1. Vibrational spectrs of CF{ONF,);: traces A snd B, infrared
spocira of the gas in a 5-cm path length ceil at 60 and 7 Lorr, re-

spectively; traces C, E and D, F, Raman spectra of the liquid at ~80
*C at two different sensitivities with incident polarization paraliel

and perpendicular.

Table V1. Vibrationa) Specima of CF  (OFYONF,
obsd freq, cm™, and inlens

iR Raman
s liquid, =100 *C assignl
1305 m 1305 (0.2)

12793 12719 0.3 p
12513 1249 (9+)
12203 1216 (0.0) p

5 g4!CF, } and combination
bands in Fermi resanance

182vs 1184 sh
NI w(CF,)
1050sh  1045sh .
10ims 103100 |oEl
950 (3) p WC-OF)
M4m {939 (1:)p  WC-ONE))
9143 917¢3)dp voa(NF,)

895 sh 891 (2.5 p wor)
854 vs B55sh

Meosp O
753 m "B12Hp 8(CF))
689 mw 690(8.2) p
668vw 667 (4.4) p
601 w 601 (4. p
563 vw S61(6.8)p

520 (0.6) dp

453 (0.5) dp

450{L.7)yp

N GNdp

(e

M8(8.8) p

296 (2.8) p

58 (3. Dp

1993.1)p

146 (2) dp

131 2.D) dp

solid, liquid, and gas and also shows a tendency to form a glass
at low temperature. From experimental data (temperature
(°C), vapor pressure (mm): -94.8, 11; -78.4, 41; -64, 101;
-57.5, 14]1; —47, 228), tbe vapor pressure-temperature rela-
tionship was found to be

log [P (mm)] = 7.31997 - 1116.029/[T (K)}

with an index of correlation of 0.9997. During fractional
condensation, the compound slowly passes through a -126 *C
trap but stops at =142 *C, The extrapolated boiling point is
~21.8 °C, and the derived heat of vaporization is AH,, = 5105
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Figwre 3. Vibrationzl spectra of CF,{OF)ONF;: traces A and B,
infrared spectra of the gas recorded in a S-cm path length cell with
AgCl windows at pressures »f 42 and 15 1orr. respectively; traces C
and D, Raman spectra of liquid CF,(OFYONF; at -100 *C recorded
at two different scnsitivities.

cal moi'. The Trouton constant (20.3) and the molecular
weight of the gas M, found 153, caled 153) indicate little or
no association in both the liquid and the gas phases.

The structure of the compound was establisbed by vibra-
tional (see Figure 3, Table V1) and '*F NMR spectroscopy.

P-5/P-6

34 M F )
f 1 U
FO (¥, ONF,
| I
~1 0wy
triplet of Irglets doublet of lnplets breod hiplel

Fray, 19,7 1O He

L] 6 6 -79 LArd.)
areq B 2 : 2

The cornpound is stable at ambient temperature and liberates
iodinc from K1 solution.

Conchmion. Complexing of HNF; with alkali-metal fluonde
has successfully been used to moderate the otherwise explosive
reaction of HNF,; with hypoftuorites. The general applicability
of this method for the syntheses of N AN-difluoro-O-per-
fluoroalkylhydroxylamines has beer demonstrated, and
CF;(ONF,),. the first known example of a geminal-disub-
<ituted ~ONF, comnound, has been prepared by this method.
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Synthesis of N,N-Difluoro-O-perhaloalkylhydroxylamines. 2. Lewis Acid Cstalyzed

Addition of NF,0 to Olefins

RICHARD D. WILSON, WALTER MAYA'"* DONALD PILIPOVICIL'" and KARL O. CIIRISTE?®

Received June 15, 198}

NN-Difluoro- O-perhaloalkylhydroxylamines, RAONF;, were successfully prepared by the Lewis acid cataly zed addition
of NF,0 to olefins. The new compounds XC,F,ONF; (X = F, C1, Br) were oblained and characierized. V'he unacupecied
direction of the NF,0 addition, resuhing exclusively in the anti- Markownikotf-1ype 1somer XCF,CF,ONF,, was elucidaied
by model reactions involving the stepwise addition of BF, and NF,0 w0 CF=={=CF,. 1t 1» shown that all reactions can
be rationulized in 1erms of an RAF, intermediate produced by the rormal polar addition of BF, to the ofefin. In the case
of CF.=C==CF,. the new vinvldifluoroborane CF==C(BIF,)CF, was isolated und characierized.  Attempts 10 isolate
~ONFy-substituted vinyl compounds by reaction of NF,O with vinyldifluoroboranes led 1o difluoranino ketongs formed

via 2 keto—enol-type tautomerisnt.

Intioduction

Following the discosvery of NF,0 in 1961 by Rocketdyne®
and Allied Chemical.’ studies were carried oul in lhese two
laboralories to add NF,0 to olefinic double bonds. Except
for an incomplete description of some of the Rocketdyne results
in a patent! and a one-senience statement in a paper on NF,0
by the Allied group.' these data have nut been published,
partially due to their incompleleness and the lack of a plausible
mechanism to explain the observed direction of the NF,0
addition. The previous Rockerdyne studies have now been
complemented and are summarized in this paper.
Experimenta] Section

Cautivr! The addition reactions of NF,O to olefins, particularly
hydrogen-containing compounds, can proceed explosively, Appro-
pritate safely precautions must be taken when these reactions are
carried oul,

Maiterials and Apparstus. The appuritus, handling technigues, and
instrumental conditions used in this study have been described 1n part
1 of this seriex.® | iterature methods were used for the syntheses of
NF,0f CF,=C+=CF,." and CF,= C FBF," Monomeric (Fy=CF,
was prepared by vacuum pyrolysis of poly(tetrafluoroethylene): C,F,C
and BF, {The Matheson Co.) and C,F\Br (Ozark Mahoning Co.)
were purified hy fractional condensation prior 10 their use.

Syntheses of XCF.CF,ONF;. Most reactions of NF;Q in the
presence of BFy with C,l°,, C,F,Cl, or C,F;Br weie carried ou)
according to the following gencral procedure. Equimolar amounts
{3 mmol each) of C,F,X (X = F, Cl. Br) and BF, were condensed
at 196 *C ino the tipof a 250-ml. Pyrex reactor. The mixture was
warmed for 2 h 1o ~78 °C and then recooled to -196 *C. An equimolar

(1) Present addresses. (a) Depertment of Chemisiry, Calilfornia S1ate
University, Pomona, CA 91768, (b) MVT, Microcomputer Sysiems
Inc.. Wesilake Vitlage, CA 95361,

(2) Maya, W. U. S Palent 3220147, 1967,

{3} Fox, W. B.. MacKenzie, J, 8.; Vaanderkooi, N.: Sukomick, B.; Wamser,
C A Holmes, J. R Eibeck, R. E.; Stewart, B. B. J. Am. Chem. Soc.
1966, 55, 2604.

(4) Pilipovich, D. US, Paical 3440251, 1909.

(51 Mays, W.. Pilipovich, D.. Warner, M. G.; Wilsen, R. D.: Christe, K.
O. Inorg. Chem. §983, 22, B10,

(8) Maya. W Inorg. Chem. 1964, 3, 1063,

(7) Jacobs, T. L., Bauer. R. S. J. Am. Chem. Soc. 1956, 78, 4815,

(8) Suaflord. 8. L.; Stone, F. G. A, J. Am. Chem. Soc. 196D, 52, 6218,

Q
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amount of NF,O (3 mmul) was condensed at -196 *C above the
C,l X~ BF; mixture. The reactor was allowed 1o warin slowly 10 - 78
*C and was kept at this tempergiure Ior severai hours before being
allowed 10 wirm to ambicnt temperature. The volatile materials were
separated by fractional condensation through a series of traps a1 -7
°C. a1 -95°C (for C,F,Br reaction). or —112 *C (for C,FCl reactron),
or =142 *C (for C;F, reaction), and at =196 *C. The -78 “C 1rap
contained smalt amounts of unidentified material. The -196 *C trap
contained mainly uareacted BF,, C,F,\X, C,I°XX. and sometimes small
amounts of NF\O. The -95, -112, or 142 °C trap contained the
desired XC,F,ONF,; product. The reactor penerally contuined some
while solid residue, which according 10 its spectra convsted of NOBF,.
The yields of C,F;ONF,, CF,CICE,ONF,, and CF;BrCFONF, were
aboul 60, 18, and 10%, respectively. Whereas C,F(ONT; could be
obtained in high purity by the above described simple fractionation,
CIC,F,ONF; and BrC,F,ONE, contained ubout 107 of an uniden-
tified halocarbon impurity whose removal required either repeated
carelul fractionations or gas chromatographic technigues.
CF,MCF5ONF,S bp -24.9°C:mp -146.5 °C: mol wt found 185;
mol wt caled 187: log [P (mm)} = 8.0222 - 1271/[T (K)]: AH,,,
= 5.8 kcal/mol: Trouton constant 23.5, mass spectrum (70 eV) [m, e
(intensity) jon], 11% 169) C,F.*, 100 (341 C,F,*. 6% (1000 CF,*,
66 (2.1) C1,0% 52 2% NE,*, 50 (10) CF,*, 47 (7.1) CFO*, 33
. ONFLI U CFL AN NO* 19 (LD FL16(0.3) O °F
NMR (positive shifts are low field from CFCl,) neat ¢, {tr Ir = sept)
=59.0, by (quart ti) -55.9, ¢ 1brr) 1219, CFCL, selvent ¢, -85 9
05930, 0r; 1281 (Jop = 202, Juc = 1.00,Jge = 2.0, Ly = 110
Hz); IR 2640 {vw), 2600 (vww), 2475 (vw), 2408 (vw), 2350 (rvw),
2317 sh, 2238 (vw), 2090 (vvw), 2050 (vw), 1984 (vw), 1931 (vw),
1867 (vw), 1815 sh, 1791 (vw), 1775 sh, 1679 (vw), 1594 (vw), 1510
(vw), 1471 (vvw), 1401 (mw), 1300 sh, 1247 (vs), 1206 (vs), 1114
{vw}, 1025 (vs), 903 (s). 850 (vs). 741 {m, PQR). 730 sh. 660 {w).
621 (vw), 569 (vw),531 (mw), 474 (vvw), 462 (vww), 444 (vww)cm '
Raman (liguid -90 °C) 1402 (0.7), 1240 (C.1), 1205 (0.1), 1111 (1.2)
p, 1025 (6.6) p. 903 (0.7) dp, 849 (2.4) p, B3S (1.2) p, 741 (10} .
659 (2.8) p, 619 (0.7) dp, 570 (3.1) p, 559 (0.2) dp. 529 (0.2) dp.
466 (0.2) dp, 342 (0.1) dp, 356 (1.7) p, 342 (1.9) dp, 303 (6.2) ,
244 (4.1} p, 121 (D.6) dpem™'. Anal. Caled for C,F;NO: N, 7.48.
Found: N, 7.2t (N, by evolution by Na reduclion).
CICFACF,B0NFS bp 13.8 °C; mol wi found 204.6; mol wt caled
203.5; log [P (mm}] = 7.6002 - 1355/[T (K}]; A, = 6.2 keal /mol,
Trouton constant 21.6; mass spectrum (70 ¢V) [m/p: (intensity) ion]
137 (16.2) C,F7CI*, 135 (52.0) C,EIPCH 119 20 Cy1 L 118

-1 OO CEICI 116 (19) GFMACI, 100 (9) CF(* 87 (32) CFCP,

© 1983 American Chemical Society
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85 (100) CF,1'C1*, 69 120) CFy*, 68 (2.4) CFY'CY. 66 (5.3) CF*Q1*,
S2{28) NF,*, 50 (2)) CFy*, 49 (1.3) CCI¥™*, 47 ¢4.2) CCI™ . 47
189) CFO*, 37 (1.1) 'C1*, 35 13.4) “C1*, B NFL (21D
CF*. 30 (23 NO*. 19 (1.2) F*. 16 (0.5 0" "F NMR (neal) {liquid
W'Y Urtr) -752 @B r tr) 937, @ (Brir) 1260 (Jyg =
23, Lo =095 S 305 S ~ 100 HaY TR 1339 (m). 1286 (vw),
1241 (m), 1200 (vs). 118S (va). 1129 150, (00 sh, 1058 (vw), 103}
(m), 975 (v3), 909 (m). B9R sh, 345 (vs), 802 (w), 734 (vw), 768 (vw),
720 (vwl, 702 (vw). 640 (vw), 636 (W), 615 (vw), S58 (vw). 480 (vwww)
em ',
BeCFACF,"ONF,': mol wt found 245, mol w1 caled 248, mass
spectrum (20 cV) [m/e tintens) ‘on] 197 (£.6) C,F.5'BrO*, 195 (4.6)
C;F"BrO*, 181 (66) C,F,V'Br*, t79 (66) C,F."B.”, 162 (2.4)
C:F\"BI". 160 (2‘) C;F,“Br‘. in '.'.c!\.ll (‘F:"ﬂl". 129 (lm)
CF,PBre_ 119 (83) C,F,*. 112 (7.8) CFMRr*, 110 (7 ) CF™Br*,
100 128) C,F,*. 93 (4.2 CYBr*, 91 (4. C™Br*, B1 () V'Br*, 79
(38) ™Br*, 69 159) CF,*, 66 (1L.S)CFO%, S21258) NF*, 80 (46)
CF A 47T (IR CFO* IYUI0 NFY 31 160 CF*. 30 (4N NO* 19
(24 F*, 16 (R.0) O F NMR (neat Iwuid, -20 *C. trans rotamer)
@a (1 1) =705, 8g tquint) =91.9. ¢ (b try 126 (S g = 32, Sy =
1.0, Jae = 3.2 820 AR 1330 (m), 1249 1m). 1208 (vs), t1R3 (vs),
1126 {s), 1032 (m). 948 jvs), YO8 (mw ), 882 (w), R4& 15} 824 1sh),
TRY (mw), 777 (mw), 751 (w), 672 (w), 650 (W), 635 (vw), 602 (vw),
£50 (vw), 477 (vww) cm ¢

Systhests of CF,=—C(BF YCF,. Tetrafluoroalicne (5.1 mmol) and
BEF, (5.1 mmol) were combined at =196 *C in a Pyrex ampule. The
mixture was allowed to warm slowly to ambient temperature., then
oooled again 1o - 196 *C. and warmed as defore. The volatile prooucts
were separated by fractional condensation with CFp=C(BF,)CF, (3.6
mmol) stopping ina =112 *C trap. The other reaction products wer:
a trace of SiF,, vily terrafiuorcallene polymer., and unreacted BF,.

CF==C(BF.)CF,: colorless liquid and gas; mol wt found 79 mol
wt caled 179.8; approximate bp 12 *C, 'F NMR (neat liquid, 28
*C) ¢(CF,) 1broad unresolved multiplet) -47.6, $(CF) (J quart)

e -~ - w3 )

Lo,

0 \“m_-
-57.%, #(CF;) (d d)-59 9, ¢(BF;) (br s) -R2.2; arca ratios 1:1:3:2
(J‘_‘;‘cr. =236, J'(*"(" =120, J('f‘_('f' = 390 H2), Yibration spectra;
1R 1gas) 1769 (mw). 1 Tt4 (vs), 1689 (sh), 1469 (m). 1426 (vs), 1192
(vs), 1323 (m). 1390 (mw), 1260 (sh) 1170 (vs), 1129 (mw), 1081
(vw), 1043 (5), 998 (ms5), 969 (mw), 875 (vw), 744 (mw ), 736 (m).
708 (vw), 650 (vv.), 642 (mw), 608 (m), 58] (w), $39 1mw), 434 (w),
392 (w) em’'; Raman (liquid, -80 *C) 1770 (0 3) p, 1713 (1.6) p.
1689 (sh), 1465 (043, t415(0.1), 1382 (0.t1, t323 (0.7 p. 1 98 {0.4),
HI7S (0.1, 1135(0.1), 992 (3.3) p. 964 (0.2) p, RT3 (1.5) p. 142 (1)
p. 730 (1.8) dp. 70B (0.5) p. 635G (2 4) p. 637 (1.7) dp, 608 (0.8) p.
580 (0.2y dp, 538 (0.6) p, 424 (0. 2)dp, 399 (2.1). 376 (4.5) p, 33!
(1.4) p. 193 (0.2) dp. 169 (1.5) dp. 150 (0.2) dp. 129 (0.2) em™". The
mass spectrum showed parenl al m/e 180 (C,''BF.*) and 179
(C,'"BF,*) and parcnt minus Fat m/¢ 161 and 160. Hydrolysis of
CF,=C(BF,)CF, gave CF,=CHCF,; + (HOREF,).

Reaction of CF,=C(BF.}CF, with NF (). Trifluvramine oxide (1.8
mniol) and CF.==C{BF;)CF; (0.45 mmul) were combined at - 196
°C in a Pyrex reacior and allowed to warm slowly Lo room temp. This
cooling - warming was repeated several tines. The volatile maenals
were separgted by fractionad coidensation and cunsisted ot Bt (0.45
mmol), unreacied NF,O (1.3 mmol), and CF\COCFNF; (0.45
mmol). This ketone stopped ina -t12 °C trap and was identified
by its infrared, mass, and °F NMR spectra.® molecular weight, and
its hydrulysis reaction, which yiclded the hydraie CF\C(OH)L,CF,NF,.

The compound CF,COCF,NF, was also direcily oblained by co-
condensing eyuimolar amounts of NF,0, BF,, and CF,=C==CF. at
=196 °C in a Pyrex ampule and atlowing the mixture 10 warm up
slowly to ambicnt temperature. This warm-up procedure was repezated
twice to ensure complele reaction. The reaction products were sep-
arated by fractional condensation with the =112 °C trap containing
CF,COCF,NF; in 25% yield. CFACOCE®NF,*: F NMR (CEC),
-55 °C) ¢, {Ir tr) =76.2, g (quart tr) ~109.9, ¢ (brs) 18.0 (S g
= 6.4, J,c= 10, Joc = 3.1 Hz), arca ratios AB:C = 3:2:2,

Results and Discussion

Syntheses of —-ONF,-Substituted Perbalocarbons and
Mechanism of the NF,0 Addition. Shortly after 1he discovery

(9) Lustig, M. Rull, J. K. fnorg. Chem. 1968, 4, 1441, Q-2

Wilson et al.

of NF,O in 1961.% stucies were begun at Rocketdyne to add
NF, O across oleftnic deuble bonds. At ambient temperature
neat NF,Q was unreactive toward olefins such as CF,=CF,
or CHy=CH,. Furthermore, UV irradiation of mixtures of
NF,Q with cither CF,=CF, or CFy==CFCl in Pyrex did not
result in any appreciable reaction, Although heating of NFO
with C,F, or C,F,Cl to 150 °*C resulted in reaction. the
principal products {C.F,. C,F o CF,;COF. C,F.Cl. ¢te.) arose
from fluorination of the olefins and were not the desired
RONF, addition compounds. However, Lewis acids catalyred
the addition of NF¥,0 to olefintc double bonds. The most
effective Lewis acid was BF . but the reaction was generaliy
limited to perhalogenated olefins. Low temperatures were
necessary with NF,O being added at -196 *C to a mixture
of BEF, and the olefin, which had been premived at ~78 °C.
The ternary minture was allowed to warm slowly from - 196
1o - 78 *C and sometimes to ambient temperature. Although
other {.ewis acids such as PF.. Asl'y or SbF. in the presence
or absence of sulvents such as anhydrous H¥ or CF .COCF,
were also used, the above described jow-temperature BF,-
calalyzed reaction gave generally the best and most repro-
ducible resulis With use of this method, the lotlowing re-
actions were carried out and their reaction products well
characty rized.

BF,
X¢ F=C'F, + NF,0 —= XCF,CF,ONF,
X = . CL.Br

For X =~ F the yiclds of the ~-ONF, adducl were as high as
707 but decreased with increasing atomic weight of X, with
the competitive fluorination reaction to C,FX becoming
dominant. For X being jodine, the yield of ICF,CF,ONF,
became almost 7ero.

Only one fsome, was obtained for all reactions and, sur-
prisingly, cor espunded to an anti-Markownikoff-type addition;
i.c., the QMF. group was ad2: ! *o the positively polartr~d
carbon atom of the substrate. The observation of only one
isomer and the fact that free-radical conditions such as UV
irradiation and heat did not produce significant amounts of
RONF, adducts suggest a polar mechanism.

Since NF,Q is known'? 1o form with Lewis acids suci: as
BF; ioni¢c adducts containing the NF,0* cation and since the
positive charge in NF,0* resides on the nitrogen atom, the
simplest polar mechantsm would involve a x-x bond inter-
action between the N==0 bond of NF,0* and the C=C bond
of the olefin:

H

G
N e
N=—0
7
M v F
N i
/CI-_l-\
F F

Although such an intermediate could convenicntly wccount for
an attack of the positively polarized carbon by oxygen, the
following argumenis can be raised against this mechanism:
(i) the above a—x mechanism is analogous 10 the reaction of
two ground-state cthylene molecules to ground-state ¢yelo-
butane, which is symmetry forbidden:'' (ii} also. the x-x
mechanism cannot account for the products observed in the
reaction of CF,==C(BF,)CF, with NF,0 {see below); (iii) Ihe
Lewis acid catalyzed addition of NF,Q to the olefin appears
to require reaction temperatures at which the NF,0* salt has
some, albeil small, dissociation pressure. If a preformed stable
NF,0° salt is used, fluorination is obtained instead of sub-

(10} Christe, K. O.; Mays, W_Inorg. Chem. 1969 8, 1253, Wamser, C. A,
Fox, W. B, Sukomick, B.. Holmes, J. R.; Stewar1, B. B.; Juurik, R..
Vanderkooi, N.; Gould, D. 7bid. 1969, &, 1249,

{t1) Woodward, R. B.: Hoffmann, R. tn *The Conservation of Orbilal
Symmetry”, Verlag Chemic, GmbH: Weinheim/Bergstrasse, Wesl
Geimany, 1971,
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N, N-Difluoro-0-perhaloalkylhydroxylamines

stitution; (iv) premixing of the Lewis ucid with the olefin
enhances the yicld of RONF, Most of these arguments
suggest that the first step in the NF,0Q addition to olefins is
the interaction of the olefin with the Lewis acid. Examination
of the BF;"C,F, system at 112 °C showed a positive inter-
action between the two compounds; i.c., the vapor pressure was
significantly lower than that expected from Raoult’s law, but
no stable adduct was formed. The lack of a stable C,F,BF,
adduct is nol surprising since —-BF.-substituted salurated
fluorocarbons are very unstable due to the great facility for
intramolecular migration of a fluorine atom from an a- or
d-carbon atom to boron followed by BF, climination.'> This
“acility of BF, elimination can be strongly decreased by in-
corporation of an c-pectivorovinyl group. Thus CF=~=CFBF,
is known® to be stable, and another stable compound CF,—
C(BF,)CF, was prcpared for the first time during this study
from tetrafluoroallene and BF, (eq 2). The direction of this

CHF,=C¥==C*F, + F*—B"F, -+ CF,=C(BF,)CF,
(2)

addition agrees with that expected from th- known'? polarity
of the bonds in tetraftuoroallene and a normal polar addition
of BF,. The observation of only the BF, monoadduct is not
surprising, since the addition of a second BF; molecule would
result in a saturated ~BF,-substituted fluorocarbon, which
would be prone to undergo the above mentioned BF, climi-
nation'? with re-formation of CF,=C(BF.)CF,.

The availability of CF,=~C=CF, and of its BF, adduct
allowed us to test the hypothesis that a BF; adduct is an
intermediate in the BF,-catalyzed addition of NF,0 to per-
haloolefins. I in the BF;-catalyzed addition reaction of NF,O
to CFy=C=CF, the intermediatc is CF,=C(BF,)CF,, then
the reaction of CFy==C(BF,)CF, with NF;O should result in
the same final product, Indeed this was found to be the case.
In both reactions, CF;COCF,NF, was the only -NF; con-
taining product. For the CF,=C=CF, + BF; + NF,0 re-
action its yield was 25%, whereas for the CF,=C{BF;)CF,
+ NF;0 reaction its vield was essentially quantitative. The
fact that CF;COCF,NT", was the only product and that no
evidence for an ~ONF,-substituted compound was observed
can be readily rationalized by the following sequence. Reaction
2 is followed by u Lewis acid-Lewis base interaction between
CF,=C(BF,)CF, and NF;O. The formed adduct can then
undergo BF; elimination {eq 3) to form the vinyl-ONF,
compound, followed by a quasi keto—enol tautomeric rear-
rangement (eq 4) to give the observed final product, a di-
fluoroamino ketone. The fact that in the BF -catalyzed ad-

F cr b LF
Se=g? 3’?' oy Neem ’ th
A S 2N
F =B F iy
Q VN -
\-)'\ ';. F NF,
+ ~
N -
PF
F
NP
SFp==C e HE,— Ty Oy 4}
[Fa
o

dition of NF;0 10 CF;=C=CF, the yield of NF,CF,C(0)-
CF, was only 25% compared to 100% for the C Fy=C(BF.)-
CF; + NF,;0 reaction can be ascribed to the low (60%) yield
observed for reaction 2 and the case of polymerization of
tetrafluorocaliene.’

(12) Lappert, M. F. In “The Chemistry of Boron and ils Compounds™;
Mueilerties, E, L. Ec.; Wilcy: New York, 1967; p 461,

{t3) Banks, R. E.. Hazeldine, R. N.; Taylor, D). R, Proc. Chem. Soc., London
1964, 121,
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The sbeve reactions of tetrafluorcallene lead 10 a better
understanding of the observed reactions between CF,==CFBF,
and NF,0. Two-N Fy-containing products, CF,CF,ONF; and
NF,CF,CF(0), were observed for this rcaction. The forma-
tion of the latter compound is analogous to the tetrafluoro-
allene reactions

3 F F F F
~ / =BFy ~ - v .
c=C Ff— C—CcC == NF,CFC. 1)
r/ 0>?< r/ \owfa \o
N
AN

| F
F

The formation of CF,CF,ONF, is ascribed 1o the compelitive
fluorination reaction (6). followed by reaction 1, the BF;-

CF,=CF(BF:) + NF.O*BF,” —
CF,=CF, + NO'BF, + BF, (6)

catalyzed addition of NF,0 to CF,CF,.

The formation of an intermediate v, nale diftfuoroborane
can also explain the unexpected “anti-Markownikoll-type”
addition of NF;O to the unsymmetric perhalogenited ethylene
{eq 1). The observed reaction products cun be rationalized
by a mechanism assuming the normal polar addition of BF,
to the double bond, followed by the interaction of the Lewis
basc NF,O with the Lewis acid R-BF,, followed by BF,
climination, a fluoride migration from the g- 10 the a-carbon
atom, and formation of the C-ONF, bond {¢q 7). This

F 4. F F
F\ TS TV P ~ - +NF30
/C=[‘,\ TF—C—C— X —
F X L BF,
F F
r“}F‘“’C%" 05 f Dl M
e x
"N Fo NF
l':.‘ \

mechanism is analogous to that (eq 3 und ) outlined [or the
perfluorovinylboranes. except for the “ONF, substitution
occurring on the g-carbon due to the facile migration of
flucrine from the 3-carbon to the a-carbon in these saturated
flucroalkylboranes. The ~ONF, substitution on the S-carbon
in saturated fluoroalkylboranes vs. a-carbon substitution in
vinylboranes may also be favored by the decreasc in the C-
C-B bond angle upon going from an sp’-hybridized vinyl-
borane to 2n sp>-hybridized alkylborane.

Attempts to extend the BF,-catalyzed NF,0 addition to
hydrogen-containing olefins such as Cit=CH,, CF.=CH,,
and CFy==CFH were unsuccessful due to both fluorination
and polymerization of the substrate. Fluorination of the double
bond was also the enly reaction observed for CFCl==CFCl and
CFy=CCICF,C1. Similarly, attemipts (o replace the BF, group
in CH,FBF, by an ONF, group by low-iecmperature trextment
with NF;O were unsuceessful, resulting m the gquantitstie
fluorination (8).

CH,FBF, + NF,0 -» CH,F, + NO*BF,  (8)

The low-temperature BF;-catalyzed additiun of NF;0 to
the perfluorinated acetylene CF;C=CC}, was ulso studied.
but no reaction was observed under the given conditions. With
perfluorobutadiene a smooth reaction occurred, but resulted
only in fluorination to perfluorobutene.2.

Attempts were unsuccessful to verify the intermediates
postulated in eq 3-5 and 7 by low-temperature '°F 1IMR
spectroscopy. For the CF,=C(BF,)CF;-NF,0 system, when

-3 kept at -80 °C or below, only the final products NF,CF,C-
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(O)CF, and BF; were observed. For CFy;=CF, and BF, in
CFCl, solution, no interaction was observable at temperatures
as low as =120 °C.

Properties of the N, N Difluoro-O -perhaloalkylhydroxyl-
amines, All the XCF,CF,ONF,-type (X = F, Cl, Br) com-
pounds prepared in this study are colorless gases or liquids,
which are stable at ambient temperature. The therr.al stability
of the compounds is surprisingly high. For exar.ple. C,FO-
NF,. when heated over CsF in a Pyrex amruie to 93 *C for
17 h, showed ne decompasition, In stainless steel, heating to
325 °C for several hours was required 1o observe degradation
10 C,F, and NO. In their chemical properties these R-ONF,
compounds are similar to NF;. Thus, C.F;ONF; is not re-
duced by H1 and is not hydrolyzed by concentrated agueous
alkali solutions at 50 *C. Fluorination of C,F;ONF, with F,
at 150 °C produced C;F,, but no evidence for NF,0 or the
unknown and probably unstable FONF, was obtained.

The lack of NF,0 formation in this fluorination reaction
supports the spectroscopic evidence that the ONF, group in
these RONF, compounds is bonded to the carbon atom
through an oxygen and not a nitrogen atom.

The new RONF, compounds prepared in this study were
thoroughly characierized by spectroscopic techniques, and the
observed data are listed in the Experimental Section. '*F
NMR data were particularty useful to demonstrate the
presence of the ~ONF, group and to show that, for the un-
symmetric perhalocthylenes, XCF,CF,ONF, was the only
isomer formed. it should be mentioned that for BrCF,CF,-
OF. the ""F NMR spectra were strongly temperature de-
pendent, indicating the presence of different rotamers due to
hindered rotation caused by the bulky brominc ligand. The
BrCF,CF,ONF, molecule is expected to exist as three different
rolamers, one trans and two equally probable gauche forms,
which could be sterically less favored.

o F r

o0 F £ .
< T r\é/,r
*.- : o ;_’- I ‘F O"l .'F

4] Bt Br
e e

trans (A H,} gauche (AA'BBY)

At 30 °C, the two CF; group signals consisted of broad
(~15-Hz half-width} unresolved lines. At 20 °C, the two lines
separated into two signals each, a resolved lower ficld signal
for the trans isomer and a poorly resolved signal of similar
intensity at shghtly higher field attributed to the two gauche
isomers. At =20 °C the relative intensity and resolution of
the trans signals were significantly increased. At ~50 °C, the
resolution of the trans signal decreased again and the frequency
wparation between the trans and the gauche signals increased.

Although only the XCF,CF,ONF, isomers were present,
the mass specira generally exhibited CF,* ions of medium
intensity. This is not unusual for compounds of this type and
is read:’ explainable by ion recombination in the mass
spectoncler,

Wilson et al.

The vibrational spectra are listed in the Experimental
Section. The assignments for the CONF, group are
straightforward and can be made by comparison with those
previously discussed for CFyONF.* in addition 1o the
characteristic’ CONF, stretching modes in the 1050-850-cm!
region and the CF, stretching modes in the 1300-1100-cm™
region, the spectra exhibit a medium intense infrared and weak
Raman band at about 1400 cm™', characteristic for the C-C
stretching mode.

Properties of CF,=C(BF,)CF,. This new vinyldifiuoro-
boranc is a colorless liquid and gas and is stable at ambient
temperature. In addition to its spectroscopic identification {see
Experimental Section), the compound was identified by its
hydrolysis reaction (9), yielding CF;=CHCF,."* The vi-

CF;=CF(BF,)CF, + H;0 — CF,=CHCF, + (HOBF,)
%

brational spectra of CF,=C(BF,)CF, show bands in the re-
gions cxpected for the stretching modes of the C=C (~1710
em™), BFy, (~ 1450 and 1290 cm™),"* and ¥,C=C¥ (~ 1390,
1177, and 1040 cm™1)'® groups. iHowever, these assignments
are tentative, and a definitive assignment will require a more
detailed study.

Conclusion. The Lewis acid catalyzed addition of NF,0
to olefins provides a useful method for the synthesis of
-ONF,-substituted halocarbons, provided the substrates do
not contain hydrogen and are highly fiuorinated. Heavy
halogens such as iodine or bromine also appear to be detri-
mental to the yield of RONF,. The only isomer observed for
the addition of NF,0 to XCF==CF, is XCF,CF,ONI',. This
apparent anti-Markownikoff-type addition is explainable by
the normal polar addition of the Lewis acid to the olefins
followed by appropriate substitution and elimination reactions.
The intermediate formation of the Lewis acid-olefin adduct
was demonstrated for CF,==C==CF,. The re¢actions of NF,0
with vinyldifiuoroboranes such as CF,=CFBF, and CF,=
C(BF;)CF, indicate that -ONFj-substituted vinyl compounds
are unstable and easily undergo a keto-enol- type tautomeric
rearrangement to the corresponding diffuoramino ketones.
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THE GAS PHASE STRUCTURE OF AZIDOTRIFLUQOROMETHANE, AN ELECTRON
DIFFRACTION, MICROWAVE SPECTROSCOPY AND NORMAL COORDINATE ANALYSIS

»
Karl O. Christe,la Dines Christen.lb Heinz Oberhammer, o
and Carl J. Schackl®

ABSTRACT

The geometric structure of azidotrifluoromethane has been obtained
by a combined analysis of electron diffraction intensities and

ground state rotational constants derived from the microwave
spectrum.

o]

The following parameters were obtained (rav-values in A and deg.

with 20 uncertainties in units of the last decimal): C-F = 1.328(2),
C-Nu = 1.425(5}), Nc—NB = 1,252(5), NB- Nw = 1.118(3), ;CNGNB = 112.4(2),
QNGNEN“ = 169.6(34) and JFCF = 108.7{(2). The CI-‘3 group is in the

stagdered position with respect to the N3 group and tilted away from
it by 5.8(4)°.

INTRODUCTION

Structural data on covalent azides are rare due to thc explosive

3 , , . ,
nature(z"’ and handliing difficulties encountered with these
compounds. ©One of the more stable covalent azides is CF‘3 3¢ @

R-1
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compound originally prepared by Makarov and coworkerstq's) and
recently studied in more detail by two of us(G). Although the
closely related CH3N3 molecule has prgviously been studied by
(7) and microwave spectrosc0py(8), the

available data were insufficient to determine whether the N3 group

both electron diffraction

is linear, and to obtain a reliable value for the tilt angle of the
methyl group. Furthermore, a comparisonof the structures of CH3N3
and CP3N3 was expected to contribute to our knowledge of how the
substitution of a CH3 group by a CP3 group influences the structure
of the rest of the molecule .

EXPERIMENTAL SECTION

Synthesis and Handling of CF3§3; The sample of CF3N3 was prepared
as previously described(s). Prior to the electron diffraction
experiments, a4 small amcunt of Nz formed by decomposition of some
CF3N3 was pumped off at -196°C. The only other decomposition
products were nonvolatile and therefore did not interfere with

the measurements.

Electron Diffraction. The scattering intensities were recorded with
the Balzers gas diffractograph at two camera distances (25 and 50 cm)
on Kodak electron image plates (13 x 18 cm). The accelerating voltage
was about 60 kV. The sample was cooled to ~-80°C and the nozzle
temperature was 15°C. The camera pressure never exceeded 2.10

5

torr during the experiment. Exposure time was 6-9 sec for the long,
and 15-25 sec for the short camera distance. The electron wave-
length was calibrated with 2n0 diffraction patterns. Two plates
for each camera distance were analyzed by the usual procedures.
Background scattering recorded without gas was subtracted from the

25 cm data. Averaged molecular intensities for both camera distances
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o_
(s = 1.4 - 17 and 8 - 35A 1) are presented in Fig. 1 and numerical
values for the total scattering intensities are available as

supplementary data‘lo).

Microwave Spectroscopy. The microwave spectrum was recorded at

temperatures between -70° and -40°C at pressures around 10 mtorr,
and at freqguencies between 7 and 25 GHz (X- and K-Band) using a
standard 100 kHz Stark spectrometer.

CF3N3 was initially flowed through the cell, but since the sample
proved to be very stable, it was only changed at hours' intervals.

An initial broad band sweep in K-band, applying a 0-20 V ramp
voltage at the external sweep connector of the Marconi sweeper,
immediately revealed the My R-branch heads typical of a near pro-

late rotor, and thus restricted the ranges to be searched.
STRUCTURE ANALYSIS

A preliminary analysis of the radial distribution function (Fig. 2)
clearly demonstrates that the CF3 group is staggered with respect
to the N3 chain. Model calculations for the eclipsed configuration
result in very bad agreement with the experimental data in the
range r > 2.52 (see Fig. 2). The radial distribution function for
the eclipsed configuration was calculated with the final geometric
parameters derived for the staggered conformation. Increase of the
CNGNB angle to about 130° improved the fit for thg peak at 3.3% but
the disagreement for the peaks around 2.7 and 4.5A remained. There-
fore, in the following analysis the CF3 group was constrained to
the staggered position. However, small torsional deviations (<10°)
from this positicn cannot definitely be excluded.




-

In the least sqQuares analysis a diagonal weight matrix was applied
to the intensities and scattering amplitudes, and the phases of
(11) were used. The spectroscpic corrections, Ar (Table 1),
were incorporated in the refinement. For torsional vibrations,

the concept of perpendicular (rectilinear) amplitudes results in
unrealistically_large contributions to these corrections for
torsion independent distances (C-F, F..F and N..F). Therefore,
contributions from the CF3 torsion, which is a large amplitude
vibration, were neglected for torsion independent distancestlz).
Assuming local C3v symmetry for the CF3 group with a possible tilt
angle between the C3 axis and the C-N bond, eight geometric param-

eters {(including the NuN Nw angle) are required for the determina-

tion of the structure ofSCFBNa. These parameters were refined

7 simultaneocusly with six vibrational amplitudes (see Table 1).

4 The remaining vibrational amplitudes which either cause high
correlations or are badly determined in the electron diffraction

experiment, were constrained to the spectroscopic values, calcu-

lated frcm the force field. This is justified, since the refined -
amplitudes agree very well with the spectroscopic values. The

results from the electron diffraction analysis is included in

Tables 1 and 2.

In the final stage of the analysis, structural parameters were
fitted to electron diffraction intensities as well as rotational
constantstla). The relative weight between electron diffracticn

and microwave data was adjusted until all rotational constants were
reproduced within their estimated uncertainties. The geometric
parameters derived from the combined analysis agree within their
error limits with the results derived using the electron diffraction

intensities alone.

R-4
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The results demonstrate the usefulness of the rotational con-
stants for the reduction of the uncertainties in the CNuNB— and the
CF3 tilt angle, which are very sensitive to the asymmetry or, in

other words, to Bz-cz.
NORMAL COORDINATE ANALYSIS

A force‘field, required for the joint analysis of microwave and
electron diffraction data, was derived from the 14 fundamental
frequencies determined in a previous studytﬁ), the torsional
frequency, derived from relative intensity measurements of rota-
tional transitions of the excited torsional states, and the cen-
trifugal distortion constant DJK' determined from the rotational
spectrum of the ground state.

Valence force constants were refined with the program NCA{14)
based on mass weighted cartesian coordinates. The modified
harmonic force field (Table 3} looks reasonable, but is, of
course, underdetermined.

The mean deviation between measured and calculated frequencies is
v = 4 em L.

RCTATIONAL SPECTRUM

The assignment of the band heads in the K-band rcgion to the

J: 4+5 (19.62 GHz) and J: 5+6 (23.54 GHz) transitions was straight-
forward since these band heads appeared very close to the freguencies
predicted by the preliminary electron diffraction model (B+C = 3.94
GHz}, but the high resolution recordings 4 .! not openly display the
characteristic pattern of a near prolate (K = -0.989) rotor (see
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Fig. 3). The deviations arise from excited vibrational states -
especially the low lying torsional states - as will be discussed
below. The frequencies of all measured transitions and the
ensuing rotational constants have been collected in Table 4. The
K_l = 1 lines stand out quite clearly, though, and recording at
different Stark fields permitted the identification of K_, = 0

1

lines which appear only at high fields. Subsequently higher K_l-

e R R L e D

T

lines were identified, but because many of them are subject to
heavy overlapping, some of them could only be measured using a
radio frequency/microwave double resonance technigue (RFMWDR) as
described below.

The lowest J-lines show signs of guadrupole hyperfine structure, but
no attempt was made to resolve and analyze these splittings. Stark
measurements on different M-components of the transitions 414+515,
413*514'*515*616 and 5144-615 {calibrating the field ag?igit the 0OCS
shifts and using Muenter's value for its dipole moment ) yielded
a dipole moment in the a-direction of v, = 1.15(10) D.

To understand the microwave spectrum in detail, especially the many
lines between the two K-l = 1 transitions, it is necessary to con-
sider the possible molecular vibrations. In an earlier study(s),
the vibrational spectra were investigated and 14 of the 15 funda-

1% mentals identified. The missing gne. the torsion of the CF3 group,

was predicted to lie below 90 cm ~, but could not experimentally

be observed.

Fig. 4 shows the 5154—616 transition in a highly amplified recording.

From the characteristic Stark patterns it is possible to identify

all of the obvious lines with the same transition, only in different
vibrational states. The very intense progression to higher fre- . §
quency must be assigned to the torsion, and relative intensity

R-6
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(16)

measurements using the Wilson-Nesbitt method yvield an energy

1

above the ground state of 47(3} cm - for the first excited

torsional state and thus fcr the torsicnal fregquency.

To test the reliability of this method, the energy of excited
states of other vibrations were determined and compared to the
fundamental frequency determined from the IR and Raman spectra
{in parénthesis—)i Vipt 177 (179), vg: 409 (402). v_u:_isg (450),
ViptVys® 221 cm comprised of Vipt 174 and Vig? 47 cm ~.

The reliability of the method obviously decreases with increasing
fregquency (decreasing intensity}) and the method fails for
transitions falling between the two K-l = ]1 lines because of

serious overlapping of lines and Stark components.

Examination of the 514+615 transitions to determine their rel-

ative intensities revealed that the Visg progression extends

toward lower frequencies, and thus the freguency difference

between the K-l = 1 lines decreases with increasing excitation

of Vig* This effect is not observed with the other excited

states {(notably vlo). The frequency difference between the K_l = 1
lines directly determines B-C, and thus the observed trend indicates

an increase in symmetry in the Vis progression.

In order to explain this trend, it must be noted that a struc-
tural model having the C3 axis of the CF3 group colinear with

the C~N bond, only produces a B-C value of l-2 MHz. To reproduce
the observed B-C value for the ground state (20.5 MHz) it is
necessary to assume a tilt angle of A5°.

R-7
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Consequently, one could propose that the effect of higher tor-
sional excitation is the removal of the tilt of the CF3 group.
In that case one would expect higher torsional states to have

B-C values between 1 and 2 MHz.

On the other hand, if one realizes that most of the molecular mass
is concentrated in the trifluoro methyl group, it is possible

to visvalize the light "frame® rotating about the heavy "top® and
higher excitation would lead to an effective symmetric top molecule
with the excited energy levels lying well above the barrier to the
torsional motion. In that case, however, as the energy levels
approach the top of the barrier, tunnelling through the threefold
barrier would cause the rotational lines to split into nondegen-
erate A and doubly degenerate E components.

Unfortunately, this splitting is expected to take place at the
frequency where the center of the rotational transitions of the
excited torsional states have "turned back" (see Fig. 3) into the
upper K_l = 1 lines of the lower torsional states, and thus it is
impossible to clearly distinguish the weaker lines of the higher
excited states.

It was hoped that double resonance experiments {RFMWDR) could cir-

cumvent this problem(17)

RFMWDR techniques were used to identify
and measure the J: 5+6, K-l = 2 transitions of the molecule in its
ground as well as first excited torsional state, using a pump
frequency of 3.1 MHz, which happens to be the asymmetry splitting

of the J=5 levels for the ground state and the splitting of the J=6

levels of the first excited torsional state. Using a pump frequency

of 6.15 MHz (the ground state splitting of che J=6 levels) only the
ground state trausitions are observed.

R-8




5 It was alsc possible to observe the K_l = 1 lines in RFMWDR (J: 5+6)
for the ground (vp = 307.0 MHz), the 1lst excited torsional

. (v, = 218.4 MHz), the 2nd (vP = 128.7 MHz) and barely the 3rd
excited torsional state (vp = 36.1 MHz).

i
3
;

The weakness of the 3rd excited torsional state transitions ex-
tinguished the hope of finding the Vig = 4 lines using the DR-
technigue, which would otherwise have overcome the problem of
overlapping.

Fortunately, however, the J: 1+2 transitions around 7.9 GHz

{(Fig. 5), modulated at a Stark field of 800 V/cm only show the
K_l = (0 transitions, and thus provide a somewhat clearer picture.
It looks like the Vig *® 3 transition is somewhat broadened com-

pared to the Vig * 0, 1 and 2 transitions, and the v = 4 tran-

15
sition is possibly split into two components, indicating a

torsional level approaching the top of the barrier.

o L R Al
—_———
.

The assumption of a purely sinuscidal potential allows a deter-~
mination of the barrier heights from the torsional force constant,
known from the nsrmal coordinate analysis

2 2 9V
’ f.c. = 3—% = 33 (Zg (1 - cos 3a)) at ¢ = 0 = ~52
3e 3o 2
43 o, 9V3
=f cr: 0,03 mdyn A = 4.35 kcal/mol = ~3 i V3 = 0,97 kcal/mol.

Thus, the Vig = 4 state with an energy of .675 kcal is in fact gquite !
close to the top of the barrier, especially since the addition
of a few per cent V6 potential would somewhat lower the value of

| V3. It seems, although the evidence is sparse, that the decrease

in B-C on excitation of Vig is due to the hindered internal

rotation of the triflucrc methyl group.

it 11 g
.
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DISCUSSIOR

The most significant features of the CF3N3 structure are the
bond lengths, the nonlinearity of the N3 group, and the torsion
and tilt angle of the CF3 group with respect to the N3 group.
These features are discussed in the following paragraphs.

Bond Lengths. The above results clearly demonstrate that in CF,N
the NB-Nw bond is significantly shorter than the NS—NG bond.

This can be attributed tc the electron withdrawing effect of the
Cl-"3 group. A comparison of the MN3 series (M = alkali metal,
(CH3)3Si, H, Cl1, CF3) shcws that if M is of very low electro-
negativity, as for example in the alkali metals, we have an

ionic M+N-3 structure (1) with two degenerate N-N bonds of 1.162
each. With increasing electronegativity of M, the M-N bond
becomes more covalent and the contribution from the resonance
structure (III) increases, due toc the electron withdrawing effect
of M. This causes an increase in the bond length difference
between NB-Nw and NB-N0 {see Table 5).

0, © N0 ., O \© Q(;)

M /N=NzeN, «w——Noz=0N-=N e | N Nl
~ 7/ |
M

rd

z—

(1} {11) (I11)

A comparison of the C-N bond lengths in CH3N3 and CF3N3 also
shows the expected effect(g). Replacement of the CH3 by the

CF3 group results in bond shortening if the groups are bonded to

electronegative atoms Or groups. Hence the C-N bond in CF3N3
o] 0
(1.425A) is significantly shorter than that in CH3N3 (1.468A).

i kAot Bl o B2 A 255

H
H
H
i
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Torsional Angle of the CX, Group. 1In general methyl or tri-
fluoro methyl groups pref;r the staggered position with respect
to single bonds, but prefer an eclipsed pogsition with respect to
double bonds. Representative examples i.. the case of C=C double
bonds are: cx3cu=cu2‘18’ and trans CX3CHtCHCX3(19'2°). Only
strong steric repulsions can force CF3 groups *¢ abandon the
eclipsed position, such as in cis CF3CH-CHCF3(2°). Only one
example is known for N=N double bonds: .rans Cx3Nach3(2°'21'22),
where the cx3 groups again eclipse the N=N double bond angd stagger
the N lone pair. 1In CF3N3 the CF3 group occupies a staggered

position with respect to the N3 group as shown oy (IV), .nd this
indicates

—
—

.f\ r}
\
1-4?<f-z-z
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(IV)

<

{VI)

a significant contribution from resonance structure (II1). For
this structure configuration {(IV) minimizes the repulsion between
the fluorine free valence electrons and the two sterically active
free electron pairs on the Na atom (indicated by broken lines in
(Iv)}. 1In contrast to CF3N3, the CH3 group in CH3N3 appears to be
in an intermediate position between eclipsed and staqqered{23),
{2527* from the eclipsed position) which may be explained in the
following manner: resonance structure (11) should result in a
staggered (V) and resonance structure (III) in an eclipsed (VI)
configuration. Since, as discussed above, the bond lengths
indicate that structure {II) contributes more strongly to the

structure of CH3N3 than to that of CF3N3. the observation of an

e T i

T
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.ntermediate torsional angle is not surprising.

Linearity of the N, Group and CF, Tilt Angle. In CFyN, the N,
group is slightly (10°) bent away from th. CF3 group, and the CF3

Jroup is tilted away from the N3 group by 5.8°. This is readily

exr! ined by the repulsion between the fluorine free valence
eleccron pairs and the n bond electron system of the N3 group. A
compariscon of these values with those in CH3N3 would be most
interesting, but unfortunately no experimental values are presently
available for CH3N3. It is interesting to note that the angles

3¢ C1N3. NCN3, and CF3N3 are all very
similar. However, it should be kept in mind that most of these

of the N3 group found for HN
values carry rather large uncectainties.

Torsional Effects on the Structure. The present data for the

excited torsional states do not allow a determination of the

structural changes upon excitation of v It is clear from

15°
model calculations, however, that several parameters must change

their value in e¢rder to reproduce the rotational constants of the
excited states. Thus heavy relaxation, not only in the trifluocro

methyl group, but alsc in the tilt and the CNaN angle, is assumed

B
to take place.
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Table 1. Interatomic distances, vibrational amplitudes
from spectroscopic and electron diffraction
data (error limits are 30 values) and vibra-
tional corrections A (in R),

atgm i3 vibrational amplitudes ﬁ:ra-rz
pair _ spectr. e.d.

Ng = N, .12 0.034 0.034% 0.0060
Nu - NB .25 0.042 0.042 (4)b 0.0004
cC-F .33 0.045 0.045 (4)° 0.0013
c- N, .43 0.053 0.053 (4)° -0.0001
F..F .16 0.054 0.056 (3)° 0.0009
Nu"Ft .18 0.061 0.063 (3)c 0.0004
Nu"Fg .30 0.063 0.0001
C..N, .23 0.067 0.067° -0.0006
Ny--N, .36 0.046 0.046 0.0028
NB..Fg .71 0.169 0.174 (26) -0.0072
C..N .27 0.085 0.095 (40) ~0.0003
NB..Ft .31 0.092 0.092% 0.0021
Nw"Fg .56 0.229 0.250 (33) -0.0096
Nw .Ft .42 0.141 0.096 (57) 0.0130

b

qNot refined,

*CRratio constrained to spectroscopic ratio.
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Table 2. Geometric parameters (K and degrees) for CP3N3
from electron diffraction and combined electron

- diffraction - microwave analysis.

e.d.? e.d. + mw.°

I'_O

a rav
C-F 1.329 (3) 1.328 (2)
C-N, 1.427 (5) 1.425 (5)
N,-Ng 1.250 (7) 1.252 (5)
Ng-N, 1.117 (4) 1.118 (3)
CN,Ng 111.8 (1.1) 112.4 (0.2)
N NN © 175.3 (4.3) 169.6 (3.4)
FCF 108.4 (0.4) 108.7 (0.2)
ei1¢8 4.4 (1.2) 5.8 (0.4)

®Results from electron diffraction analysis; error limits
are 20 values and include a possible scale error of 0.1%
for bond lengths.

bResults from combined electron diffraction - microwave

analysis; error limits are 20 values.

cBend away from CF3 group.
d

Tilt of CF3 group away from N3 group.

R-16
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Table 3. Force Field® for CF,N,

CF 6.69 CF/CF 1,06
CN 4.84 CF/CN 0.46
NHNB 7.75 CF/FCF (adj) 0.51
NN 16.88 CF/FCF (opp) =-0.33
FCF 1.82 CN/FCF -1.00
NCF 1.20 CN/NCF (adj) 0.42
CNN 1,49 CN/NNN -0.54
NNN 0.67 FCF/FCF 0.23
tors 0.03 FCF/NKN -0.18
NNN/tors ~-0.07

%Stretch in mdyn/R, stretch/bend

bend in mdyng/rad

2

in mdyn/rad,
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Figure Captions

Experimental) (.....)} and calculated ( ) molecular

intensities and differences.

Experimental radial distribution function, theoretical
functions for staggered and eclipsed conformations and
difference curve between experimental and theoretical
staggered conformation.

The J: 4+5 rotational transitions. Stark field: 200 V/cm.
Arrows indicate frequencies at which K-l = 0 lines appear
at higher Stark fields.

Vo = Vi5* Vp ¥ 4 indicates the center of the A components

of the torsionally split Vg ® 4 state. The K_, = 1 lines

1
have not definitively been assigned.

The J: 515*616 transitions showing several vibrationally

excited states at a Stark field of 800 V/cm. v, = v__.

T 15

The J: 101-*202 transitions at a Stark field of 800 V/cm.

Marker spacing is 0.8 MHz. The assignment of Vg = 4 is

speculative, although other J candidates for the A com-
ponents have been located.
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APPENDIX S

Contribution from Rocketdyne, A Oivision of
Rockwell International, Canoga Park, California 91304
the Centre d'Etudes Nucleaires de Saclay, 91191 (if-sur-Yvette Cedex,
France, and the Department of Chemistry, University of Leicester,
Leicester LEI 7RH, U.X.

Structure and Vibrational Spectra of Oxonium
Hexafluoro-Arsenates (V) and-Antimonates (V)

wl 2 2 2 3
K. 0. Christe, P. Charpin, E..Soulie, R. Bougon, and J. Fawcett

Abstract

The salts 00,'AsFg ", 00;"SbF™ and partially deuterated OH,'SbFg™ were
prepared and characterized by X-ray and neutron diffraction techniques,

0SC measurements, and vibrational spectroscopy. At room temperature,
0H3+A5F6' exists in a plastic phase where ions, centered on the atomic
positions of the NaCl structure, are in motion or oscillation. No valuable
information on atomic distances or angles in OH3 AsF6 could be obtained due
to these dynamic structural disorder problems. For 0H3 SbFG the phase
transition from an ordered to a disordered phase was shown to occur above
room temperature. The room temperature phase can be described by an
ordered hydrogen bonded model based on a CsCl type structure. Vibrational
spectra were recorded for these oxonium salts and confirm the presence of
the different phases and phase transitions. Improved assignments are given
for the OH and OD3 cations, and the OH .M brldge stretching mode and
some of the bands characteristic for ODZH and ODH2 were identified. A
modified valence force field was calculated for OH3 which is in good
agreement with the known general valence force field of isoelectronic NH,
and values obtained by ab initio calculations.
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Introduction

Although the existence of oxoniu salts at low tempcrature had been well
known for many years, the synthesis of surprisingly stable OH * salts
containing the AsF6 and SbF anions has been reported4 on]y in 1975,
Since then numerous papers have been published on other 0H3 salts
containing comnlex fluoro anions, such as UF 5 BiF -5 IrF6 , PtF_”

6° 6"
RuF6 ,7 B T1F5 ’g or BF4 0 In these oxon1um salts the catizns and anions

are strong]y hydrogen bonded, as shown by the short O-F distances of 2.51
to 2. 61A found by X-ray diffraction studies. 3,10 Since the nature of
these hydrogen bridges is strongly temperature dependent, these oxonium
salts show phase transitions and present interesting Structural problems.

In this paper we report unpublished resuits accumulated during the past
eight years in our laboratories for these oxonium salts.

Experimental Secticn

Materials and Apparatus. Volatile materials used in this work were manipulated

in a well-passivated (with C1F3 and HF or DF) Monel-Teflon FEP vacuum system.n
Nonvolatile materials were handled in the dry nitrogen atmosphere of a glove
box. Hydrogen fluoride {The Matheson Co.) was dried by storage over BiFs.6
SbF5 and AsF5 (Ozark Mahoning Co.) were purified by distillation and fractional
condensation, respectively, and DF {Ozark Mahoning Co.) and 0,0 {99.6%, Volk)

were used as received. Literature methods were used for the preparation of
12 .4
OZASF6 and 0H3$bF6 and 0H3AsF6.

Infrared spectra were recorded on a Perkin-Elmer Model 283 spectrometer, which
was calibrated by comparison with standard gas calibration points.‘s’14 Spectra

of solids were obtained by using dry powders pressed between AgCl or AgBr

windows in an Econo press (Barnes Engineering Co.). Ffor low-temperature spectra,

the pressed silver halide disks were placed in a copper block cooled to —196°C

with liquid N, and mounted in an evacuated 10 cm path length cell equipped
with CsI windows.

5-2
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Raman spectra were recorded on a Cary Model 83 spectrophotometer using the
4880—3 exciting Tine and a Ciaassen fi]ter]5 for the elimination of plasma
lines. Sealed quartz tubes were used as sampie containers in the transverse-
viewing, transverse-excitation technigue, The Tow-temperature spectra were
recorded using a previousiy desclr"ibed]6 device,

A Perkin-Eimer differential scanning calorimeter, Model DSC-1B, equipped
with a liquid N, cooled Tow-temperature assembly, was used to measure phase
transitions above -90°C. The sampies were crimp sealed in aluminum pans,
and a heating rate of §%/min in Hz was used, The instrument was calibrated
with the known mp of n-octane, water, and indium.

The neutron powder diffraction patterns of 0H3+A5F6', OD3+A5F6'. and Dz+AsF6'
were measured at Saclay using the research reactor EL3 with A = 1.1402 for
20 ranging from 6 to 44°, The data for OD3+SbF6' were recorded at ILL
Grenoblie with A = 1.27782 for 28 ranging from 12 to g2° with 400 measured
values of intensity separated by 0.10°.

The X-ray powder diffraction patterns were obtained from samplies sealed in
D.3mm Lindemann capiliaries with a 114,6mm diameter Philips camera using
Ni-filtered Cu Ka radiation. Low-temperature diagrams were measured using
a jet of cold N, to cool the sample and a Meric MV3D0OO regulator.

The zingle crystal of 0H3+SbF6' was {solated as a side product from the
reaction of M0F40 and SbF5 in a thin walled Teflon FEP reactor with HZO
ciowly diffusing through the reactor wall.

Preparation of 003+ASFE'. A sample of D,0 (987.5mg, 49.30mmol) was syringed

in the drybox into a 3/4 inch Tefion FEP ampule equipped with a T»flon .oated
magnetic stirring bar and a stainless steel valve. The ampule was connected

to a Monei-Tefion vacuum line, cooled to -196°C, evacuated, and DF (10g) was

added. The mixture was homogenized at room temperature, and Ast (57.7mmo1)

was added at -196°C. The mixture was warmed to -78°C and then to ambient

$-3
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temperature for 1 hr with agitation. All material volatile at ambient
temperature was pumped off for 2 hr, leaving behind a white solid residue
{10.408g, weight calcd for 49 30mmol of 004 AsF6 10.4D2g) identified by IR
spectroscopy as mainly QD AsF6 containing a small amount of ODZH AsF
as impurity.

6

Preparation of 003+SbF5”. Antimony pentafluoride {18.448g, 85.11mmol; was

added in the drybox to a 3/4 inch Teflon FEP ampule equipped with a Teflon
coated magnetic stirring bar and a stainless steel valve. The ampule was
connected to the vacuum 1ine, cooled to —78°C, evacuated and DF (23.1g) was
added. The mixture was homogenized at room temperature. The ampule was

cooled inside the drybox to -196°c, and D,0 (1.6951g, 84. 63mmgl) was added

with a syringe. The mixture wasagitated for several hours. and all material
volatile at 45°C was pumped off for 14 hr. The white solid residue (21.987g,
weight calcd for 84. 63mmol of 003 SbF 21.813g) was 1dent1fied by spectroscopic
methods as mainly 003 SbF6 contalning small amounts of 002H SbF

Preparation of Partially Deuterated 0H3+Sb56'. A sample of 0H3+SbF6' {2.00164,
7.857mmol) was dissolved in ligquid DF (2.012g, 95.81mmo]) in a Teflon ampule
for 1 hr. All volatile material was pumped off at 45°C for 3 hr 1eav1ng behind
a white solid residue (2.020g, weight calcd for 7.857mmol of OD SbF 2. 02529)
which based on its vibrational spectra showed about equimolar am0unts of 003
and ODZH , and smaller amounts of ODH2 SbF6 (ca]cd statistfca] product d1str1-
bution for 19.74%H anc 3D.26%D: OD3 51 68, ODZH 38.16, 00H2 g9.33, and 0H3 0.77
mol%).

Results and Discussion

Syntheses and Properties of Deuterated Oxonium Sa]ts The 003 salts were
prepared by the same method as previously reported for the corresponding OH3
salts, except for replacing HZO and HF by 020 and OF, respectively.

F -
0,0 + DF + MFs —2—am 005"MFg ™ (M=As,Sb)

S-4
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The yields are quantitative and the samples were almost completely deuterated.
The small amounts of DDzH+ observed in the infrared spectra and to a lesser
degree in the Raman spectra of the products {see below), are attributed to
small amounts (0.6%) of HyD in the D,D starting material and to exchange

with traces of moisture during the preparation of the IR samples. A partially

deuterated sample of DH3+SbF5' was prepared by treating solid DH3+SbF6' with
an excess of DF.

DH.YsbF "

3 6 + nDF ———a=DH

+ =

3-nDn SDFg + nHF

The exchange appeared to be fast, and the product exhibited the correct
statistical DD,", DD,H', DDH,", DH," distribution based on the H:D ratio
of the starting materials. As expected, the physical properties of the

deuterated oxonium salts were practically identical to those4 of the
corresponding 0H3+ saits.

DSC Data. Since the neutron and X-ray diffraction data suggested (see below)
that at room temperature DH3SbF6 is ordered whereas 0H3AsF6 exists in a plastic
phase, low-temperature DSC data were recorded to locate the corresponding

phase changes for each compound.

The 0D AsF6 salt exhibited on warm up from -90°¢ a large endothermic phase
change at 2. 5% which was shown to be reversible, occurring at -7. 5% on
cooling. For DH3ASF6 this phase change was observed at practically the same
temperatures. No other endotherfs or exotherms were observed between -90°C
and the onset of irreversible decomposition. The observed phase change
temperatures are in excellent agreement with those found by low-temperature
Raman spectroscopy (see below).

For DH3SbF three small endotherms at 2D, 49, and 81°C and a large endothermic
phase change at 100°C were observed on warming. All of these were reversible
occurring at 19, 42, 77 and 96°C, respectively, on cooling, For OD3SbF6 the




«fe

corresponding changes were observed at 20, 48, 82, and 100°C on warming and
20, 43, 74, and 76°C on cooling. Again no other heat effects were observed
in this temperature range. The temperature differences observed for phase
changes between the heating and cooling data is attributed to hysteresis
which normally is a probiem in saits of this type.]7 The smaller heat
effects observed for 0H3$bF6 below the major order-disorder phase transition
may be attributed to damping of rotational motions of the ions, similar to
those found for Ozﬁ\st.]7

For 0H38iF6 no phase transitions were observed between -90°C and the onset of
decomposition,

Structural Studies

9ﬂ35§£6L As previously reported,4 this compound jis cubic at room temperature,
and a cell parameter of 8.043(8)3 was found in this study from X-ray powder
data. It exhibits only one phase transition at -2:5%¢C {based on DSC and Raman
data) in the temperature range from -90%C to its decomposition point. The
X-ray powder pattern at -153°%¢ is given in Table 1 and indicates a Towering
of the symmetry in agreement with the Tow-temperature vibrational spectra

(see below). Attempts to index the pattern were unsuccessful.

It is interesting to compare the X-ray powder diffraction patterns of 0H3A5F6
and OZASFG. Whereas their room temperature patterns4’]2’18 and cell parameters
are for practical purposes identical, their low-temperature patterns (Table 1
and ref. 19) are very distinct due to different ion motion Treezing. Since
0H3+, OD3+, and 02+ are weak X-ray scatterers, but contribute strongly to

the neutron scattering, neutron diffraction powder patterns were also recorded
at room temperature for their AsFB* salts (see Table II). As expected, the cell
dimensions were for practical purposes identical, but the observed relative

intensities were very different.
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Attempts were made to obtain structural information from the room-temperature
neutron diffraction powder patterns of 0H3AsF6 and OD3A5F6. It was shown
that the unit cell is indeed face-centered cubic and that an alternate
solution.4 a primitive cubic CsPF6 structure, can be ruled out for both
compounds. The number of observed peaks is rather small, but the respective
fntensities due to the substitution of hydrogen by deuterium {scattering
lengths b, = -0.374, b = 0.667) are very different (Table II). The rapid
vanishing of intensities at large diffraction angles and the presence of a
bump in the background level implying a short distance order, are character-
istic of plastic phases with ions in motion. The only models which could

be tested to describe such a motion have been tried successively.

The first one is a disordered model with statistical occupancy factors for

fluorine atoms and hydrogen atoms in the Fm3 symmetry group. This corresponds
to four equivalent positions of the octahedra around the fourfold axes, and
to eight positions for the 0H3+ jon. Using the intensities observed for QH
the solution refines to R = 0.047, gut is not consigered acceptable because
the resulting distances As-F = 1.58A and O-H = O.QZA are too short whe? g?mpared

[+]
to As-F = 1.719(3)A in KAsF620 and 0-H = 1.011(8)A in 0H3+p-CH3C6H4SO3 .

3AsF6.

The second one is a rotating model which places As at the 000 position
connected to fluorines by a compliex term

b S

+ 6bp i" X with x = 8 wr; sin 8/

s

and 0 at the 1/2 1/2 1/2 position connected to H atoms by

s5in x

by + 3by with x = 4 o sin e/)

where bAs' bF' b0 and bH are the scattering lengths of As, F, 0, and H,
respectively. The As-F distance,rF,and the O-H distance,rH,are the only

unknowns with the scale factor of the structure.22 The best results
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0 0
(R = 0,059) are obtained with the combination As-F = 1.59A and 0-H = 0.81A,
not so different indeed from the first model,

For OOBASFG' tge second model gives more plausible distances, As-F = 1.652
and 0-0 = 1.01A with R = 0.054, if the intensity of the 200 reflexion is
arbitrarily lowered by 20% assuming the excessive intensity being due to
preferential orientation.

Based on the short distances found for 0H3A5F6, we can consider that the
real structure is probably not properly accounted for by either one of the
models, due to the motion of the igns which is not correctly simulated as
for other plastic phases.

953§PEGL Based on the DSC data {see above) the transition from an ordered

to a disordered phase occurs at 88+12°C. The existence of an ordered phase
at room temperature for UH3SbF6 and its deuterated analogues was confirmed

by the diffraction studies. The X-ray powder diffraction pattern, which
originally had been read backwards due to very intense back reflections and
indexed incorrectly as tetragonal,4 is listed in Table IIl. By analogy with
a large class of other MFG' compounds, such as 02PtF623 and UZSbFG,24 tge
UH3SbF6 pattern can 8e indexed for a cubic unit cell with a = 10.143(3)A

{CEN data) or 10.090A (Rocketdyne data). The cell dimensions were confirmed
by a single crystal X-ray study at Leicester {see below) which resulted in
-,} a- 10.130(3)%. Although all of the observed X-ray reflections obey the
conditions (h+k+1=2n and Ok where k1=2) for space la3, the neutron diffraction
data {see below) suggest a lower symmetry subgroup, such as 1,3. In the
following paragraphs the results obtained for the ordered cubic, room temper-
ature phase of 0H3SbF6 are discussed in more detail.

Single Crystal X-ray Study. The 0H3SbF6 single crystal had the approximate
dimensions 0.46 x 0.35 x 0.22mm and was sealed in a Pyrex capillary. Pre-
liminary cell dimensions were obtained from Weissenberg and precession

5-8
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photographs. The final value for the unit cell parameter was determined

from the optimized counter angles for zero layer reflections on a Stoe
Weissenberg diffractometer. The data were collected for layers Okl to 6k

of the aligned pseudotetragonal cell, using the Stoe Stadi-2 diffractometer,
in the four quadrants h £ k 2 1 and an w-scan technique with Zr filtered 5
Mo ¥a radiation. The intensities of reflections with 0.171 & Sine/Xg 1.22A']
were collected, and a total of 719 reflections obtained with I/0l 3 3. Check
reflections were monitored during the data collection of each layer and no
deterioration of the c¢rystal was indicated. Llorentz and polarisation
corrections were made to the data set.

The program system Shelx25 was used to solve the structure. Neutral scat-
tering factors were used with anomalous dispersion coefficient. Three cycles
of least squares refinement with antimony on the Wyckeff position, 8a (4, 1, %)
of the space group la3 gave an R factor of 0.27. The Fourier difference map
located a 9 electron peak, assumed to be oxygen, on the 85 position (4, 1, 1)
with two sets of possible fluorine octahedra each at 1.90A from Sb. Three
cycles of refinement with the oxygen atom included,reduced the R factor to
0.22. The inclusion of either of the peaks on the general positions about Sb,
as F atoms, with all atoms refining isotropically resulted in a reduced R0
factor of 0.13; however, the refinement cycles moved the F atoms to > 2.0A
from Sb. The inclusion of fluorine atoms also resulted in a more complex
difference Fourier map, with several peaks ¢ 3 electrons appearing. The
alternate fluorine atom positions indicated were refined as disordered,
initially refining the site occupation factors and then the temperature
factors. The resultant R factor of 0.12 was not significantly less than gith
an ordered structure; one of the fluorine atoms refined to a position 2.2A from
Sb, and further possible fluorine sites appeared in the Fourier map. Refinement
of various models withoeither ordered fluorine atoms or disordered atoms con-
strained to be 1.86(3)A from antimony, did not improve the R factor or the
residual Fourier map. For final cycles of least-wwares refinement, the atomic
positional and thermal parameters of that fluorine atom which remained at the
expected distance from antimony in the disordered model, were refined. This

5-9
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represents an incomplete solution, as the fluorine atom parameters reported
appear representative of disorder. This is reflected in the structure
factors, where agreement between |Fo| and |Fc| is good for even, even, even
refle:tions with dominant contribution by the antimony and oxygen atoms but
poor for odd, odd, even reflections which are dependent only upon the fluorine
(and hydrogen) atom parameters. The final atomic positional and thermal
parameters are given in Table IV, with some atomic distances and angles. Final
residual indices for 155 unique reflections is R = 0,119,

Neutron Powder (Qiffraction Study. For 003SbF6 46 reflexions were observed (see

Figure 1) out of which 4 could not be indexed on the basis of the cubic cell

and are attributed to an unidentified impurity (mainly lines at 3.269, 2.235

and 2.2253). The list of observed reflexions is given in Table V in compari-
son with X-ray data. The cell parameter is 10.115{6)A.

The Rietweld program for profile ref'inement26 was used to solve the structure.
The first refinement was attempted in the [a3 space group starting from the
X-ray values for Sb, 0 and F and adding approximate values for 0 with the 003+
ion being disordered on two eguivalent positions (occupancy factor = 4 of
general positions xyz). The system refined to R = 0.135 with the following
parameters:

02

Atom X y 2z B (AR)
Sb 0.5 0.5 0.5 0.94(25)
Ox 0.25 0.25 0.25 4.87(41)
F 0.441(s) 0.604(6) 0.641(7) 2.88(13)
0.300(1) 0.317(1} 0.204(1} 2.98(27)

The y and z coordinates of fluorine atom have been permuted, probably due to
the choice of the coordinates of deuterium. The atomic distances and angles




.]]-
E are then
£ 0
Sb-F 1.87A
0-F 2.67A
0-0 o.95§
D-D 1.56A 000: 108°

|
|

which compare relatively well with the X-ray values of Table IV. At this

stage, our attention was drawn to the presence of a weak but well isolated

line at an angle e high enough not to be attributed to the impurity. This

line corresponded to a 730 reflexion, a forbidden reflexion in the space

group Ia3 (hko, hk = 2n). In view of a similar observation for the cubic

phase of KSbFe(II) (in this case the 310 reflexion)27 the trouble with

iocating the fluorine atoms by difference X-ray syntheses, and mainly the
; incompatibility of the group Ia3 with the observed Raman and IR spectra
i (see below), we considered the possibility of an ordered structure in a subgroup
of the Ia3 space group, first the noncentrosymmetric 1213 space group (No. 199).

Since the symmetry center does not exist anymore, the local symmetry of the
Sb and 0 atoms is then only a threefold axis. The structure has to be
described with two sets of fluorine atoms F] and F,, and the oxonium ion is
ordered with a full occupation of deuterium atoms on the general positions.
The Sb and O atoms are aiso aliowed to move along the threefold axes from
their ideal positions (000, 1/2, 1/2, 1/2).

This hypothesis was tested and led to a better R factor (0.106) with the
following parameters:

02
Atom x y z B(A")
Sb -0.012(1) -0.012(1) -0.012(1) 0.13(0.38)
0 0.238(3) 0.238(3) 0.238(3) 3.50(0.75)
F1 0.044(1) -0.118(1) -~0.143(2) 1.26(0.42)
F2 «0.75(2) 0.091(1) 0.137(2) 1.89(0.45)
0 0.199(2) 0.184(1) 0.299(1) 3.40(0.30)

5~11
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Figure 1 gives the resulting profile of observed and calculated neutron
diffraction diagrams and shows satisfactory agreement.

0
The Sb and 0 atoms are displaced from their 1dealopositions by 0.21A, ang the
environment of the Sb atom has 3 F1 atoms at 1.80A and 3F, atoms at 1.94A,
which seems to be compatible with the Raman and IR spectra.

The FZ atoms are closer to the oxygen atom of the oxonium group ‘han the 51
atoms with 52-0 = 2. GOA and F] -0 = 2, 79A The F,-0 distance is wathin the
correct range for a strong 00...F hydrogen bridge bond (2.51-2. 56A in 0H3T1F5
and 2.58-2.618 in OH,BF, 9).

8

3

The deuterium atoms are located at 0.913 from the oxygen atom, (with a 0-0
distance of01.542 and 2 D00 angle of 116°) on the Tine 0-F, (00 + OF, = 0.91 +
1.69 = 2.60A). This confirms, in the precision of our results, the quasi
linearity of the 0-0...F bond in this compound. The geometry of the 003+ s
cation itself is a flat pyramid with C3 symmetry. The oxygen atom lies 0.18A
out of the plane of the 3 deuterium atoms.

Figure 2 1llustrates the environment around the oxonjum ion, with the FZ atoms
being differentiated from the 51 atoms by traces of the ellipses. The two
SbFs' octahedra fully represented are approximately located at 000 and 1/2 1/2
1/2 along the [111] direction and bring the envirorment to an 1icosahedron.
The distinction between F] and 52 implies a small displacement of the fluorine
atoms from their average positions obtained in the Ial space group (F-F or

F- F2 distances are about 0. ZOA) but the angular distortion of the octahedron
is small, one side being flattened (F 53°9) and the other one being elongated
(F2 55°5) To obtain a refinement in the 12]3 symmetry group, we had to allow
the existence of antiphase domains without local symmetry centers, but which
are images of each other,

s-12
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The interesting point of this structure is the existence of an ordered
solution for all atoms with a scheme of hydrogen bonding which prevents
at room temperature the existence of a plastic phase. Such a phase may
however exist at higher temperatures and explains the phase changes
observed before the decomposition point. To obtain more information on
the motions of the ions in the different phases, additional experimental
data, such as second moment and relaxation time NMR meaSurements, are
required.

As far as the exact geometry of the 003+ cation is concerned, it must be
pointed out that the precision of the results obtained from the powder
diffraction data is not very high and that the final values depend on

the starting points used for the different rgfinements. Thus the 0-D
distance was found to vary from 0.91 to 1.05A with the 0D0 angle varying
from 116° to 92°, The correct values certainly 1ie between these extreme
values. This is also reflected by the higher thermal parameters found for
the deuterium and oxygen positions (see above) indicating high thermal motion
of the gD; cation ftself. For the O-H bond length in OH3', a lower limit
of 0.97A appears more realigtic for the following reasons. The bond length
in free OH,, is a]ready 0.96A and both the hydrogen-fluorine bridging and
the increased O-H po]ar1ty of the 0-H bond in 0H35bF are expected to
increase the 0-H bond length. This bond weakening in 0H3 when compared to
free OH, is also supported by the force constant calculations given below.
The most 1ikely range of the 0-H bond length in these 0H3MF6 salts is
therefore 0.98-1.05A which is in excellent agreement with the values of

1. 013(8) 1.020(3), and 0. 994(5)A previously found for OH3 CH3C6H4503 ,20
003 CH3C6H4503 ,28 and 0H3°CF 503 .29 respect1ve1y. by neutron diffraction,
and values of 1.01 to 1.04A for 0H3 NO3 and OH3 CIO4 , derived from wide
line NMR measurements.30

0

The value of 1.19A, previously reportedg fur the 0-H bond length in 0H3+BF4',
is based on X-ray data and therefore is deemed unreliable. It should be
pointed out that the OH...F distances in 0H3+BF4' and OD3+AsF6' are practically
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0
identical (2.60A). This suggests that To-H and ro0-D in these two compounds
should also be similar.

Vibrational Spectra. Although many papers have been published on the vibra-
tional spectra and force field of the oxonium ion.4'g’3]'45 many discrepancies
exist among these data. Frequently, the infrared bands observed for the
stretching modes are very broac, overlap and are complicated by Fermi
resonance with combination bands. Also, the smooth transition from highly
fonic 0H3+ salts to proton transter complexes and the interpretation of some
of the more weakly ionized proton transfer complexes in terms of discrete 0H3+
salts may have significantly contriluted to the general confusion. As a
consequence there is still considerable ambiguity4 whether the antisymmetric
or the symmetric 0H3+ stretching mode has the higher frequency. Furthermore,
the symmetric 0H3+ deformation mode is generally very difficult to locate

due to the great line width of the band.46 Although vibrational spectra

have previously been reported for 00;.32'34'38 they have been of little help
to strengthen the vibrational assignments for the oxonium cation. Conse-
quently, it was interesting to record the vibrational spectra of deuterated
and partially deuterated 0H3+ in salts containing well defined discrete
oxonium cations. We hoped to verify the above described phase changes and

to compare the experimentally observed spectra with the results from recent
theoretical calculations 47-49 and with those of the isoelectronic ammonia
aualt::gues.sl."'54

The observed infrared and Raman spectra and the mcre important freguencies
are given in Figures 3-7 and Table VI.

Room Temperature Spectra of ODsﬂgst Figure 3 shows the room temperature
spectra of solid OD3A5F6. As can be seen, the bends are broad and show no
splittings or asymmetry as expected for ions undergoing ranid motion in
a plastic phase."'”‘]9 Based on their relative infrared and Raman inten-
sities, the band at about 2450 cm'] can be assigned with confidence to the

S-14
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antisymmetric OD tretching mode v (E) and the band at about 2300 cm =
to the symmetric 003 stretching mode v1(A ). This assignment of 2l
is further supported by all the other spectra recorded in this study {see
below). Also, their frequency separation of about 150 c:m'1 is very
simitar to that of 144 cm  found for isoe]ectronic ND,. 50 Furthermore,

a recent ab initio calculation for OD also arrived (after applying the
suggested -12.3% correction to all frequencies) at v being 165 cm i

higher than v, (see Table VII). 49 This finding that in a strongly hydrogen
bridged oxonium salt v3 is higher than V] disagrees with the previous
suggestion that the order of the 0H3 stretching frequencies should 1nv§5t
when Pymy in X-H...Y becomes shorter than the van der Waals radius sum.

The assigrment of the 1192 em™] infrared and the 1178 cm™| Raman band to
the antisymmetric OD3+ deformation v4(E) is straight forward and again

is in excellent agreement with the freguency values of 1191 and 1161 ¢m ',
found for isoelectronic ND3SD and calculated for OD3+ by ab initio methods,
respectively (see Table VII).

49

The assignment of the last yet unassigned fundamental of OD3+. the symmetric
deformation mode vz(A]) is more difficult. Based on analogy with NDa, this
mode should occur at about 75D t:m'1 and indeed the Raman spectrum of OD3AsF6
exhibits a band at 770 <:nf1 of about the right intensity. The failure to
observe & well defined infrared counterpart could possibly be due to its
great linewidth. The ab initio calculations for “Z(Al) of 003+ predict an
intense infrared band at 549 cm". Indeed the infrared spectrum of 003AsF6
(trace A, Figure 3) shows a medium strong band at 580 cm'1. However, we
prefer to assign this band to “Z(Eg) of AsF " for the following reasons,
This mode frequently becomes infrared active in many AsF6 salts, Further—
more, it has also been observed in 0H3AsF6 if it were due to 003 y it
would have been shifted in 0H3AsF6 to a significantly higher frequency. This

5-15




et RS at il bt

-16-

assigrment to v, of AsFG' is also supported by the low-temperature infrared
spectra of 0H3AsF6 3 and OD3AsF6 (Figure 4) both of which show two sharp
bands of almost identical intensities and frequencies at about 5BD and 560 cm".

The remaining bands due to AsF™ in 0D4AsF. are in excellent agreement with
those previously observed for 0H3AsF6 and can bte assigned according]y.4

IR: w(Fy,)e 7005 vy(Fy, ), 388 a1 RA: vy (R ) 6823 vy(E ), 560; vg(F
363 cm . Several weak bands in the spectrum of OD3AsF6 are marked by an

asterisk. These are due to a small amount of ODZH and will be discussed
below.

2g)"

Low-Tenperature Spectra of 0035§£6L Figure 4 shows the low-temperature spectré
of ODyRAsFc. The most prominent changes from the room temperature spectra

are the pronounced sharpening of all bands accompanied by splittings. As
discussed above, these changes are caused by freezing of the ion motions.

The change from a plastic phase to an ordered one, occurring Fised on the DSC
measurements in the -7 to +2°C temperature range was confirmed by Raman
spectroscopy. As can be seen from Figure 5, the freezing out of the ion motion
occurs indeed within the very narrow temperature range.

Comparad tc¢ the room temperature spectra, the lcw-temperature spectra do not
provide much additional information on the fundamental vibrations of OD3+.
The v](A]) fundamental is shown to occur at a lower frequency than v3(E), and
“4(E) shows a splitting into two components in the infrared spectrum. The
“Z(A]) deformation mode j? again difficult to locate hut clearly cannot be
attributed to the 582 em = infrared band for the above given reasons.

From the AsFG‘ part of the spectra some conclusions concerning the possible
site symmetry of AsF6 might be reached. All degeneracies appear to be
}ifted for the fundamentals and the band. are not mutually exclusive. This
eliinates all centrcsymmetric space groups and site symetries, such as
Ch’ Th ar C3i' The highest possible site symmetry appears to be Cas in
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agreement with our triply hydrogen bonded model possessing AsFG' jons
with three shorter and three longer As-F bonds. Since the unit cell

1 contains more than one molecule, additional splittings are possible due
1 s to in-phase out-of-phase coupling effects within the unit cell.

TSR T (LT R DT TR e

The low-temperature spectra of 003AsF6 show a medium strong IR band at 341 cm']

and 2 Raman band at 329 cm']. These bands are of too low a frequency to be
% assignable to AsFG' and also were not observed in the low-temperature spectra
of 0H3AsF§i In 0H3A5F6, tu])wevera two corresponding bands were gbserved
at 467 cm (IR) and 480 cm "(RA)." Since their average frequency values,
335 and 474 cm'], respectively, are exactly in a ratio of 1: 2, these bands
must involve the hydrogen atoms and therefore are assigned to the O...F and
H...F stretching modes, respectively. As expected, these bands due to H...F
stretching are not observed in the plastic phase, room temperature spectra

due to rapid motion of the ions.

Spectra of oo3§956, 0H3§g£6mand Partially Deuterated 0H3§E£6; Figure 6 shows
the room temperature vibrational spectra of 0035bF6. OHBSbF6 and partially
deuterated OH,SbFe. Although the Raman lines due to SbFG' (670, 590, 555

and 282 cm'] in trace E) are broadened, the 670 cm’] line has a pronounced
shoulder at 644 cm'], the uz(Eg) mode is split into iuvs two degenerate
components (see Figure 5), and the D...F stretching mode at 355 cm’] (trace
E of Figure 6) and H...F stretching mode at 487 cm'] (trace A of Figure 6)
are observed. A1l these features clearly indicate that 003SbF6 and OHBSbF6
are ordered at room temperature, thus confirming the above given DSU and
diffraction data. '

Joier

The assignments for 003+ in its SbFG' salt can be made by complete analogy
to those given above for 0D3A5F6. The increased splitting of the 2430 and
2330 cm'] bands and their relative infrared intensities4g (trace D of

Figure 6) lend further support to the V3>V assignment for the oxonium salts.
On cooling (see Figure 7) all the important spectral features are retained,

Lt e et T e
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but become more evident due to better resolution caused by the narrower
linewidths. Thus the D...F stretching vibrations at 380 cm'] become very
prominent in the infrared spectra.

An analysis of the bands attributable to SbFs' (IR: 668, 645, 590, 554, 548.
285sh, 270sh, 261, RA: 680sh, 673, 650sh, 640, 586, 554, 291sh, 287sh, 28},
265sh) shows again that a centrosymmetric space group, such as lal must be
ruled out and that the site symmetry can be at best Ca. Thus the vibratignal
spectra appear to be compatible with a space group, such as 12]3 which was
chosen for the above given neutron diffraction structure analysis.

Assignments for 0(_)3H+ and ODHzi; The vibrational spectra of the 003+ salts
showed bands at about 3160, 2920 and 1470 cm™ !, marked by an asterisk in
Figure 3, which could not readily be attributed to combination bands of
003+. Assignment of the 1470 en”! infrared band to the antisymmetric
stretching mode of HFZ' is also unsatisfactory, because the band was also
observed in the Raman spectrum which in turn did not show the expected
symmetric HFZ' stretching mode at 600 ), Furthermore, 003+SbF5'

should result in the formation of OF2 and not of HF2 . Consequently, we
have examined the possibility of these bands being due to small amounts of
incompletely deuterated oxonium ions by recording the spectra of partially
deuterated 0H3SbF6. As can be seen from tra?e B of Figure 6, the intensity
of the band at about 316D, 2920 and 1470 ¢m ' has increased strongly for the
partially deuterated sample and therefore these bands are assigned to the
ODZH+ cation. The observed frequencies closely corraspond to those of
isoelectronic NOZH >1-54 and the ab-initio ca1cu1ated]002H+ values49

{see Table VIII). Consequently the 3160 and 1470 cm = bands are assigned
to the OH stretching mode and the antisymmetric (A') 00,H deformation mode,
respectively of ODZH+. The 2920 t:m"1 band can readily be assigned to the
first overtone of the 1470 cm'] band being in Fermi resonance with the OH
stretching mode. The antisymmetric and symmetric OD2 stretching modes of
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002H are expected to have frequencies of about 2400 and 2300 cm i 49 51-54
respectively, and therefore are hidden underneath the intense 003 stretching
modes. The antisymmetric (A")OOZH deformation mode is expected 49,51-34

to have a frequency between 1190 and 1250 cm -1 and therefore can be assigned
to the infrared band at 1220 cm'] observed in Trace B of Figure 6.

In addition to the bands attributed to 003+ and 00,H +, the infrared spectrum
of the part1a11y deuterated OH SbF6 samp]e (calcd. product distribution:

-_3 a] 68, ODZH 38 16, 00H2 g.33, and OH 0 77mo1%) exhibits two bands at
1601 and 1388 cm” (see trace 8 of F1gure 6). These band are in excellent
agreement with our expectatwns49 »31-54 (see Table VIII) for sas(A") and
sas{A'), respectively, of ODH2 and are assigned accordingly. The QD and
OH2 stretching modes of 00H2 are again buried in the broad intense bands
centered at about 2400 and 3300 cm -1 and therefore cannot be located with
any reliability. The symmetric deformation modes of 002H+ and 00H2+ are
probably giving rise to the strong shoulder in the 800-900 ! range

(trace 8 of Figure 6), but cannot be located precisely due to their broadness,

The above assignments for ODZH+ and ODH2+ are further substantiated by the
low-temperature spectra shown in Figures 4 and 7, with the decreased line
widths allowing a more precise location of the individual frequencies. Most
of the infrared bands observed in the 320-510 cm'] region for the low-
temperature spectra of the different oxonium SbFé' salts are attributed to
the 0...F and H...F stretching modes of the hydrogen bridges.

In summary, most of the features observed for the vibrational spectra of the
oxonium salts can satisfactorily be accounted for by the assumption of
disordered higher-temperature ard ordered, strongly hydrogen bridged, 1ower-
temperature phases Reascnable assignments can be made for the series OH3 5
ODH2 5 002H . OD3 (see Table VI) which are in excellent agreement with
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those of the corresponding isoelectronic ammonia molecu]esm'54 and the
results of recent ab-initio ca1cu1ations49 (see Tables VII and VIII).

The only discrepancy between the ab-initio calculations and the experimental
data exists in the area of the symmetric deformation modes. This could be
caused by the 1ow barrier to inversion in 0H3+ 49.

Force Constants. In view of our improved assignments for the oxonium cation,
it was interesting to redetermine its force field. The frequencies and
assignments given in Table VIII, a bond length of 1. 01A and a bond angle

of 110° were used to calculate a valence force field of 003 using a
previously described method4 to obtain an exact fit between calculated and

observed frequencies. The results of these computations are summarized in
Table IX.

Since isotopic shifts obtained by 1ight atom substitution, such as H-D, are
virtually useless for the determination of a general valence force fie]dsa,
approximating methods were used. Three different force fields were computed
for 003+ to demorstrate that for a vibrationally weakly coupled system, such

as 003*. the choice of the force field has little influence on its values.

Our preferred foce field is that assuming F22 and F44 being a minimum. This
type of force field has previously been shown37 to be a good approximation

to a general valence force field for vibrationally weakly coupled systems.

As can be seen from Table IX, the force field obtained in this manner is

indeed very similar to the general force field previously reported55 for ND and
NH3. The fact that the force constants of OD3 deviate somewhat from those of
OH 3 is mainly due to the broadness of the 0H3 vibrational bands and the assoc-
jated uncertainties in tneir frequencies. Since the stretching frequencies of 00
are more precisely known than those of 0H3 , the 003 force field should be the
more reljable one. The fact that i'-']2 in NH3 and N03 is somewhat larger than the
value obtained for F]2 in our F22=Min force field is insignificant because in
the published55 NH3 force field F12 was not well determined and was con-
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sequently assumed to equal -2F34 The fact that the stretching force
constant f in 003 is slightly lower and the deformation constant f

in OD is sl1ght1y higher than those in ND3 is not unexpected, Tn\

ND3 frequencies were those of the free molecule, whereas the OD values
are taken from the ionic solid OD AsF6 In this solid, D-F bridging
occurs (see above), hereby lower1ng the 0D stretching and increasing the
deformation frequencies. As secondary effects, the higher electro-
negativity of oxygen and the positive charge in DD3+ are expected to
increase the polarity of the 0-D bonds,thereby somewhat decreasing all
the frequencies. These explanations can well account for the observed
differences.

For the bending force constant f values of 0.576 and D.552 mdyn A/radian2

were obtained for 003 and 0H3 . respect1ve1y. These values are in
excellent agreement with the value of D.55 mdyn A/radian2 obtained for
0H3+ by an ab-initio ca]cu]ation.47

In surmary, the results from our normal coordinate analysis lend strong
support to our analysis of the vibrational spectra. They clearly demonstrate
the existence of discrete 0H3+ jons which in character closely resemble

the free NH3 molecule, except for some secondary effects caused by hydrogen-
fluorine bridging.

Conclusion. The results of this study show that 003A5F6 exists at room

temperature in a plastic phase, whereas OD3SbF6 has an ordered structure,
Based on diffraction data and vibrational spectra, a structural model is
proposed for the ordered phase of OD3SbF6. More experimental data are
rieeded to define the exact nature of the ion motions and the associated
phase changes in these salts. Many of the observations made in this study
are in poor agreement with previous reports for other oxonium salts and
cast some doubt on the general validity of some of the previous conclusions.
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Due to their strong hydrogen-fluorine bridges and good thermal stability,
oxonium salts of complex fluoro cations are well suited for further
experimental studies.
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Table 1. X-ray Diffraction Powder Pattern of OH,ASF at -153%¢2

; 0 0
5 d obs (A) int d obs (A) int
!
£ 6.35 v 2.024 ms
E 4.95 [ 2.010 m
; 4.72 S 1.942 m
4.12 W 1.913 Vyw
3.87 W 1.877 ms
3.749 | 1.87 W
ms
3.730‘ 1.802 TOWwW
3.473 m 1.77% vw
3.225 m 1.769 v
3.163 m 1.739 VW
3.029 mw 1.712 W
2.845 I 1.695 W
m
2.837‘ 1.659 w
2.596 W 1.648 mw
2.530 vw 1.612 W
2.362 VVw 1.58% mw
2.139 W 1.581 W
2.06 l
m
2.055 s
3CuKa radiation and Ni filter
$-27




Table 11. Neutron Diffraction Powder Patterns of the Face
Centered Cubic, Room Temperature Phases of 0H3AsF6. OD3ASF5 and OZAsF6 a

|
|
;
|

h k1 OHsASF, 00,AsF OpAsF
int calc int obs int obs int obs ;
m 1100 1127 12 200 |
200 177 174 1033 1000
220 n - 177 215
m 5 - 137 20
i 222 0 - 19 45
‘ 400 2 - 12 20
331 5 - - -
420 66 n 38 90
422 100 92 26 100
511/333 5 . 16 35 5

8ntensities in arbitrary units

5-28
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Table III. Room-Temperature X-ray Powder Data for 0H3SbF6

: ‘ dobsd.: dc]cd'g Intens h k 1
5.04 5.04 Vs 2 0 0
! 3.56 3.57 VS 2 2 0
1 2.909 2.912 mw 2 2 2
§ 2.691 2.696 W 3 2 1
1 2.519 2.522 mw 4 0 0
2.374 2.378 W 4 1 1
2.254 2.256 m 4 2 0
2.149 2.151 mw 3 3 2
‘ 2.060 2.059 s 4 2 2
i 1.979 1.978 W 4 3 1
é 1.784 1.783 ms 4 4 0

1 1.682 1.681 ms 6 0 0, 442
g 1.637 1.636 VW 5 3 2
Es 1.596 1.595 ms 6 2 0
1.519 1.521 ms 6 2 2
7.456 1.456 W 4 4 4
1.398 1.399 ms 6 4 0
1.372 1.373 VW 6 3 3
1.349 1.348 ms 6 4 2

1.282 1.281 VW 7 3 2, 651
e 1.262 1.261 VW 8 0 0

E 1.225 1.223 m 8 2 0. 644

1 1.189 1.189 m 8 2 2,660
1.159 1.157 W 6 6 2
1.129 1.128 m 8 4 0
1.103 1.101 m 8 4 2

radiation, Ni filter

§-29

0 -
cubic, a = 10.09A, V = 1027.2A%, 7 = 8, pcz'cd = 3.296 gen™3, Cuk,
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Table IV.

Final Atomic Positional and Thermal Parameters
(with e.s.d. in parentheses) for 0H35bF6 from X-ray Data

Atomic Distances and Angles

Sb-F

Sb-0

0-F

F-F

Q

1.891(19)A
0
4.386A

J
7.63A

0
2.68/2.71A

F-Sb-F

F-Sb-F

F-Sb-F 180°

89.5%{1.0)

90.5°(1.0)

Atom X Y 2 U]1 Uss Usa

Sb 0.5 0.5 0.5 0.0205(18)

0 0.25 0.25 0.25 0.043(17)

F 0.4334(33) | 0.6444(34) | 0.6021(22) | 0.059(20) [0.158(35) {0.003(12)
H Not located
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Table V. X-ray and Neutron Powder Patterns of OD3SbF5 at Room Temperature
h k1l X-ray Neutron h k1 X-ray Neutron
200 100 6 710/550/543 - 1
2n - 2 640 11 8
220 70 100 721/633/552 1 8
222 13 8 642 21 9
321 3 30 730 S 3
400 7 2 732/651 2 18
411/330 6 13 800 4 S
] 420 17 17 811/741/554 - 7
i ] 332 4 22 820/644 N 9
! 422 36 18 653 - 3
% 431/510 3 13 822/660 10
440 19 14 831/750/743 - 4
433/530 21 3 662 4 =
442/600 2 7 752 = 3
611/532 2 9 840 6 2
620 21 3
541 1 14
22 12 5
' 631 - 2
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Oiagram Captions

Figure 1. - Neutron powder diffraction diagram of 003st6 at ambient
temperature, traces A and B, observed and calculated profiles,
respectively.

Figure 2. - ORTEP stereoview of the structure of ODastG. The bridging
leatoms are differentiated from the non-bridging F, atoms by smaller
circles marked by traces.

Figure 3. - Vibrational spectra of solid 003AsF6 at room temperature.
Trace A, infrared spectrum of the solid pressed between AgCl disks. The
broken line indicates absorption due to the window material. The bands
marked by an asterisk are due to 002H+ mainly formed during sample
handling, Traces B and C, Raman spectra recorded at two different
sensitivities with a spectral s1it width of 3 and 8 at, respectively.

Figure 4. - Vibrational spectra of solid OD3A5F6 at low-temperature.
Trace A, infrared spectrum of the solid pressed between AgCl disks and
recorded at -196°C. Traces B and C, Raman spectra recorded at -100°C at
two different sensitivities.

Figure 5. - Raman spectra of OD3SbF6 and 003A5F6 at different temperature
contrasting the slow gradual temperature induced 1ine broadening for the
ordered ODBSbF6 phase against the zbrupt change within a narrow temperature
range for OD3AsF6 caused by the transition from an ordered to a plastic phase.

Figure 6. ~ Vibrational spectra of solid ODBSbFB. OHastG and partially
deuterated 0H35bF6 at room temperature, Trace A, IR spectrum of 0H3SbF6;
trace B, IR spectrum of partially deuterated OHBSbFB containing about
equimolar amounts of OD3SbF6. and ODZHSbF6 and smaller amounts of ODHZSbFE;
trace C, IR spectrum of ODBSbF6 containing a significant amount of ODZHSbF6
formed during sample handling; trace D, IR spectrum of 003$bF6 containiny only
a smal)l amount of OOZHSbFE; traces E and F, RA spectra of 003st6 recorded

at two different sensitivities.
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Figure 7. - Vibrational spectra of solid ODBSbFG and partially deuterated
0H3$bF6 at low temperature. Traces A and B, infrared spectra of partially
deuterated 0H3SbF6 and of 0035bF5. respectively, between AgBr windows;
traces C and C, Raman spectra recorded at two different sensitivities.
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The C1 ion chromatogram contains the ususal CH, Ct ions:
predominantly protonated diethylbenzene and smaller amounts
of (M - H}*, (M + C;H)*, and (M + CyH,)*. The HPCA
specira contain several (ragment ions diagnostic of the structure
of the sample with the major dissociation pathways being

CH,
(CHUCHy); + HY — (C HuC:Hy) + H)* + CH,
(19
and

CH,
(CiH(CiHy) + H)* —— CHy' + CH,  (20)

799

HPCA mass spectra aoquirod at a fixed extent of dissociation
cannot provide the detailed structural information obtained from
a breakdown curve. However, when combined with the Ci mass
spectra and GC retention times, the HPCA data provide a po-
tentially powerful additionai dimension in sample characterization.

Acknowledgmeni is made 1o the donors of the Petroleur Re-
search Fund, administered by the American Chomical Society,
for support of this research.

Registry No. CH,, 74-82-8, C;H,, 74-84.0; ethyl aoeiate, 141.78-6:
3 beptancne, 106- 15-4; o-dichlorobenzene, 95.-50-1; m-dichlorobenzene,

51-73-1; ethylbenzene, 100-41-4; m-xylene, 108- 38 3; paylene, 106
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APPENDIX T

EPR Evidence on Molecular and Electronic Structure of
Nitrogen Trifluoride Radical Cation

Alvin M. Maurice,' R. Linn Belford,*' Ira B. Goldberg.*! and Kar) O, Christel

Contribution from the School of Chemical Sciences, University of Hlinois,

L'rbana, Hlinois d130], Rockwell International Science Center, Thousand Oaks,
Cahfornia 91360, and Ko lvidyvne Division, Rockwell International. Canoga Park,
California 91304. Received April 26, 1982

Abstract: Computer simulations of 1he EPR spevira of rigid “NF,* and “NF " trapped in powderod NF AsF, at 25 K show
characterisiics of a trigonal pyranud with the following principaf values lor the coupling matnces: [g(li. L)] = 2.003, J4uyli.L Y
= 324, 187 MHz; Aon{i. L} = 451, 260 MHz: Auog(r, v} = 880, 340, 360 MHz; a, the angle heiween paralle] axes for A{
and 4y = 15% The nitrogen p:s spin-density ralio (compuiod from 1he nitrogen hyperfine splittings) is censistent with sp*

nitrogen hybrids in the NF bonds and with & pyramid angle of about 105°. Alithough the same pyramid angle appeart to
agree with the orientalion of the principal sus of the fluerine hyperfine coupling mairia (jaj = 15*, pyramid angle = 50*
+ jaf}. electronic structure computations imply that o is negative and that 1he agreement is foriuitous Some comparisons
are made with isoelectronic radicals BF,” and CF;—the latier being essentially 1e1rahedral with sp* hybridization.

Goldberg, Crowe, and Christe have presented high- and low-
temperature EPR spectra of the radical cations “NF,* and
“NF,*: produced by y-irradiation of NF,AsF,.! Their analyses
properiy accounted for the high-temperature {~ 240 K) spectra,
but computational limitations prevented a complete analysis af
the low-temperature (~25 K) EPR spectra, which are drastically
different. At the high temperature, the molecule is axially sym-
metric, apparently spinning freely, probably both about its
threefold sxis and about an axis nearer 1o the F, plane. In contrast.
at the low temperature, each molecule appears to be locked into
a fixed oricntation and the EPR spectra are, as expected, much
more complex. Now, with an sppropriately modified computer
simulation program, wc are able to interpret these low-w:mperature
spectta

Several studies providing information on hyperfine coupling,
spin density, and geometry of the isoelectronic species BF,"? and
CFy have been published.>? The opportunity to compare those
bonding features that can be deduced from hyperfine matrices
of the isoelectronic series provides one of the motivetions for the
study of NF;*. Here we describe our interpretation of t'.e low-
temperature EPR spectra and draw conclusions regardiag geom-
etry and booding in the nitrogen trifluoride radical cation.

Experimenta and Computation

Low temperature EPR specira of " NF,* and '"NF,* have been de:
wcribed’ as have the synihesis. experimental conditions, and the spec-
trometer used in this work The spectra chosen for 1he current analysis
are reproduced in the figures.

*University of inois.
T Rockwell Internstional Science Center. T
FRockeldyne Division,

0002-7863/83/1505-3799%01.50/0
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Simulated LPR specira are generated by means of the program
“POwD” running on 1the VAX 11,780 computer connectod w0 & Houslon
Instruments HIPLOT digiwai plotter  Program powo has its ongins in
an EPR powder simulaiion program, kindly provided by Dr. J. R. Pilbrow
of Monash University, which 2mplavs second-order perturbation theory
for 1he firs! nucleus and {irst-order approximaticns for superhyperfine
terms. 18 was revised by White and Belford®® and Chasioen et 51.'? into
EPRPOW. Nilges and Belford!-'? rewrote this program as POw to employ
moce efficient angular sampling (10 minimize the unevenness of poinl
densily on the sphere) and inlegration 1echnique four-point Gauss qua-
drature).” The version of POwD that we have creatod for the eurrent
work is a substantially modified poW 1hat uses a perturbetion method
accurate 10 second order in all hyperfine terms (including inlernuelear
eross-terms)™ to calculate a powder specirum for s spin § = '/, xysiem
with up to four hvperfine nuclei. Propram pown permits principw! exce
of all four hyperfine nuclei inleraction mairices as well as thosc of the

(1) 1. B. Goldberg, H. R. Crowe, and K. O. Christe, farg. Chem., 17, 3189
(1978).

(I R. L. Hudson and F. Williamu, J. Chem. Phys., 45, 3381 (1976).

(3) R. W, Feasenden, J. Magn. Reson., 1, 277 {1969).

(4) R.W. Feusenden acd R H. Schuler, J. Chem. Phys. 43, 1704 {1965).

{()M. T, Rogers and L. D. Kispert, J. Chem. Fhys., 46, 1193 {1967).

(7601 J. Maruani, L. A. R. Coope, and C. A, McDowell, Mol Phys., 18, 168
(1970).

{1 J. Maruani, C. A, McDowell, H. Nakajima, and P. Raghunathan, Ao,
Phys., 14, 349 (1968).

(8} L. K. While and R, L. Belford, ) Am, Chem. Soc., 98, #4428 (1976},

(9) L. K. White, Ph.D. Thesis, University of inois, Urbena, 1975,

(10) N.F Albancse and N D Chasteen, J. Phys. Chem., 82,910 (1978).

{11) M. ). Nilges and R. L. Bellord, J. Magn. Reson., 38, 259 (1975).

(12) M. J. Nilges, Ph.D. Thesis, University of tllinois, Urbana, 1979.

(13 R. L Belford and M. 5. Nilges, “Compurer Simulation of EPR
PowderSpecire™, Symposium on Eleciron Paramu gnetic Resonance Spec-
iroscopy, Rocky Mountain Conference on Analylical Chemisiry, Denver,
August 1979,

(14) J. A. Weil, J. Magn. Reson., 18, 113 {1975).
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Figere 1. (EXPT) EPR spoctrum of 'NF,* at 26 K in NFAF, y-ir-
radiation a1 77 K afier annealing a1 195 K. (SIM) “NF,*. computer
situlation with the pacameters lisied in Table 1.

£ tensor 1o be noncoincident. For thia computation, all nucicar Zeeman
and quadrupole terms are deemed insignificant and are ignored.

The Hamiltonian is
.= ﬂg.;'j + j;i,-;,as'

which generates the following energy terms, corect to the second
order of perturbation:*

E(M mmymym,) =

go8M;g + [K,M,m. +

2;53: ("(AIAI’ )( )Ul“l"’ ”'"’lz)i]

M,
[K;M,m; 2 ﬁBg (f'MzA:}'le)( )

L+ 1) -m,’)” + .+

Del(A,)
zm“ '( )m.+(k. k.’)M.mﬁ}+

_Deti4
! ’)(z)m,ﬂk, Kf)M.m;’}-b...] +

M,
T Lz = KK my + (Lyy = Ky Ky +

(Lo - K\ Kdnymg + (Lyy - Ky Kg)mpmy +
(L = K Knam, + (Ly - KK )mym)

where
rErbey
£ = ppAArey
2Kk = §pAp A4 A ey

| I - - -
‘2K|K;L|1 L] “l‘i(ﬂ‘pﬂl't‘r'{: + A;'A:'Al'rﬂ)"'ﬂ

These tevms are used in POWD 10 construct transition energics from
which transition fields are computed by an approximation 1o the

Maurice et al.

Table L Hyperfine Mainces® and ¢ Values of "“NF % and 1NF >

“NF,’- I’Nr_‘lv,
Ayt (+)187.1 ¢ 5.0 (~) 259§ 7
Anin (+13H.3: 14 14508+ 2
Ayix) {+) 3400 20 {:1340.0 : 20
Apty) {+)360.0 - 20 {1 360.0 2 20
A} (188001 (+)B80.0 = |
2t1h 2.002 2002
gt 2.001 2.001
a 15.0:1° 150 1°

@ Hyperfine splittings a1 in MHz. ® Uncenainties wete estimated
by comparing numerous sunulations 16 the expelimental specira,
The estimates given are rangés culside which, in our subjective
judgment, & siisfactory fit 10 the spectra could noi be achieved.

first-order frequency shift perturbation formula.'
Low-Temperature Spectrum of “NF,*. The overall shape of
the experimental EPR spectrum {sec Figure 1) does not match
our preliminary computer simulations. The comparisons suggest
that the expermental spectrum contains 2 spurious component—a
broad background. The EPR spectra of BF;~? exhibited a similar
background, whbich was sttributed to & matriv radical
(-CH,SiMe,). Accordingly, 2 background curve consisting of a
single, broad peak was included for all simulations of NFy*. A
word of caution is in order, Even though we had to include an

extra background peak to accomplish the analysis, we cannot prove.

that it is not part of the specirum of the species under study. To
avoid any further arbitrariness, we allowed this background to
have no structure. The necessity for including a superimposcd
background spectrum introduces extra uncertainty in the param-
cters, especially the perpendicular peaks that are located wbere
tbe background is most intensc. Bocause the byperfine splitting
is larger for paralle]l peaks, these peaks are masked to a lesser
degree.

The additional uncertainty introduced by tbe background
spectrum is somewbat compensated for by the availability of
spectra for two different nitrogen isotopes. The ground rules for
simulation of tbe two isolop:c species are as follows. Both spectra
should be defined by identical g matrices and fluotine hyperfine
matrices and angle &, (Note: a is the angle between the principal
axes of the '"F and N byperfine matrices; il may be close te the
angle between the N-F bond and the plane of the three fluorines
(scc Figure 3 and Discussion).) Tbe nitrogen hyvperfine matrix
elements sbould be related hy & factor of —1.4029, whieh is the
ratio of their nuelear moments (ic.. A, ("N)/4 ("N) =
A (PN)/A,{"*N) = -1.4029). Fitting two isotopic spectra with
tbe same parameiers in this way increases our confidence in the
resulting values.

Low-Temperature Spectrum of NFy*, Similacly, the “NF,*
experimental spectrum (see Figure 2} also suggesis a hroad
background resonance, which was included in the simulations.

Discussion

The principal values of the hyperfine and g matrices for both
isotopes are listed in Table I. One can cstimate the spin density
of the free electron from tbe nitrogen byperfine paramelers ob-
wained from the “NF;* simulation and the equations in the article
by Goldberg etal.!

o'n = an(iso)/a®y oy = (An(ll) - an(isa}) /2B%

In these equations p*y and oy are integrated spin densities of the
s and p orbitals; 2°y and by are the reference atomic isotropic
and anisotropic hyperfine couplings,' respectively. The calculated
ratio of pPy, ta gy, 6.37, suggests the unpaired electron to be largely
in the following hybrid orbitais:

¥ = 0.9293¢(2p,) + 0.3694¥x(25)

(15) R. L. Beiford, P. H. Davis, G. G. Belford, T. M. Lenhart, ACS Symp.

Ser., Ko S (1974).
(16) J. E. Wertr and ) K. Bolton, "Electron Spin Resonance: Eleynen

Theory and Practical Applications™, McGraw-Hiil, New York, 1972,




il WW‘ T

e

EPR of NF*

J. Am. Chem. So-, Vol 105, No. 12, 1983 3R01

Table L. Comparisan of Hyperfine Couplings® and Spin Densities® of M! | Radicals

Al Apgr)) Ly z) apgliso)  WRix) el

hybridi
tation of
M-F
W) aptiso)  oy*  oy? oF* orP  bond

BF, - 438.7¢

CF,. 66779 7208f 89129 75099 25619 24689

CE, H4.1% 214"
NF,~ 18700 1874’ 32437 23287 3007 3600

49B.8° 0211 00104

709.19 40479 0244 0723 0.0084 01113 gp*®

138.5%  402.39

880.07 52677 0151 0957 00110 01166 ap**
0.129 0.824)

¥ Hyperfine splittings are in MHz. b Spin densitics are calculated from hyperfine vatees as in 120 1 and 16 those in parentheses are caleu-
taied from the newer compilation by. 1. R Mortonand K. ¥ Presion, J Magn. Reson 30,577 (1978). “Secref 2, ¥ Secref 5. ¥ See refl

6and 7. f This work.

02.? o3 : 0N ; 0.9
Teslo

Figure 1. (EXPT) EPR apectrum al “NF,* a1 24 K in "NF.AF,

y-isradizied 81 77 K after anncaling a1 195 K. (SI1M) ""NF,* camputer

simulation generated by 1be program PowD with the variables lisied in

Table ). See text.

having about 13.6% s and £6.4% p character. A simplified hybrid
orhital picture of the bonding in NFy* can then be constructed
in the following way. Starting with an isolated °S N* jon (prepared
for bonding with four valence electrons in four orhitals-—one s
and three p (21, Zalﬂ)} and ¢liminating the aingly occupied
nonbonding s? '*p"¥ orhital from the s and 3p’s leaves 0.8635
sand 2.1365 p~~that is, three N-F bonds, each using a nitrogen
hyhrid 9208507122 or cg 4p?3%. Now it is interesting to predict
the angle, o, between sp™’ orbitals and the plane of the 3 F atoms!”
and compare it with the angle a, which characterizes the PF
hyperfine interaction anisotropy.

The four N* bonding clecirons must be placed in four or-
thogonal orhitals, the nenbonding one directed along the z axis
{¥,) and three equivalent ones (¥, ¥, ¥,) directed along the N-F
bonds. It is sufficient to consider any one of tbe bonding orbitals,
¥;. chosen 1o be directed somewhere in the xz plane (Figure 3).
Orthonormality requires {¥,,¥;) = O and

¥y = (1 = 3N 2s) + (3) " g(2p,)

¥ = f4(28) + (1 - NV N(2p,) =
SIRa(28) + (1 - N)'7[—cos X ¥ (2p,) + sin A ¥n(2p,)]
where the fis the fraction of s character in the nitrogen bonding

orbital ;. With 3/1/7 = 0.9293 as previously estimated, we find
cos A = 0.2527, or-A = 75.4°, o’ = 14.6°. The angle between

-

tol {bl ¥

Figere 3. {2} Nonbonding orbita) direcied along the = axis, ¥,. This
orbital s a lincar combination of a rutrogen 2s and 2p, orbita). (b) One
of the three nitrogen bonding arbitals. This orbital is in the xz plane and
is direcied along the N-F bond.

any NF bond and the threefold axis might be expected to be about
104.6°, a little under the tetrahedial angle (109.5°).

Itis interesting that the magnitude of o agrees with the value
of Jof = 15 £ 1° (Table ). The consistency in magnitude betwoen
the isotropic and dipolar nitrogen hyperfine matrix and the dipolar
fluorine hyperfine matrix within a simple hyhrid-orhital picture
of bonding ia remarkable. However, since the experiment and
simulations provide only the magnitude of o and not its sign, the
agreement could be illusory, A similar, generally consistent picture
can be consiructed for <CF), which was previously analyzed. For
this radical, the magnitude of a was 17.8°, and judging from the
13C hyperfine mairices, it bas a consistent hybridization of ~sp®,
more specifically, o’ = 19.6*; Ediund et al.'® propose, on the basis
of INDO calculations, that the measured value of a is actually
-17.8°, That is, they asscrt that, fortuitously, the spin-density
distribution is such that « and a’ arc approximately equal in
magnitude bul opposite in sign, making a large angle (~37%)
between the principal axis of the fluorine hyperfine matrix and
the normal to the C-F bond. With no more information, it is
difficult to judge the validity of their conclusion, particularly as
INDO methods are grounded in a great many formidable ap-
proximations. However, since Edlund et al. supplemented their
INDO work with a few ah initic computations, with similar results,
one must suspect that a really is negative for <CF, and possibly
for NFy* and/or \BF; as well. Therefore, Benze! et al.' have
carried ou( full ab initic computations, with geometric variation
10 establish the potential minima, on the isociectronic series ‘NF,*,
«CFy, and -BF,". The results, presented in the following paper,
generally confirm the proposition of Edlund et al.'® They support
the idea that the main NMuorine contribution 1o the singly oocupied
molecular orhital (HOMO) is a p orhital that is directed along
the principa! axis of the **F hyperfine coupling matrix but that
is neither coincident with nor orthogonal to any of the bonds or
molecular symmetry axes. The anisotropic part of tbe fluorine
hyperfine coupling apparently can indicate the spin deasity and
orientation of this participating p orhital but cannot be used to
estahlish the molecular geometry.

(18) O. Edlund, A. Lund, M. Shiotsni, J. Sohma, and K. A, Thuomus,
Mol Phys., 31, 48 (1974).
(19} M. Berzel, A. M. Maurice, R, L. Belfosd, and C. E. Dyksira, J. Am.

(17 C. A. Coulson, “Valence™, Ouford Untversity Press, London, 1961. T~ 3 Chem. Soc., follawing paper in Lhis issue.
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Figere 4. Schemauc representation of the 1wo possibic loca! orbital
schemes for the highes) (singly) occupied moleculsr orbital in NF,* (0)
F orbital esaentially artbogonal 10 bond direction, a = +135%; (b) F orbual
tihed toward bond direction, a = 5%,

Coachaions

Despite an apparently large, diffuse background, it has been
possihle to ohtain satisfactory Zeeman, nitrogen hyperfine, and
fluorine hyperfine matrices for the rigid trigonal- pyramidal -NF,*
radical cation hy computer simulation of the EPR spectra of
h-irradiated NF,AsF, and "*NFAsF,, annealed and then cooled
to ~25 K.

All the data can be rationalized in terms of a hyhrid-orhital
bonding scheme with (1) the unpaired electron in mainly a non.
bonding N(sp***) orhital {which also to some extent involves
fluorine p, orbitals in an antibonding interaction), (2) sp™* nitrogen
hyhrid bonding orhirals, (3} 105° angles between the threelold

axis and the N~F bonds, and (4) the fluorine part of the HOMO
being mainly p,-like, with its 2 axis tilted plus o minus 15* from
the threefold axis (sce Figure 4).

The isceloctronic radical -CF is similai, the corresponding angle
being 108* and the carbon bonding hyhrids about sp? (see Tahle
11). Unfortunately, no anisotropic data are availahle for BF,",
the next member of the iso¢lectronic series; isotropic parameters
are compared in Table 11

The structural angles between vhe C, axis and normals (o the
bonds for ‘NF,* and -CF, are ~14.6° and 19.6°, respectively.
The principal axes of the fluorine hyperfine matrices deviate from
the ) axes hy ~15% and i8°, respectively. Depending on the
sign of this deviation, these fluorine A axes could be either es-
sentially peependicular 10 or tilted, hy ~ 30" or 37°, respectively,
from the N-F or C-F bonds. The latter interpretation (sche-
matically indicated in Figure 4h) is suppurted hy electronic
structure calculations.

Acknowledgment. This work was in part supported hy 1he
National Science Foundation Quantum Chemistry Program, the
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We thank Mary Kolor Gurnick for helpful suggestions.
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Ab Initio SCF Study of Hyperfine Couplings, Geometries, and
Inversion Barriers in the Isoelectronic Radicals NF,*, CF,,

and BF,

M. A, Benzel, A. M, Maurice, R, L. Belford,* and C, E. Dyksira*

Contribution from the School of Chemical Sciences, University of tHlinois.
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Abstract: Ah initio SCF molecular nrbital calculstions with double-§ and polarized double-{ bases are reported for the moclectronic
series of Cy, radicals -NF,*, -CF,y, and -BF;". A1 the potential minima, the bond lengths are 1.314 A for NF,*, 1.341 A for
CF,, and 1.442 A for BF,"; the complements of the umbrella engles are +12.1* for NF,*, +17.1* for CF,, and +19.6* for
BF,". Calculgied inversion barriers are about 11, 33, and 28 kcal/mol for NF,*. CF,, and BF;", respectively, Bonding and
the predicted dependence of EPR parameters upon radical geometry are discussed. With respect 1o 1he spin-density distribution
and the radical geomnetry, these aalculations confirm the general inferences drawn from the previous EPR analysis—in particular.
the byperfine interaction of the ceniral a10m. However, an experimentsl ambiguity in orientation of the principal axis of the
fluorine hyperfine coupling matrix i resolved in favor of the nonintuitive alicmative. 11 is concluded that quantitative information
about the geomerry of such radicals cannot be inferred from the onientation of the halogen hyperfine axes.

The trigonal-pyramidal flucrocarben -CF; and itz isoelectric
neighbors 'NF,* and \BF,” are archetypal fluoro radicals.
However. tbere have been no direct determinations of the mo-
leculsr structure of any of these species, and experimental in-
formation bearing on their clecironic structure is still being ac-
cumulated.! The most detailed experimental clues availshle on
these specics are to be found in the anisolropic electron para-
magnetic rescnance spectra of <YM, (Y = C, N*, B} as impurity
sites in solids at low temperaturc. An intriguing feature of both
<CF,, whose EPR parameters are fairly well-known, and -NF,*,
for which anisotropic EPR resulis are just now being reporied !
iz that the angle or between the trigonal axis and the principel axis
of the F hyperfine coupling tensor is about the same as the
structural angle o' by the pyramid is eapected Lo deviaie from
a planar structure. The obvious interprelation is that the part

of the spin density localized on the flucrine conter oucupics a g
orhital oriented perpendicular Lo the bond. However, since the
experiments were done on isotropic (polycrystslline) samples, the
relstive signs of & and o are indeterminahle. 1 the, are of
opposite sign, the obvious interpretation is invalid. Ln that cvent,
it would seem that the fluorine p orhital involved in the highest
{singly occupied) molecular orbital would be poised for bonding
by being strongly skewed with respect to the Y-F (Y = C, B*,
or N*) bond. In the case of CF,, INDO calculations and limited
ab initio calculations? have supported this second interpretation.
Here we report ah initio sclf-consistent-field (SCF) calculations
with large hasis sets, caried out Lo determine not only the equi-
likzium structures of the three radicals but also their invarsion
barriers. These calculations provide detailed information on the
¢lectron-spin distributions leading to an elucidation of the rela-

{1) A. M Maurice, R. L. Belford, I. B. Goldberg, and K. O. Chrisie, /.
Am. Chem. Soc., preceding paper ia 1his issne.

{2) 0. Edlund, A. Lund, M. Shiotani, ). Sohma_ and X. A. Thuomas, Mo/,

T-4 Phys. 32,49 (1976}
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Fluoro Effects
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APPENDLX U

High-resolution specira have been oblained for (2nhydrous HF) solutions of NOF,*, NF,*, NH,*, NO,*, and NO* in
WN resonance and for NH,F* (in CF,S0,H) in I*N resonance. Broader '*N lines were obtained for N,F* (alihough 1he
one-bond NF coupling was resolved), N;F,*, and NH,F*. For F;N=NF* and NH,F* the reduced elecironic symmetry
promoles quadrupolar broadening of the "N line; for N,F* and F,¥=NF* exchange processes may contribule also. The
nitrogen lines in the linear or planar species N=NF*, NOF,*, and F,;N=NF* show r fTucro effects, being shifted upficld
relative to those iu corresponding species with hydrogen, alkyl, or aryl groups instead of fuovine, despite the reduction
in electron densily on nitrogen. The higher shiclding is relaied to increase inenergy of ny — «* and o — »* paramuagnetic
circulations and so corresponds 1o perfluoro effecis which are well-known in elecironic and pholocleciron speciroscepy.
In planar syslems, fluorinalion stabilizes o relative to » orbilals, since interaction with the filled F, orbitals counteracts
the inductive siabilization of 1the » orbitals. In1he nonplanar species, however, the nitrogen line moves strongly downfield
with fluorination, as from NH,* 10 NH;F* 10 NF,*. These shifis are described as o fluoro effects and are explained. at
leas! in part, by the decrease in electron density on nitrogen. The higher shielding of nitrogen in NH,* in anhydrous HF
relative to that in aqueous selulions can be aniributed 10 N-H~F hydrogen bonding.

Introduction

Because of the extreme position of fluorine in the periodic
table, effects that occur to a lesser degree with other sub-
stituents can be “tested” in fluorine chemistry; indeed some
are then so marked as to be called “(per)fluoro effects”. An
example is the perfluoro effect in planar systems which is used
todistinguish ¢ from x orbitals in photoelectron spectroscopy
and to characterize n — x* (or ¢ -+ x*) excitations in elec-
tronic spectroscopy.' 1t results from the marked stabilization
of the g-orbital manifold relative to the x when hydrogens or
alkyl groups are replaced by fluorine. Although the (-1}
inductive effect of fluorine stabilizes the o and the = orbitals,
the effect on the = orbitals is offset by the repulsion of the
fluorine nonbonding electrons (+1,).

Corresponding effects can be discerned in '*C and YN
NMR shifts.* in the azabenzenes,* for example, ny — »*
bands are strongly blue shifted and nitrogen resonances shifted
upfield, since (planar) nitrogen carrying a lone pair is de-
shielded by ny — =* electronic circulations in the magnetic
field, and an increase in the excitation energy AE(ny, — x*)
acts to reduce the circulation and the deshiclding. Such
“perflucro” effects are usefully (following Licbman®) termed
= {luoro effects, as they are evident also on partial fluorination,
with some additivity. The term “a fluoro effects” can then
be applicd te nonplanar systems {in which dramatic downfield
shifts may be observed for atoms directly bonded to fluorine)
and also tn contribntory influences nf flunrine attached to a
resonant atom in a x-bonded systemi. These effects reflect
changes in electron density and erbital cocfficients as well as
in excitalion energies, as discussed below,

We now rceort a nitrogen NMR spcclroscoric study of the
cations NF4*. NH;P'. F1N=N F+.’ NOFZ+' il FNEN*.H'IZ
NH,*, NO*, and NO,* in anhydrous HF (or CF,;80,H)
solution, to throw light on the effects of fluorination in these
ions.

N vs, N NMR Spectroscopy

Nitrogen NMR spectroscopy in high resolution normally
requires the "*N nucleus, but the low abundance (0.365%) has
severely restricted its application to flucronitrogen chemistry,
Sharp lines can, however, be obtained for the abundant but
quadrupolar "N nucleus in mobile solutions of NH,*, CH;-
N=C, or NOy", since the high local symmetry (small electric

field gradient} allows the nuclear clectric quadrupole and
therefore the nugclear spin to relax sufficiently slowly.’ Thus
high-resolution "N NMR spectroscopy should in principle be
possible for the NF,*, FN=N*, and F,N==X* ions, but
greater quadrupolar broadening is expected for the F,N=NF*
nitroger, which carries a lone pair of electrons, although 'Jy,
and *Jy; were resolved in F{'*N} double resonance studies
of cis- and trans-FN=NF."* {"*N"N coupling constants are
expected to be small, 5 Hz or less, since 'Jusyisy, is about 6 Hz
for the dinitrogen ligand M—N=N" or |0 Hz for the hy-
drazido(2-) ligand M=N—NH,. **)

The low viscosity of fluoro compounds and liquid HF as
solvent is advantageous for YN work since the quadrupolar
relaxation rate is proportional to the molecular reorientation
time and therefore to the viscosity. Pure liguid HF has a
viscosity of 8.26 cP at 0 °C and 0.45 cP at —45 °C (cf. | cP
at 20 °C for water). Unfortunately this solvent is (underst-
ably} unpepular with operators of widebore spectrometers for

{1} Bralsford, R.; Harris, P. V,; Price, W. C. Proc. R. Soc. London, Ser,
A 1960, 258, 459. Potts, A. W.; Lempka, H. J.; Sireats, D. G.; Price,
W. C. Philos. Trans. R. Soc. London, Ser. 4 1970, No. 268, 59,

(2) (=) Robin, M. B. “Higher Exciled Staics of Polyatomic Melecules™;
Academic Press: New York, 1974; Vol. 1, Chapler [; Yol. 2, Crapter
VIA. (b) fbid., Vol. 1, Chapter IUD. (c) 7bid., Veol. 1, Chapier 1118,

(3) Brundle, C. R,; Robin, M. B., Kuebler, N. A.; Basch, H. J. Am. Chem.
Soe. 1972, 94, 1451,

(4) (a) ’C: Mason, J. J. Chem. Soc., Feredoy Trans. 2 1979, 75, 607. (b)
UN: Kanjia, D. M.; Mason, 1; Sienhouse, 1. A.; Banks, R. E.; Venavak,
N.D. J. Chem. Soc., Perkin Trans, 2 1981, 975. Mason, J. J. Chem.
Soc., Faraday Trans. 2 1982, 79, 1539. (d) '*N. "', "0, S Futin,
G. G.; Rezvukhin, A, |.; Fedolov, M. A.; Yakobson, G. G. J. Fluorine
Chem. 1983, 22, 231 and cclerences 1herein,

(5) Mason, J. Chem. Rev. 1981, 81, 205,

(6) Licbman, J. F.. Politzer, P: Rosen, D, C. “Applicalions of Atomic and
Molecular Electrosiatic Polentials to Chemisiry™ Politzer, P., Truhlar,
D. M., Eds.; Plenum Press: New York, 1981,

(7) (a) Christe, K. O.; Schack, C. J.; Wilson, R. D. Inorg. Cherm. 1978, 15,
1275. (b) Chrisie, K. O.; Guertin, 1. P.; Pavlaih, A, E; Sawodny, W.
1bid. 1967, 6, 531, (c) Tolberg, W. E.; Rewick, R. T.; Stringham, R.
S.: Hill, M. E. Ibid. 1967, 6, 11356.

(8) Grakauskar, V.; Remanick, A. H.; Baum, K. J. Am. Chem. Soc. 1968,
90, I819.

(9) Chrisie, K. O.; Schask, C. ). Inorg. Chem. 1978, 17, 2749,

(10} (a) Christe, K. O.: Hon, J. F.; Pilipovich, P, Inorg. Chem. 1973, 12, 84,
{b) Chrisic, K. O.; Maya, W, Ibid. 1969, 8, 1251,

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

{12) Chrisie, K. O.; Wilsen, R, D.; Sawodny, W. J. Mol Struct. 1971, 8,
245,

{13) Noggle, 1. H.; Baldeschwieler, J. D.; Colburn, C. B. J. Chem. Phys.
1962, 37, 182. The N,F, and NF, measurements are quoted from;
Randall, E. W.; Baldeschwitler, J. [, unpublished results.

(14) {(a) Chall, J.; Fakley, M. E.; Richards, R. L.; Mason, J.; Slenhouse, 1,
A. J. Chem. Res., Synop. 19719, 44, (b) Chan, J; Fakley, M. E;

* To whom correspondence should be addressed a1 The Open University, U-1 Richards, R. L.; Mason, J.; Stenhouse, 1. A, I5id, 1979, 322,
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Table 1. »-Bonded Iluoronitrogen and Related Compoundsd

Mason and Christe

Thagg! Wyl ref ref
compd wivent  TPCT aNb Hz¢ th W, [H®  Toimst  (PFY (NN
EN=N*Asl N-1 HY ~191.2 3u w 12041 2)
t 2 1328} ti
50 400
N-2 —166.1 nr nt 205 (14)
~50 600
PhN-N'HI',’ N-1 ~156.4 19 0*'N)
1 2 N-2 —63.4
NOL, " AsE " nr -99.0 254 (3) ves 18 (3 18 (6)
{2504 10
NGO, 1 neai lig =110 -876 t09 (5) 566 24
[t12.5¢
F,N=NIAst, N-I HI -75.9 nt nr 870 (50)
t 2 -50 2200
N2 260 195 ¢15y mr 280 (20)
-50 950
¢is-I'N=NI- (a4 NE 4 t145 ¥37 t3
trans-I N=NI L) 66 1136 i1l 13
NOIY nat liy —80 104 N nt 2458 21
~-78 1o 24
CL NWH= NI N-1 123 k
1 2 N-2 -58

9 Other than ambient temperature. ¥ N sl relative to neat hguid ¢ D,NO, . with low ficld positive.  The new measurements were made
al 28.9 Mttz (400 MH: for prote ) except for NOE "AsF ., which was mu\und at 4.3) MHz (60 Mz fuor protons).  The reference for
shilts measured ug .33 Mz is S M NH,NO, in 2M HNO,. fur which NH*(aq) has § —360.0 telative 1o neal liquid CH,NO,. £ Jisy ey =
-1.403. nr means 'not resclved”. Thc spin-spin coupling unrcmlved in “N resonance has not been resolved in '*F resomnu Cuuplmg

constants shown in bracke1s were measured in '*F resonance.

4 Line width at half-height. © Quadrupolar relixation time, given by Tq

1/nW,,, when the line is not bruadmcd significantly by unresolved coupling ot exchange. f Reference 10 **F measurement of Jyp. G Rt.fcr-

ence 1o mitrogen NMR measurement.
given in patentheses in units of the Last digats.

Table Il.  Nitrogen Oxo lons

b Frazer, . W.; Holder, B. E.; Worden, E. F. J Inorg. Nucl Chem, 1962, 24, 45. ¥ Uncertaintivs are

compd solvent T°ce sINY® W,z Tq/ms ref

NO,*AsF," HF -70 -136.3 5 () 65 (30)
NO,*BF, (F50,7) 50, ~60 ~131.5 34 (*N)
NO,°HSO," 4:111,50,-HNO, -132 29 1 ¢
'O,N—NO Na, ™ ag ~43.4 16

279
NO*Asl, HE 7.5 95 (14 ENUR
NO*ttSO," 11,50, -5 110) broad 2
NU'BF, {PT,'} s0, —-60) 3.2 34 ("'N)
NI{,*NO, {5 M) HNO,tq) (2 M) ~4.5
Na*NO, {satd, aq) 129

@ Soe footnote ¢ of Table 1. ¥ See footnote b of Tuble L. € Chew, K. ¥. unpublished results,  Quoted by:  Logan, N. 1n "Nitrogen NMR™:
Witanowski, M., Webb, G, A, Iids.; Plenum Press: London, 1973, Chupier 6.

1he study of 1N in natural abundance when the sample volume
is 12 cm? or more, particularly if the solute is under pressure.
Triflic acid {CF,SO,H) is more acceplable, and we used this
for 1the "N spectrum of NH;F*.

Results and Discussion

As recorded in Tables 1-111, the "N lines are very sharp
for NI',* and NH,*, yuile sharp for NOF,* and NO,*, but
rather broad for NO*, and broader still for N==NF*, FN=
NF,*, and NH,F*. For solutions of similar viscosity, 1he
quadrupolar broadening should perhaps increase as NF*
F,;NO* < Fy;N=NF* £ NmNTF+ <. N=NF* << F;N==NF*,
and also NF,* < NH;F*. Thus some of the lines are broader
than might be expected from the electronic asymmetry near
nitrogen and the resolution of Yy and 2Jyp in NFy and
FN=NF.U

Another possible mechanism for line broadening is exchange
of F- or H* with the solvent, c.g.

N,F,* + F- = N,F,
NF* + F = N;F,
NH;F* = NH,F + H*

Such exchange is evident in the °F spectrum of N, F;* in liquid
HF, the line sharpening with decrease in temperature, or

addition of a Lewis acid such as AsF to slow down exchange
by witbdrawing F~ as AsF,".® The three FF couplings were
resolved but NF coupling was nol. In the “N spectra,
unexpectedly, Uyp could be observed for the iess symmetrical
nitrogen (carrying a lone pair) but not for the other (Table
1). Both resonances are broad and broaden further with de-
crease in tzmperature because of the increase in viscosity.® For
N,;F* the one-bond NF coupling was resclvable in N and
in *F resonance, but no two-bond coupling was resolved, and
these N lines, also, broaden with decrease in temperature
(Table I). Clearly there is a conflict between the temperature
conditions needed for the reduction of quadrupolar broadening
and of exchange broadening.

In '®F resonances of (**NH,F)(CF,S0,) in concentrated
H;50, no coupling was resolved at 30 °C. An optimum
specirum was obtained at -40 °C, a quartet with Ly = 43
Hz and W,,, = 5.6 Hz, but no UNF coupling was resolved.
No NH or &IF coupling in NH,F* in HF solution could be
resalved in "N resonance under lhe various conditions given
in Table [Il. Addition of AsFy increased the line width, in-
dicating that any decrease in exchange broadening is out-
weighed by cffects of increased viscosity. "*As observations
of KAsF, in acetone showed'* that doubling the concentration
(from 1 10 2 M) increased the viscosity hy a factor of about
1.7 and roughly halved the spin-lattice retaxation time, cor-
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Table 1. Nonplanar Fluorenitiogen and Related Compounds®

Inorganic Chemistry, Vol. 22, No. 13, 1983 1851

ref rel
compd swivent et N WhagpHz®  VhagyiHe W, M9 Toims® (TFY (WONS
NH, neat lig -380.0
NH_'AsF," HF -369.6 543017 21 160
NH/'NQG, (S M}  HNO,(sq) (2 M} -3600 52
N,H, neat hq -3 25 ("N
NH,I*0,5CF,  CF,50,1 +20 252 NYANE  ws3mk 3
HY +10 2598 nt nr Jsoe 1
—~40 -257.6 600° 0.6
1H-/ Asl® +10 -260.0 nr nt 420
-4 - 256 130
NOF, neat lig -1200 - 147 208 Ma
~110 -137 134 2%
]135.5) 2
NF,*BF, Hr -923 2308 2 160
{231
NE,*Asl " uK -92.2 2308 I 100
|234] To
1231] Te
N,F, neat big -49 11
41 m 24
160} d
NF, neat lig -130 -9 ar P 1
-152 -14.3 158 u
[185] 13

¢ Terms in the column beads are defined in fovtnoles g-g of Table 1. B "N measurements at 18.24 MHz giving "Nsyp = 47.6 (3.0) Hz with
proton decouphing and *J13y = 43.2 (1.0 Hz. © Broad-band proton decoupling reduced these line widths by aboul 50 11z, d Ettnger, R.;

Calburn, . B. fnorg. Chent, 1963, 2, 131},

responding to a doubling of the line width. We obtained =
septet fcr the As une for AsF,y in the (NH,F)(CF,50,)
solution in HF, with 'J,,; = 933 Hz as obtained previously,'*
but with a greater line width (W,,; = 800 Hz at 25 °C) than
those reported for aqueous solutions (94 Hz)'*® or in orzanic
solvents (1 50450 Hz)'™ despite the lower viscosity of liquid
HF. This indicates exchange broadening as well as quadru-
polar broadening of the P*As line. (In highly symmetric en-
vironments, as in AsF~, quadrupolar relaxation is mediated
by transienl electric field gradients at the nucleus during
Brownian motions.)

Fortunately we could measure the natural-abundance ¥N
spectrum of NH,F* in solution in triflic acid, CF,SO,H.
Proton decoupling gave a doublet with negative intensity
corresponding to 1he maximal NOE factor for N (n = -4.93)
and an “NF coupling constant of 48 Hz, equivalent to 34 Hz
for ¥N. The fully coupled spectrum gave an **NH coupling
constant of 43 Hz, equivalent to 31 Hz for 'N.

x Fluoro Effects. Table I gives the nitrogen NMR param-
eters for linear or planar fluoronitrogen ions and molecules,
with some related compounds for comparison. Some inter-
csting correspondences ¢an be observed in the chemical shifts.
The F,N*= nitrogen has similar shifts in F,N=0"* and in
F,;N=NF*, und thec mean of the two nitrogen shifts in
F;N=NF* resembles that for the isotlectronic nitro-
hydroxamate ion (O,N=NQ)*'* The resonance of the
=NF nitrogen in F;N=NF*, which has fluorine cis and trans,
lies between the resonances for cis- and frans-FN=NF."

A = fluoro effect is evident in the upfield shifi of up 10 100
ppm on replacement of R or Ar by fluorine in diazenes (azo
compounds) RN=NR,'” and similarly for the diazenium
nitrogen =NF,* compared with protonated diazenes'® and for
terminal nitrogen in 1he diazonium ions FN=N* compared
with PAN=N*."* Interestingly the upficld shift is smaller,

(15) (a) Arnold, M. S.; Packer, K. J. Mol. Phys. 1966, 10, 141. (b) Bali.
mann, G.; Pregosin, P. S. J. Magn. Reson. 1977, 24, 283,

(16) There is some doubt &3 10 ihe assignments of the Lwo lines: Schullheiss,
H. Fluck, E. Z. Natwrforsch., B. Anorg. Chem., Org. Chem. 1977, 328,
257,

(17) Mason, ). van Bronswijk, W. J. Chem. Soc. A 1971, 791.

(18) Duthaler, R. O.; Roberts, ). D. J. Am. Chem. Soc. 1978, 100, 4969.
Kuroda, Y.; Lee, H.: Kuwae, A. J. Phys. Chem. 1980, 84, 3417,

30 ppm, for the two-coordinate diazonium nitrogen FN==N*,
and 1his illustraies the multiplicity of factors when fluorine
is directly attached 1o the resonant atom. As well as the »
fluoro effect, tending to increase the shielding by increasing
AE(HOMO-LUMO), the fluoro subslitu*.on tends 10increase
the shielding by removing electron density from the para-
magnetic circulations on nilrogen; but the increase in positive
charge on nitrogen reduces the radius of the paramagnetic
circulations, increasing their effect. These factors are regpre-
sented (respectively) by the three terms AE, Y0, and {(r7),,
in the approximate formulation of the local paramagnetic term,
restricted 1o electronic circulations on the observed atom A
bonded to other atoms B®

= -3
an L Hokalr g

% = 2x(AE) (QAA+A§IQAB) ()

where ug is the permeability of free space, up the Bohr
magneton, and r,, the radius of the valence p elecirons, and
the downfield shift increases with the absolute magnitude of
a,**. The 30 term expresses the imbalance of elecironic
cﬁargc that allows the paramagnetic circulation in the mag-
netic field. The @, part depends on the 2p orbital populations
on the atom A, whereas ) ),y 15 a multiple-bond 1erm that
{with the energy term) is responsible for the large differences
in chemical shift for the different bond orders. Loss of electron
density (or reduction of orbital cocfficients) with substitution
vy electronegative ligands such as oxygen or fluorine may
increase 1he shielding, by reducing 3-@. On the other hand,
the radial term (r"}zp and therefore the deshielding increase
in proportion to 1he increase in (positive) atomic charge. Thus
the = fluoro (AE) effects tend to increase the shielding,
whereas the ¢ fluoro effects, decrease in 3.0 and increase in
radial terms (r?},,, tend to cancel. Substituen* effects are
particularly influential for the lower ficld resorances such as
those of the diazene or nitroso compounds: there is a-1 upfield
shift of 450 ppm from alkyl or aryl nitroso compounds to NOF,

(19) D;(;hl;;" R. O Forster, H. G.; Robers, 1. D. J. Am. Chem. Soc. 1978,
100, 4974.

{20) Saika, A Slichier, C. P. J. Chem. Phys. 1954, 22, 26. Pople, ). A, Mol.
Phys. 19%63-1964, 7, 301.
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Figure 1. o fluoro effects in nonplanar systems.

paralleled by a blue shift in ny — »* absorption from 760 to
311 nm (corresponding to an increase in AE from 1.6 tod eV,
for this contribution to the appropriate component of the
shielding tensor).!

Replacement of O by fluorine results in upfield nitrogen
shifts, of 120 ppm for NOF compared with NO,™ and BO ppm
for NO,F (95 ppm for NOF,*) compared with NO,™ {Tables
1 and 11); cf. the blue shift in the ny —~ =* absorption from
357 nm for NO, to 311 nm for NOF. Again, therc are ¢
fluoro effects of the reduction in electron density an nitrogen
which tend to cancel: a CNDO/S estimate indicates a 5%
wncreasc in {r"’),, from NO;™ to NOF, corresponding to de-
shiclding by 30 ppm or so, counteracted by effects of decrease
in the constitutive terms.

o Pluoro Effects in Nonplanar Groups. Table 111 and Figure
| show the strong deshielding of nitrogen in nonplanar groups
when directly bonded hydrogen or alkyl (or aryl) substituents
are replaced by fluorine. The deshielding is particularly large
from NH; to NE;, 22 and N,H,» 1o N,F,."* and is smaller
for nitrogen bearing a positive charge (NH,* 10 NF,*) or an
oxygen substituent { Mc;NO 10 NOF,**). The increase in
the radial factor with fluorination now acts in the same di-
rection as the observed shifts, on the whole; {#%),, increases
by 17% from NH, to NF, and by 20% from NH,* to NF,*.
However, the line shifts upficld from NF; to NF,* or NOF,,
despite sizable increase in the radial term. The upfield shift
from NF, to NOF, has been attributed in part to the increase
in the clectronic symmetry around nitrogen, approaching the
spherically symmetric distribution of an inert gas;?® but ni-
trogen in NF,* is significantly deshiclded compared to NOF,
{despite similar values of the radial term). Indecd, the de-
shielding in NF,* compared with NH,* or NOF, illustrates
the subilety of the comept of “unbalance of electronic charge™
as it contributes to nuclear magnetic deshielding.

As 10 the energy terms, the electronic circulations de-
shielding nitrogen in these molecules are all of ¢ — o* type,
including the ny, — &* circulations in NH,, NF,, N;H,, and
N,F,. since the nitrogen lone-pair orbitals are strongly linked
to the ¢ framework. The higher shielding of nitrogen in NOF,
or NF,* compared with NF, follows the normal pattern on
replacement of a lone pair on nitrogen by a strong ¢ bond,

(21} Andersson, L.-0.; Mason, J.; van Bronswijk, W. J. Chemt. Soc. A 1970,
296.

(22) Herbison-Evans, [ Richards, R. E. Mol. Phys. 1964, 8, 19.

{23) (a) Mason, J.; van Bromswijk, W. J. Chem. Soc. D 199, 357. (b)
Bartlett, N.; Passmore, J; Walls, E. J. Chem. Commun. 1966, 213,

(24) Qureshi, A. M.; Ripmeester, J. A, Aubke, F. Can. J. Chem. 1969, 47,
4247

(25) Lichter, R. L. Roberts, J. D. J. Am. Chem. Soc. 1971, 94, 4904,

{26) Aubke, F.; Herring, F. G.. Qureshi, A. M. Can. J. Chem. 1970, 48,
3504,

Mason and Christe

removing the lower cnergy ny — o* circulation.' The strong
deshielding of nitrogen with fluorination of NH; or NH,* is
paralleled by that of phosphorus?? in phosphines or phospho-
nium ions, carbon in alkanes, silicon in silanes,** and so an.
1t is part of a periodic trend, of increased deshielding in sat-
urated compounds as the ligand moves across the row of the
periodic table,?” so that it might be expected to be an inductive
effect influencing the encrgy terms, since these are usually
involved when substituent effects are large. On the other hand,
the evidence'? from photoelectron, optical, and electron impact
energy loss spectroscopy suggests that the relevant excitation
cnergies are significantly higher overall in the fluorinated than
in the unfluorinated molecules. The ny — ¢* excitation cnergy
increases from about 6.5 to B.7 ¢V from NH; 10 NF,,*® and
there are similar increases in excitation encrgies with fluori-
nation in the series of the fluoromethanes,* which are iso-
electronic with the fluorcammonium ions, although th¢ CH
¢ orbitals arc destabilized in CH,F and CH,F, (but not CIIF;)
compared with CH,. The high jonization energy of fluorine,
compared with that of the other halogens, makes for better
matching. and therefore mixing, of the 2p orbitals with carbon
and nitrogen bonding orbitals. Whereas the halogen lone-pair
orbitals are highest lying in the other halogenomethanes, the
CH ¢ orbitals are highest lying in the fluoromethanes, and
the fluorine “lone pair™ and CF o orbitals are comparable in
energy. The fluorine “lone pair” electrons are extensively
delocalized, and it may be that their circulations in the
magnetic ficld help to deshicld nitrogen or carbon (etc.) as
well as fluorine in thesc molecules, reinforcing the cffects of
increase in the radial term.

Patterns of chemical shifts can be described in broad terms
by ¢q |, which is a very approximate version (with an average
energy denominator) of the local term approximatiun, which
restricts calculation 10 clectronic circulations on the observed
atom A.*® Our use of this equation is intended to give a
“chemical® picture of nuclear magnetic shielding, in terms of
orbitals and bonds. More accurate <alculations sum vver all
the excited states (or clse treat the magnetic 1ield as a per-
turbation on the orbital manifold) and reckon the shiclding
contribution from circulations on neighboring atoms by means
of a dipolar (neighbor anisotropy) apgroximation, although
this gives an underestimate, as is evident from the magnitudes
of observed substituent effects.’® The deshielding of carbon
from CH, to CH,F is matched quite well (slightly underes-
timated) by ab initio SCF methods with some extension of the
basis set,’® but further fluoro substitution would make large
demands on computer time. The semiempirical methods can
deal with larger molecules but cannot usually match experi-
mental shifts without ad hoc parameterization. This has been
demonstrated for the INDO method with the specific example
of the deshielding of carbon from CH, 10 CH,F.3*  The
standard parameterization greatly underestimates the de-
shielding, but the estimate can be increased by a (drastic)
reduction in the absolute value of the resonance integral 5.
which corresponds to the splitting of CF ¢ and ¢® orbitals.
This reduction corresponds to an increase in ionicity of the
CF bond; but the fault may be with the local term approxi-
mation, which cannot take full account of the deshielding of
the central atom in these nonplanar molecules by circulations
of the fluorine “lone pair™ electrons.

Effects of the HF Medlum on the Nitrogen Shifts. The
nitrogen shift of —369.9 ppm for NH,* in anhydrous HF
effectively doubles the range that has now been observed for

{21y Cruichficld, M. M.; Dungan, C. H.; Letcher, J. H; Mark, V.; van
Whazer, k. R. Top. Phosphorus Chem. 1967, §.

(28) Sianislawski, D. A.; Wesl, R, J. Organomer. Chem. 1981, 204, 307,

(29) Mason, J. Adv, Inorg. Chem. Radiochem. 1979, 22, 199; 1976, 18, 197.

(30) Diichficid, R. Mol. Phys. 194, 27, 789.

{31) Cheremisin, A. A ; Schastnev, P. V. Zh. Struht. Khim. £919, 20, 999,
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this ion. The range previously extended from -359 or -360
ppm for the nitrate in water or aqueous nitric acid to -350
ppm for the chloride in concentrated HCI, with the bromide
and iodide slightly downfield of this. Briggs and Randall
found that the nitrogen shifts in aqueous acid solutions of
I5NH,* are independent of pH and concentration of NH,* but
are sensitive 1o the nature of the counterion, depending in linear
fashion on its concentration. The nitrogen shiclding increases
in the sequence 1" < Brr < CI° < SCN™ < SO, < NOy,
which differs from that of the efficiency of the anion in dis-
rupting the hydrogen bonding of water. It is the order of
increasing strength of hydrogen bonding of NH,* 10 the an-
ion,}? and corresponding results were subsequently found for
chlorides, iodides. ct¢., of protonated (saturated) amines.
Similarly, for a given anion, the nitrogen line moves upfield
with change from a chlorinated solvent to methanol or water ¥
I is pleasing to find that the HF solutions of fluoro anions
li¢ to the extreme of the NH,* series, with maximal nitrogen
shielding for the strongest hydrogen bond, N~H--F. There
appears to be a significant upfield shift also of the nitrogen
lines in NO* and NO,* from liquid SO,* to HF as medium,
with fluoro anions in each case (Table 11). Hydrogen bonding
toa lone pair on nitrogen in ammonia or alkylamines normally
deshiclds the nitrogen,’* with a sizable deshielding from
gascous 1o liquid NH, and from NH, to NH,**

Spin-Spin Coupling Constants. The NF coupling constants
measured in nitrogen resonance agree with those observed in
F resonance, as shown in the tables. The 'Jiyg value of 339
Hz for FN==N"* is the largest known, correlating with the high
s character in the nitrogen bonding orbitals, analogous to the
maximal Wuxy value of 96 Hz (125 Hz for 1YN) measured
for HC&=NH*% The new 'Jixp value of 195 Hz for the
diazence nitrogen F;N=NF" is larger than those observed for
cis- or irans-FN==NF. If the qualitative correiation with s
character holds (the quantitative relation frequently Fails when
nitrogen bears a lone pair with s character, as here’’), it would
suggest that this diazene NNF argle is larger than in cis-
EN==NF (114.4° 3 Y1y = 145), which is larger than in
trans-FN=NF (105.5°,3 1 J.; = 136 Hz).

The NF coupling constant is much smaller in NH,F* than
in NF,*, the disparity being greater than in the fluoro-

(32) Briggs, J. M_; Randall, E. W. Mol. Phys. 1973, 26, 699.
(23) Duthaler, R. O.; Roberts, J. D. J. Maga. Reson. 1979, 34,129,

(34) Olah, G. A.; Gupta, B. G. B.; Narang, 8. C. J. Am. Chem. Soc. 1979,

101, 3317,

(35) Alei, M.; Florin, A. E.; Lilchman, W. M. J. Am. Chem. Soc. 1900, 92,
4828. Lilchman, W. M.; Alei, M.; Florin, A. E. J. Am. Chem. Soc.

1969, 9/, 6574,
(38) Olah, G. A Kiovsky, T. E. J. Am. Chem. Soc. 1968, 90, 4666.

(37) Schulman, J. M.; Venanzi, T. J. J. Am. Chem. Soc. 1976, 98, 6119,

(38) Bohn. R. K.; Bauer, S. H. Inorg. Chem. 1967, 8, 309,

Inorganic Chemistry, Vol. 22, No. 13, 1987 1853

methanes: Wep is 158 Hz in CH,F compared with 259 Hz
for CF,. But the factors involved are not simple, for the
fluoromethane values peak at 274 Hz for CHF;. Wy in
NH,F* is unexpectedly small (31 Hz, cf. 54 Hz for NH,%)
since an clectronegative substituent usually increases the
magnitude of a coupling constant, regardless of sign.

Our discussion 30 far has been of absolute magnitudes of
Jur. One-bond "“NF coupling constants are expected to be
negative™ (and the PNF values positive because of the negative
magnetogyric ratio of "*N), so that the two-bond coupling
constants in the diazenes are positive.'?

It seems that the NH coupling constants increase with the
strength of hydrogen bonding in the medium, as does the
nitrogen shielding. For NH,*, 'Juyy increases from (+)50
Hz for chlorides in aqueous HCl to 52 Hz for nitrates in
aqueous HNO,, and this trend is continued by the value of
54 Hz that we observe for [NH,][AsF,] in anhydrous HF
(Table 111). This increase is consistent with contraction of
the valence s orbitals increasing the Fermi contact term, with
increase in effective nuclear charge as electron density is
withdrawn in hydrogen bonding.

Experimental Sectlon
The compounds were made by published methods.™ ! The '*N
were measured with a Bruker WH 400 spectrometer operaling
at 28.9 MHz. The solution in anydrous HF was contained in a sealed
4-mm FEP Tellon tube, which was placed wilhin coaxial 5- and 10-mm
glass 1ubes with CD,NO, bet ween them 1o serve as reference and
deuterium field-frequency lock. Susceptibility effects are small, since
the volume susceptibilily of liquid HF is close 10 tha) of MeNO,. The
[NOF,){AsF;] measuremenis were made with a Bruker WP 60
spectromeler al 4.33 MHz. The natural-abundance PNH,F* spectra
were measured on 2 Bruker WH 180 widebore spectrometer operaling
al 18.24 MHz, wilh a sealed 1ube containing the CF,SO;H solution
and a coaxial S-mm lube comaining CDyNOQ,.
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nilrogen-15, 14390.06-6

{39) Paple, ). A Sancry, D.P. Mol. Phys. 1964, 8, 1.

U-5/U-6




E
?
3

Journal of Fluorine Chemistry, 22 (1983) 519 520 519

Received: September 28, 1982, accepted: November 17. 1982

APPENDIX V
ON THE REALITY OF POSITIVE FLUORINE

K.O. CHRISTE

Rocketdyne, A Division of Rockwell International,
Canoga Park, Calif. 91304 (U.S5.A.)

SUMMARY

Recent experimental data are not consistent with the postulate of

a positively polarized fluorine for compounds such as hypofluorites.

INTRODUCTION

In their recent paper on fluorination with positive fluorine,
Cartwright and Woolf commented [1l] on the marked reluctance by fluorine
chemists to accept the "reality" of positive fluorine. They cite as
evidence for this reality the weakening ofxfromatic carboxylic acids by
o- and p- fluorine substitution and t : CFSO-F polarity reguired to
explain fluorination reactions. Whereas their first argument is not
convincing experimental proof for positively polarized fluorine due to
the complexity of the system and the different possible electronic
effects, recent experimental studies show that in covalent hypofluorites
fluorine is not positively polarized,

RESULTS and DISCUSSION

For example, the addition of CEOBOF to the unsymmetrical olefin
CF3CF=CF2 produces 68% of CFBCF?_CFZOCEO3 and 32% of CF3CF(OC£O3)(‘.F‘3.
The direction and the rature of these addition products suggest that the
0-F bond in C2030F is not strongly polarized in either direction,
and that the direction of the addition is probably governed by steric
effects with the bulkier CF, group repelling the larger 0Ci05 group [2].
Similar results were found for rhe addition of CF30F to olefins. By
analogy with CROBOF, low stereospecificity was observed, and the

direction of the addition was again governed mainly by steric effects [3].

0022-1139/83/$3.00 © Elsevier Sequoiaf/Printed in The Netherlands
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Extreme electronegativities, i.e, electronegativities larger than
that of fluorine, have previously been postulated not only for the CF30-
and C2040- groups, but also for the TeF0- and SeFg0- groups [4-6].
However recent multinuclear nmr and Mossbauer measurements have shown

that fluorine is more electronegative than the Tero- group with the

latter having a value of 3.87 on the Pauiing scale (7]. This is also
supported by the results from the addition of TeF50F to olefins [8]).

which are analogous to those obtained for CE030F and CF30F.

Since flucrine is the most electronegative element it appears
logical that the addition of fluorine to a central atom of lower
electronegativity cannot result in a group which has a group electro-
negativity higher than that of fluorine itself. In the extreme case,
the addition of an infinite number of fluorines to a highly electro-
negative element might produce a group with an electronegarivity
assymptotically approaching that of fluorine. In the absence of
convincing experimental data in favor of a positively polarized
fluorine and in view of the existing experimental data to the contrary
[2,3,7,8], the postulate of a positively polarized fluorine should be
labeled 'misconception’' rather than 'reality’.

e e
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APPENDIX W

POSITIVE FLUORINE-REALITY OR MISCONCEPTION?

K. 0. CHRISTE

Rocketdyne, A Division of Rockwell International,
Canoga Park, Catif. 91304 (U.S.A.)

SUMMARY

Polar covalence theory arguments are presented against the
existence of a permanent positive polarization of fluorine in
heteronuclear X-F molecules and against the existence of X groups
having a higher electronegativity than fluorine itself. The
heterolytic fission of fluorine and the possibility of inducing
a positive fluorine dipole in X-F molecules with highly electro-
nezative X groups are briefly diccussed.

INTRODUCTION

Fluorination reactions with highly electronegative compounds are
frequently explained bty invoking a positive fluorine. 1In a recent
note [1]. this author took exception to the poStulxte of positive
fluorine by criticizing a recent paper of Cartwright and Woolf on
this subject [2]. In the preceeding paper [3]. the same authors
(C+W) summarized some arguments in favor of positive fluorine. Since-
the issue of a positive flyorine is largely a conceptual problem and
is not readily accessible to direct experimental measurements, a

speculative interpretation of the mechanism of poorly studied complex
organic reactions has 11ttle merit. A systematic analysis of this
problem therefore appeared more rewarding and 1s given below.




OISCUSSION

Definition o7 a Positive Fluorine.

A positive fluorine is the direct result of a transfer of electron
density in a covg]ggt X-F bond from F to ) resulting in the following
polar covalence X-F, where XF can be efther heteronyclear (X 1s different
3 from F} or homonuclear (Y equals F). If XF {s homonuclear, 1.e. Fs, One
3 tannot have a permanent but only an induced dipole. |f XF 1s hetero-
nuclear, one can have both a permanent and an induced dipole. It should
be noted that this dipole is not identical with the experimentally
measurable overal] dipole moment of the XF molecule due to other
factors such as Tone valence electron pair effects.

Definition of the Problem,

A

The issue raised by us in our previous critig
no experimental angd theoretical Justification for
- i

ue [1] was trat there is

the assumption of a
permament X-F polarity in a heteronuctear XF molecule.

e g

Therefore, unless
ing to this ssye.

stated otherwise, the following arguments will be referr

Theoretical Arguments.

The assumption of 3 peérmanent positive fluorine dipole in a hetero-
nuclear XF atom viglates the principle of electronegativity equalfzation
which was first published 1n 195] by Sanderson (4] and Proven correct by
Quantum mechanics in 1978 by Parr and coworkers (5] and in 1979 by
Politzer and Weinstein [6]. This principle states that when two or more
atoms unite to form a compound, theijr electronegativities become adjusted
to the same intermediate value within the compound. In other words, the

2
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different kinds of atoms become equal in electronegativity by unequal
sharing of the bonding electrons. This means that the more electro-
negative atom must acquire a negative charge and the less electro-
negative atom a positive charge. Since fluorine is without doubt the
most electronegative element, a heterog&g@ic X-F bond can be permanently
polarized in only one direction, i.e. X-F. This principle also rules
out the possibility that X qroups, such as CF30-, SeFSO-, or TeFSO-.
which consist of fluorine substituted heterocatoms of lower electro-
negativity can become more electronegative than fluorine itself [1,7-10].

Experimental Arguments.

Electrophilic substitution reactions are not a convincing argument
in favor of a positive fluorine. First of all, the mechanisms of most of
these complex reactions have not been established. Secondly, in these
reactions a strong electrophile attacks an electron rich center, and the
polarity of the bonds within the electrophile 15 of lesser importance
than other factors. In NF4+, for example, the nitrogen atom is coordi-
natively saturated. Consequently, NF4+ can attack an electron rich
center only through one of its fluorine ligands but not through its
nitrogen atom. The fact that NF4+ can undergo electrophilic sybstitution
reactions is therefore no indication for a posftively polarized fluorine.

On the other hand, addition reactions in which a polar X-F molecule
is added across a polar double bond, are capable of yielding information
about the polarity of the X-F bond. Several such studies have recently

been carried out using C1030F[11]‘TeF50F, and CF30F[12] and did not provide
any evidence for a positive flyorine in these hypofluorites.

One piece of experimental evidence for positive fluorine, cited by
(C+W) 45 the selective substitution at acidic hydrogens,
- H20 + -
; * Fp———==Na F" + FCH(NO,),

e.qg. Na+CH(N02)

Apoeer |
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(C+W) concluded that, if h

alf the fluorine becomes fluoride, by a simple
charge-talance

the other half must pe positive fluorine.
of this conclusion can easily be demonstrated by the foll
equation which would prove that the flu~rine in HF myst b

The shallgwress
owing analogous
e positive,

Lith 4 Fop———amLi*F" 4 f

Induced Polarization and Heter

clytic Fission of Fluorine.

Although oyr original critique of the
with the permanent dipole of a heteronucles
paper [3] requires same comment on the

paper by (C+4) was only concerned
r XF molecule, the preceeding
heterolytic fission of fluorine. 1f
electronegative and eventually

8 dipole moment decreases and

in XF molecules X becomes more and more
becomes F, the energy required to induce
the possibility of forming an induced Positive flugrine dipote increases.

Although the formation of NF4ASF6 was originally postulated [13] to involve
the heterolytic fissizn of FZ’

I 4, .
FNimom P F oo APy e E s,

subsequent studies [14-1€] have shown that the mechanism of this reaction
is more complicated, requires predissociation of F
formation of the NF3+

the hard Lewis base NF

2 and involves the
radical cation as an intermediate. However, 1f

3 s replaced by the soft base Xe, the following
reaction proceeds spontaneously even in the dark [177.

Xe + F—F + SbF, ———m yeF*shE, "

It is likely that this reaction is a rare example of ar actual heterg.

Tytic fission of fluorine and therefore Involves a Lewis acid - Lews

S base
induced polarization of fluorine. However, the possible existence of sych

W-4
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a reaction for homonuclear difluorine has no bearing on the formatiga
of a permanent positive fluorine in the heteronuciear XF molecules
discussed above.
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IODINE (VID
OXYTETRAFLUOROHYPOFLLORITE AND A
PROCESS FOR PREPARING THE SAME

The Government has rights i this invention pursuant
to Contract {or grant) NOOO14-19-C-0176 awarded by
the U.S. Department of the Navy.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates o fluonnaung agents and.
more apecifically, to wodine (V11) oavtetrafluorchypo-
fluonte and the process for its preparation

2 Descniption of the Prior An

The number of elements known 1o form stabie hypo-
fluorites 1s very imited They are known onhy for car-
bon, nitrogen. sulfur. selemum, fluonne. and chlonne
contatming compounds In addition. the unstable hypo-
fluorous acd, HOF, has been prepared However, no
1odine hypofluontes kad been known prior 1o this .
sention

Inctganic hypoflucrites are generally prepared by
the alkall metal fluonde catalyzed flucrination of the
corresponding oxvfluondes by elemental fluonne (Lus-
tig and Shreese. Adyances in Fluorine Chemistry, Vol
T, pages 175194 1973} In the cast of iodine com-
prunds. this method does not lead to the formation of
1wdine ks poflucrites. a« demonsirated by extensine ex-
periments in the imventors’ labatator

Recent work in the inventors” laberatory has resulted
i an aliernate saathen: methad for the hypefluories
FOC!W: and FOSO:F It wa foend that the

NFa-ClOy- and NFa-8O:F- sahts, which were o

10

13

20

by

latzd from a metsthencal reaction of NFiSAF. with -

CCIC: or GSORF nosnhadreas HF solunen, on ther-
ma! Qecrmooation yvield the corresponding hapatiuoe-
es FOCIO. and FOSO:F However, applicouern of
1his approach to Cs1Cy faled because IOy interacts
with HF to grve flucninated products, as demonsiraled
by Selig and cowerkers JJournal Inorgani Nuclear
Chemusiry, Supplement. 91 197¢) Furthermoie, it was
shown by the mventors thay o= 1F40:-. when dis-
solved in anhadrous HF undergoes salvolves 1o pro.
duce Cs- HF:- and HOIF.O)

SUMMARY OF THE INVENTION

Accordn.gly, there 1 providecd by the present inven-
uon 1adine (VI oavierrafivorohvpofluonte (FOIFLO)
and a process for prepanng the same The interaction of
CoIF.0: with NFaShF, 1n anhvdrous HF results 1n
solunons conuning NFo-. HF:- . and HOIF.C. On
standing or when pumped to dryness. these m:atures
decompose 10 yield NF: and the new compound
FOIF.O in igh yield The latter compound is the first
known example of an 1o0dine hypofluonte

OBJECTS OF THE INVENTION

Therefore, 1t 15 2n object of the invention to provide
a fluonnating agent.

Another object of the invention 1s to provide a high-
density oxidizer for pyrotechmcs.

Yei another object of the present invention is to pro-
vide a compound capable of introducing fluorine into
drugs

A further object of the present insention s 1o provide
a process for prepaning 10dine hypofluontes

X-2

40

45

(1]
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Onher objects, sdvantages, and nos el features of the
“present invention will become apparent from the fol-
lowing detailed description.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

In view of the previous ar, it appeared very unlikely
that any iodine hypofluorites could be prepared Direct
fluorinations with elemenwal fluonne do not produce
hypofluorites, metathetical reactions of 104- in anhy-
drous HF are umpossible because 104~ chemically re-
acts with HF 10 give other products. and the synthesis
of an NF4~IF4O;- sait was not possible due to the
solvolvsis of 1F402~ to give HOIFO.

Surpnsingly, it was now found thai the product from
2 low-temperature  mewathetical reaction  between
NF:SbFyand CsIF4O;in anhydrous HF solution. when
warmed 10 ambient temperature, produces an 1wd:ine
hypofluonte in high yield The fiest step of this reaction
v alved the follnauing resction

SEsoFe - utfe0, —HE—>

C\SNFC¢-‘ HOR D - SFiHF:

The CsStF precipitate could be easily filtered off 2t
~*%' C 3nd Ramar and F NMR spectoscopy of the
filtraie showed the presence of NFi- and HOIF.O)
witk no evidence for the IF4O: - anicn Thivis mnagree
meat with the above results for ClF.0: whick gemen:
strated that MIFLO: salts undergo solvoiysis :noanhy -
drous HF accotding to

AT, - LHE =MHE . HOtFo0

Raman and F NMR opecta showed that these NFUHF ;-
HOIFL0 cortaining HF selutions are unsiable at room
temperature and ~lowly decompose 1o NF;: and 2 new
compound denitficd as a misture of civ and trans
FOIF.O

ul 0
i=0_|F N
FTIE FTE
£ O~F
(419 rans

A1 the same time. the relauve iniensines of the NFi-
ané HOIF O signals decreased accordingly When the
HF solvent was pumped off at — 30" C from a freshly.
prepared NF4HF :-HOIF4O sciution. a white sohid res-
due was obtained. The low-temperature Raman spec-
trum of this sohd showed the presence of the NFq-
cation. but the remaining bands were too broad to per-
mit a positive disunction between 1F4O:-, HOIF O
ani! possibly some HF,-.nHF. The new compound
FOIF4O was obiained tn high vield by decomposing at
rocm temperature this thermally unswable solid, with
the by-product being NF; Since the same products
were obtained from HF solutions which, based on their
F NMR and Raman specira. contained only HOIF,O
but not 1JF4O:—, 1t appears thar FOIF 4O is formed by
fluonnanion of HOIF4O by either NFa= or nascent
flucnine formed during the thermal decomposimon of
the marginal!y siable NFo~ HF:~ .aHF.
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By way of exampic and not limitation. the following
synthesis of FOIF4O is given. In a typical experiment,
CslF4O32 (5.0 mmol) and NF4SbFs (5.0 mmol) were
placed in a Teflon-FEP metathesis apparatus and anhy-
drous HF (5 ml liqwd) was condensed in at —78° C.
The mixture was stirred for one hour at room tempers-
ture. The apparatus was cooled to —78° C., invened
and the white precipitate was separated from the solu-
tion by pressure filtration. Most of the HF solvent was
pumped ofT over several hours sl temperatures ranging
from — 64" to — })* C. The resulting white solid residue
was zllowed to decompose during slow warm-up from
—30° C. to ambient. The volatile producis were passed
through & Teflon U-trap containing passivated NaF
pellets., followed by a senes of cold traps kept at — 78°,
-95*, ~112" and ~210* C. The - 89" C trap con-
tained a small amount of unidentified material which
was discarded. the —95° C fraction consisled of pure
FOIF.,0O (2.3 mmol), the — 112° C. trap had 1.69 mmol
of FOIFQ contaimng 3 small amount of IF+«O as impu-
rily, and the contents of the —210° C. trap consisted of
NFi(4 0 mmol). A small amount of white solid residue,
which was left belind afier the thermal decomposition
of the filtrate was shown by vibranional spectroscopy
to consist mainly of trans-CsiF40;. The filier cake (1.8
g) was wdentified by Raman spectroscopy as CsSbFy.
The —95" C fracnon was used for the characterization
of HOIF O and was shown by vibrational and F NMR
analysis 10 be free of 1FWO.

For the elemental analyus, 2787 mg of the material
was condensed at — 196° C.ante an ampule containing
12mlof frozen 1 N NaOH The minture was warmed (o
ambicnt temperature for twelve hours and then ana-
Ivzed for toial 10dne by energy dispersive X-rav fluo-
rescence spectrometry. for 104 by odomeinic tira-
tion, for base consumption by back titrauon with 0.1 N
HCI wsang a pH elecirode and for luoride by utration
using La(NOh): and an amon specific ion elecirode.
Anal calcd for FOIF,O ), 49.98; F, 37.42, OM- con-
sumed, 6 0 equiv/mol. iodometnc titration, 8 0 equiv/-
mal, assuming the following hydrolysis reaction:

FOU 0 - sOH =[O0, S« ¢ 8 Oupi- 34,0

Found- ). 50.0, F, 36.0. OH~ consumed, 6.1 equiv/mol,
iodometric titration, 7 8 equiv/mol

Obviously, many modifications and varations of the
present invention are possible in light of the above
teachings. It is therefore to be understood that, within
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the scope of the appended claims, the invention may be
practiced otherwise than as specifically described.

What is claimed and desired to be secured by Letters
Patent of the United States is:

1. A compound having an empirical formula which
consists essentially of FOIFO.

1 A compound having an empirical formula of
FOIF O which comprises a stereco-isomer selected from
the group consisting of

o
F-o_|F
£ IF

F

(4 Y

and
(2]
FLLF
F7IF
O—F

trans

and mixtures thereof.
3. The compound of claim 2 wherein one sierec-iso-
mer has the cis structural form»la compnsing

0
F—o_j_F

7 E
F

4 The compound of claim 2 wherein a second stereo-
isomer has the trans structura) formuls compi:sing

o]
F_iF
F7IF
O—F
8. A process for preparing FOIF4O, comprising the
sieps of:
metathetically reacting solutions of NF¢SbF, and
CslF40; in anhydrous HF;
removing the CsSbF, precipitate and HF solvent; and
thermally decomposing the filtrate residue.
] 2 » L] L]
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157 ABSTRACT

The peroxonium salts, HyO; + SbeFy —, HYO; < SbF,
and H3;O;+AsFe¢~, are prepared by protonation of
H;0; in anhydrous HF solutions of the correspanding
Lewis acids. The salts decompose producing the corre-
sponding H3O+ salts and O;in the temperature range of
from 20* to 50° C. and thus are useful as oxidizers in
situations where the production of oxygen in the
20°-50" C. temperaturc range is desirable. The salts also
provide a convenient means for storing H:O; in a soiid
form.

3 Claims, No Drawings
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1
PEROXONIUM SALFS

BACKGROUND OF FHI ENVENTHON

I Tield o the Fovention

Ilas ivenion relates o perosvcmum salts and o
nwihoed tor their preparation.

D Beseniption of the P'nor Aat

Marerals which will produce O at relanvely low
temnperatures are i demand or eaample. such s maie-
rat coull be used to produee ovagen for use in manned
spai e velicles aind the ke simply by placing a quantity
of the matenal in a heatable contauner and heating the
material when owgen production was devired

HAO: v avery useful producer of molecular oxy gen
fFor example, 1t 1y naed 10 generate exeited ovygen for
use 1 chemiacal laserss Also, s used as 2 monopropel-
lant m hquid rowker engines. However, 1t has o draw-
hack in that it 18 difficult 10 handle. I ccadily undergoes
autovatalviie decompostion. Accordingly, it would be
conmy emicnt if thas matenal coubd be stored in a stahle sah
form

SUMAMARY OF THE INVENTION
Accordg to this invention, the fira Awown peros.

oninm salis are prepared. The salis are 1102« ShFy |, 2

H):-ShFe  and HO:* Asl’y . The salts are pre
pared hy protomation of He(: 1in anhydrous HIF solu-
nons of the corresponding d.ewis acids. The salts may
be used 10 produce oaygen by heating them: to a temper:
ature 1n the range of from 20° 10 50° C whercupon they
decompose producing the corresponding 1H) salis
and (. The sahts also provide a convenient m-ans for
storing 41:0z 10 a sohd form.

DESCRIPTION OF THE '"REFERRED
EMBODIMENTS

The following specific examples describe the prepa-
ration of the three perosonmm salts of this invention.

EXAMPM E |
PREPARATION OF HO: Ank,

The Lewis acid. AsF« (15,39 mmol) and anhydrouws
HF (50.76 mmol) were caomhined at - 196° C. in a pas-
sivated Teflon-FEP ampule equipped with a valve, The
misture was allowed 10 melt and homogemze. The
smpule was then 1aken 10 adrybox and H:0: of 99.95%
purty (15.29 mmol} was syringed i at — 196" C. The
ampule was then transferred hack 1o the vacuum line
and evacuated at — 196" C. ht wasthen keptat - 78° C.
for 2 days 10 allow reaction. Afier this perind, no evi-
dence was found for matcrial noncondensible at — 19¢°
C., te., there was no cvidence of Os evolution. The
mixture was then (after 2 days) wzrmed 1o — 45" C. and
a clear solution resulied. Material volatile a1t — 45° C.
was removed by pumping for 10 hours and was col-
lected at —196° C. A while solid residuc resulted which
was marginal sighility at ambicnt temperature. On the
basis of the observed matenal balanc : (weight of 15.2%
mmol Ha(): + AsFy - caleulated: 3.423 g; found: 3.47 )
the conversion of HeO:210 ;0 * AsFe— was complete
within experimental error. The compound was shown
by infrared and Raman spectroscopy te contain the
Hi0; 1 cation and the AsF¢— anion.

EXAMPLE H
PRKEPARATION OF H:0;t Sht,—
Antimony pentafluoride (27.96 mmol) was added ina
dryboa to a passivated Teflon 'EP U-tube equipped
with two valves and a Teflon.coated magnetic stirring
bar. Avhydrous HF (522.9 mmol) was added on the

{4

k.t

50

65

-

-

vacoum line gt B O and the mivwe was homoge-
meed by ung w0 20 C bn the divbon, hvdiogen
perovde L2797 mmol) was ssimged mito the Uinbe at

19 & The cold tube was nansfened baca o the
vacuun hine and wos evacudied The tube was warned
from 197 C to T8 C for 1 hem woh agitaton
which resulted v the formation of 4 finey divded
whnte sobd, suspended i the iigud $H7 When the ana.
Tute was warmed 10 20° C . the whie solud completely
dissolved. No ogas evolubon was obsenved durmg the
enhire warm-up operation. ad o noncendensable na-
tenal could be detecied when the mivure was cooled
again 1o - 196" C The HIE sobvent was puinped T m
- 22" C. for Y hours resulting in 7 566 g of 3 white sohd
{(waoght calculated for 27.96 mmol of
Ha: - Shiy TAM gy wable w 200 C The com-
ponnd was shown by vibranional spectrascopy ta bhe
composed of 1302 ¢ canons and SbF.  anmions Adde
nonal support for the composgion of the product was
vblained by alloming o sample of 1O Sble 10 ther-
mally decampose at about 45 C This decomposition
produced s and the knowo H:08hE,  <alt i almost
quantnabive yield.

EXNAMPHE I
PREPARATION Ol Hi O: © SheF

The synthesn of this compound was carnied out in a
manner identical with that descnbed above for the
preparation of 1:0:* ShF . except for using an exces
of Sbi« Thus. the comhination of ShF« (14.83 mmob),
HF (307 mmol} and 1H:0: (6.3 mmol) produced 3,581
g of a white solid (werght calculaied for 6.83 mmol of
1102+ Sbly 1 178hh«- 1581 g} stable up 10 about
50° C. The compound was shown hy vibrational and
NMR spectroscopy 1o contan the 1Oz ¢ cation and
SheFj)  as the pnincipal amon.

Allof the aboy ¢ peroxomum sahs decompose 10 form
03; and the corresponding HiO -+ salts at icmperatures in
the range of frem 20° ta 50° C. Thus, 10 use the salis of
this inveation 1o produce O: one may heat them to a
temperature with the stated range.

A has been indicated above, the salts of thiv inven.
von also provide a meams for stoning 11:03; 1n a sohd
form

What 15 ¢clamned 1s:

1. A peroxonium salt having the formula HQhr o X
wherain X - 15 selected from the group of amens hav.
ing 1he formulas ShFy  and A<F, .

2. A methed for preparing a sohd salt having the
formula H:0:*'X  wherein X~ is selected from the
group consisting of SbF, . said method comprising the
steps of

A. dissolving a Lewis acid selected from the group
consisting of AsF< and ShF« in anhvdrous HF 10
form a solution;

B. adding H:O2in an amount equimolar 1o that of said
Lewis acid to the solution 10 form a reaction mix-
ture; and

C. allowing the miature 10 react to form a sahd salt.

3. A method for preparing a salt containing H:0; ¢
cations and Sb;F1 * anions, said method comprising the
steps of:

A. dissolving SbFs in anhydrous HF to form a solu-

tion:

B. adding H)O; 10 said solution to form a reaction
mixture, said H20; being added in an amount cal.
culated to provide an excess of ShFs in said reac-
tion mixture; and

C. ailowing the mixture to react.
* L) . ’ L]
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STABLE NF.- SALT OF HIGH FLUORINE o __ TABLE Inoninued
CONTENT T rtaca' Flonae Yuite (o the ke of WNF) and Fal af

DEDICATORY CLAUSE

The mventor deacnbed berein wes made in the
coune of or under & contrass or subcontrast thercunder
with the Government, therefore, the myventoe de-
scribed herein may be masufactured, wsed, or boemsed
by or for the Government {or governmental purposes
without the payment 10w of any royzlue thereoa

BACKGROUND OF THE INVENTION

i Fuxld of the Invention

Thes wvennorn relaio 10 2 coxnposithoe of marer and
2 mothod of prduang the ame and 8 parbeulardy
ditecied to mmpreved solu! propellant NFyF; gas gen
cuton and huigh det~ubor prevure exploive

2 Deonpiexe of Prior Ant

NFe* maltu arc the ey egedenu for slxd proped-
tant NFy—F; pus gencnaons o shown by D Plgovect:
o US Par No 193,21 Thex propeliann comsst of
s highly overondized gram smg NF.¢ salu ms the
o1dizer Buming these propellant with a2 wmall amount
of fucl. suck & alumunum, powder, generaia suffwaent
bes! W0 thermally dmsocaste the bull of e ondue
Thn o shown w NFBF. e the following eguston

WY BF=-NF )+ F, « B,

As car be seer from the oquaisx the gasemn oo
bor products conwur the voutk Lews anl BF ) Tim
drotvamaagze of 8 voltike Lews sad by-produst
thered by mary o the provaoaaly wnowt N~ compes
sinoma These volaide Lewy ads pomsens 8 relatvely
high-molecular weigh: and o bow 7 value (7= Cu/Cal
relatrve to the preferred diuen: hebum snd frequently
act o 2 deastvaior for the chemucal HF-DF laser Coo-
sequently, these volatie Lewn aods must be removed
from the generaled gas poor o s ose T ar Micent
chemica! laser Based oo the gale of the st thn =
acheved by adding » clmler formmng agent soch oy
KF, 10 the sobd propeliant formelator. The functe of
ths addiive serves Lo conver: the volstile Lewn acd,
such iy BF3. t0 2 non volatike sall as shawe by the fol-
lowng equaton

RF+ BF,-KBF,

Ir addivon, severa] NFo* compositions are known
whick are based on selfclinhening NFo* 1alts s shown
by K O Chrste et al m US Pat. No 4,17LB84 The
theoretical fluorine yields achicvable with the presently
known NF¢* sl are summanized iz Table I

TABLE I

Meeorrtacs’ Fluorme Yeelds (7 the form of WF) sad Fylof
Presewtly Kiorwws NF° Sahs Belort Burmmg

THEDRETICAL F,

RANK SYSTEM »T PERCENT
] (NFaNFy L 1)
2 {NF4h5aFg 0
3 (NF 5 TiFy14KF »3
4 NF BF, 1 2KF M
L (NFo=GeFy 1 4KF e
[} NF JS5aFy Ja
7 NFJPF, 1 3KF 1n2
[} WF oloeF, 1 2KF o
’ WF AxFg 1IKF 3
10 WFeSoF,  2LF 40

10

4%

53

Prracnty Rmvwn NF® Sats heliwe Burming
THEORETICAL F,

LANK SYSTEM WT PERCENT
LE] WFBJ 12 hF 102

As can be secn from Tabic 1, the self<linkering
(NF R NiFg ualt gives by far the bighest fluorine yield.
Unfortunately, the thermal sability of (WNFi) NiF 4 (See:
K O Chrste, Ioorg Chem 16, 2234, 1977} 8 insufficent
10 pass the requirements of boog terir stability tests

Apothct potentiel spphaanoe for energetic NF*
wls » thear we & hiph dotonabon pressure explosives
» docleed i@ 3 recont]y mued peient ttled “High
Doora e Presure Eaplosrves”™, (for addivona) sfor.
mesx see US Pri No 4207124 dated Jure 10 1983
by Kot O Chrote, oo of the co-mnvenion of the i
an i oeenisoo)

Agai, the mos encrpeud NF4* salt ve (NFoNg
has the mapor drewbecy of imsuffunent therma! gabilty
L mert boog Lo moradility requirements

The above dicinton dermonsiates that the prar an

< provaded cither s bupb performing NF, * salt of msuffh-

arr. therna! statalily or Jow peforming NFe* malo of
et thermal sabiity However, an NF ¢ mh
crnombrung both high ener gy and good therma! suatulny
has previonaly beer oninowr

Ascoedizg'y, £ w ar chpes of the present invenbos
o proade s high performung WF* b of 2 thema)l
ety uTaen W meet kwg wr sahility require
[ 921

Another obwect of the present irv enpom 13 o provade

5

- provess for the producuos o such e hugh pesiormung

sable NFo* st

These and other obects and features of the present
mrention will be apparen: from the caampies st fortk
hereinbeios It s undermood, however, tha! these ex-
arcpees are merehy thstranve of the mvennon and
should bt be conndere? as briimg the yenbor m ALy
o

BRIEF SUMMARY OF THE INVENTION

The shove descnibed problem of obtining an NF¢+
sal: which combnne both hugh energy and good ther-
ma' gatalily B overoome by the present myvenoon. We
bave found tha: the oew covnpesuoe (INFo:MaoF, oot

B LT I Rl e, s L @ o b
[V RL S ¥ § I R Tt otz fluomne oomien) of W00

weght percent, bot gl possones the therma! stabiliy
requred for Jong term storabilty Thi salt & prepared
by the metathebcal reaction of Ca;MnFy with NFSbF,
v anhydrous HF 2s 3 solvent

DETAILED DESCRIPTION OF THE
INVENTION

Prepanyvon and Perificanion

In the M simesphere of 2 dry bos 2 mitture of
NFLSbF¢ (3729 mmol) end CazMnF, (18.53 mmol) was
placed o the bottom s prepassivaled Tefloo FEP
double U-tube mewathess apparatus Dry HF (20 m)
Biquid) was added at ~ 78" C on the vacuum hine, and
the muxture was warmed to 25° C for 30 min -with
srmng The mesture was cooled o — 78 C. and pres-
sure filtered a1 thy teoperature. The HF solvent was
pumped off a1 30" C for 12 bours. The white filtercale
(14 g weight cied for 37.] mmol of CaSbF,= 117 g)
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was thown by Ramzx v rroscopy 1o consist mainly of
CiSbF, The yellow filtrate reaidue (6.1 g. weight cled
for 18.9 mmol of (NFihMnFe=6 46 g) was shown by
elemental analyzis 10 have the foliowing compostion
(waght %) (NF.:MoF,, 9127, NFSWFe 427,
CaSHF, 4 46 For the clemental srulysis, 3 sample of
(NFanMeFg sas hverload 2n H70, and NF; and O
evolution was theavured by PVT and gas chromatogrs-
pby, and Cx, Sb, and Mo m the hydrolysate were deter-
mined by atomic abeorption spectroscopy. Anal Caled
for (NFouMaF, 9127, NF.SOF, 427, QaSoF 4 4
NF), 3007, Mn, 1437, Sb. 107, Cx. 1.61. Found NF,,
378, Mo, 145, Sk, 110, Oy, 1.62 Punification of the
sample & accomphihed by using well extablished re-
crysadlizaboo techraques.
Solubitty mnd Reactivity Proportes

The (NF:M=oF, sahi & a yeDow, ‘crystallmic solid
which i highly soluble i anhydrows HF. At 24° C i
solubribity eaceeds 130 g per g HF. It 8 stable at room
tanperature and, m the abaence of fueh, 1t u pot thocs
senmtive. With waler a violen! reaction occuns. By aoal-
ogy with the othet known NF(* salu, the hydrolyss
was found to reszh in quantitative NF) evolution and
therefore, & 8 mefu! anatyuca) methed. The hydrolym
alo produced oxygen i 8 NF3:0; mole rano of 33 in
excxlicn’ agrecmer: wh the followmng equabon

SONF 0y MaF, - KOH2O—ENF 5= X+ XHF « 40
aFy

Stehilty ang Thema Decomposivon Rate

A1 6% C, (NFarMnF, appears 1o be suable, but at
abou! 100" n starw 10 dloa |y decompose J1s decompon-
bor rale in a spphire resctor was monitored by owl
pressure measurements ove the temperarure range 1007
o 1M C Excepn for a shghtly faster mate during the
fin: 20 mmutn, the decomposibon pressures moreased
approtimately hnearhy with tome a2 100" C A0 130 C
the rates shghily acoeieraiad with increaming tme, bow-
ever, thit rate mcrease was quie small At 100" C
0.17% of the sampie decomposed in 17 bours, whereas,
a1 1307 C 066 of the mample decomposed in the same
tme The gasevi: decompomuoa producy consisted of
NT. end F.m s mot fana ol about 1 to 12 For identifi
canor of the 2.2 ressdue » sample of (NFopMeFiwa
complaiely decomposed 3 dynamic vacuum at 240°
C. Based on ns weight, X-ray powder diffraction pal-
tern and mauve color, this residue was wdentified a3
MoF3; Consequently, (NFyhMnFgdecomposes accord-
ing to

ANF MoF —4NF;+ 5F; + IMeF;

A companson with the decomposition data previously
published for (NF4 1 NiF shows that the thermal sabil-
iy of (NF{zMnoF¢ 4 significantly kigher than that of
{NFNiF, which in 6 bours at 100" C exhibited 9%
decomposition.
Crysullographic Data

The X-ray powder diffration pattern of (NF pMnFy

is listed in Table 2. 1t was indexed for » tetragonal unit

L

43

34

0

(1]

4
cell with am690 A, c=923 A, Zm2, spacx group
14/m, and a calculsied density of 2.64 g cm -3,

lonic Nature By NMR Spectrum

The wonic nstare of (NF4):MnF, in HF solution was
aublished by s 1'F NMR spectrum which was re-
corded over the temperaiure range =20 to —-75°C It
showed at all temperaiures & broad resonance at ¢ ~ 2118
(downtield from external CFQOl) charmacierstic of
NF.+. The lack of observablke NF spin-spin coupling.
generally seen for tetrahedral NF4* s attribuled W the
influcroe of the paramagnetic MoF¢? - anioo which can
provide rapid relasation

TABLE 2
X-22y Powder Daffracnor Dau of (NFo) MaFy
dobed bm dokdl  feobed b o ciag
9.3 L 15 ¥ ¢ - tns
3 ) 143
1 ' 11 ™ - [ By b1
v - 1 1L.TH e 1.7
1l - 141 L&TY L 14N
18 - 1M (¥ Y - ¥
1Y = 1% 1A mw 14
18 [} ( un 1542 - [ 3]
i1m
108 ww 108 13M - 13M
[ vw 1Y) LAk [ 1.487

0y 1, mdmeos ad N B

The »=iuc pature of (NF hMoF in the sabd srate was
esir olnhed by o vibroons! specos whick exhibat the
brads characierote é NF* £ad MoFg?-. The ob
served vibratiooa! frequencaes and their ssognments are
summarged m Table 2

TABLE 3
VIBRATIONAL SPECTRA OF SOLID P‘Tﬂi"h_
Ohond treg, cm = °,
and el mbom Ase purnewt {pewm groap)
m Ramar NF.* (T4 MaFy - - Oy
23 Hovw s + E+ Fp
2w n + wF)
T vw a1+ A+ E+ F)
bt » + wFy)
12 lww dA; + E+ F)
o + wlF)

110w w(Fy
1110k w -+ wiFp, + Fut
ou i ve e+ udF + F)
91w v + wFiy)
Aure idm wrlA)
Talad
b w4+ wilFy, + Fo)
[+ wiFy) w(F )

Ml vi(A g
N OOm wKEg)
e 430w wxE)
E3TH wl(F 1)

e viFyy

Obviously, Dumerow variations and modifications

may be made without ing from the present inven-

tion. Accordingly, it should be clearly understood that
the forms of the present invention Jescribed above are
illustrative only and are pot miended to himit the scope
of the present mvention.

We claim:

1 The sall baving the formuls: (NFoh:MnFe and
characterized by having good thermal suability in stor-
age.
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