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“ INTRODUCTION .
-

This report covers a 12-nonth pericd and describes Rocketdyne's e’forts in the

area of halogen chemistry. As in the past yvears, our research was nept diverse

and covered areas ranging from the exploration of new synthetic methods and the
syntheses of novel compounds to structural studies. As in the past (Ref. 1) we

have summarized completed pieces of work in manuscript form suitable for publica-

e

tion. Thus, time spent for report and manuscript writing is minimized, and wide-

spread dissemination of our data achieved.

.

During the past 12 months, the following papers were published, submitted for pub-
lication, or presented at meetings. All of these arose from work sponsored under
this program.

PUBLICATIONS DURING PAST CONTRACT YEAR

Papers Published

1. "Vibrational Assignment of SF4,” by K. 0. Christe, W. Sawodny, and P. Pulay,
J. Mol. Spectrosc., 21, 158 (1974).

2. '"Halogen Fluorides," by K. 0. Christe, International Union of Pure and Applied
h Internat. Congress, 4, 115 (1974).

Chemistry, Proceedings of XXIV

3. '"Cesium Bis(perchlorato)bromate (1), Cs+[Br(0C10 “," by K. 0. Christe and

3]
C. J. Schack, Inorg. Chem., 13, 1452 (1974).

4. "Reactions of the (CF3)2N0 Radical with Strong Oxidizers," by K. C. Christe,
C. J. Schack, R. D. Wilson, and D. Pilipovich, J. Fluor. Chem., 4, 423 (1974).

5. "Trifluoromethyl Perchlorate-Preparatica and Properties," by C. J. Schack,
D. Pilipovich, and K. O. Christe, Inorg. Nucl. Chem. Lett., 10, 449 (1974).

6. "Trifluoromethyl Perchlorate, Infrared and Raman Spectra," by C. J. Schack and

K. 0. Christe, Inorg. Chem., 13, 2374 (1974).

7. 'Halogen Nitrates," by K. 0. Christe, C. J. Schack, and R. D. Wilson, Inorg.
Chem., 13, 2811 (1974).
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10.

11.

"Reactions of Ozone with Covalent Hypohalites," by C. J. Schack and K. 0.
Christe, lnorg. Chem., 13, 2378 (1974).

"Halogen Perchlorates. Reactions with Fluorocarbon Halides," by C. J. Schack,

D. Pilipovich, and K. 0. Christe, lnorg. Chem., 14, 145 (1975).

"An lmproved Synthesis of FC10,," by K. O. Christe, R. D. Wilson, and C. J.
Schack, lnorg. Nucl. Chem. Lett., 11, 161 (1975).

"Est Study of Oq+ Salts. Influence of ~ ._al Field Effects and Relaxation,”

by I. B. Goldberyg and XK. O. Christe, lnorg. Chem., 14, 152 (1975).

Papers in Press

12.

14,

16,

17,

18.

"Vibrational Spectrum and Force Constants of the XeFS+ Cation," by K. 0.

Christe, E. C. Curtis, and R. D. Wilson, .. Inorg. Nucl. Chem.

"Titaniun Tetraperchlorate and Chromyl Perchlorate," by C. J. Schack,

D. Pilipovich, and K. O, Christe, J. lnorg. Nucl. Chem.

"Chlorine Oxyfluorides,” by K. 0. Christe and C. J. Schack, Advances lnorg.

Chem. Radiochem.

"The NF3+ Radical Cation. Esr Studies of Radiation Effects in NF4+ Salts,"
by S. P. Mishra, M. C. R. Symons, K. 0. Christe, R. D. Wilson, and R. I,

Wagner, lnorg. Chem.

"The BrF6+ Cation. Infrared Spectrum and Force Field,'" by K. 0. Christe
and R. D. Wilson, Inorg. Chem.

"The CF3O' Anion. Vibrational Spectrum of an Unusual CF3 Compound," by

K. 0. Christe, E. C. Curtis, and C. J. Schack, Spectrochim. Acta.

"On the Existence of Several New ONF Compounds," by K. 0. Christe, Z. Anorg.
Allg. Chem,

R-9662
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Papers Presented at Meetings

15,

20,

"The CF.0" and BrF6+ Ions and Novel Onium Salts," by K. O. Christe, C. J.

Schack, R. D. Wilson, and E. C. Curtis, 5th European Fluorine Symposium,

Aviemore, Scotland (September 1974)

"New Energetic Halogen Compounds,” by K. 0. Christe, Invited lectures at the
University of Southern California and the California State University, Los
Angeles (1974}.

R-9662
5/6




DISCUSSION

PROTONATION STUDIES

-

During studies of the controlied hydrolysis of Brf, MF,”~ (M = Sb or As) in HF solu-
tions, stable white solids were ottained in high yields., It was shown that in-
stead of the expected reactinn

+ 4HF

. *uo -
BrFg + 2H,0 + MF. » BrO, MF

5 6

the following reartion teok place

HF + Hy0 + iR = I{SO*MFG’

These novel oxonium :alts were thoroughly characterized by elemental analysis,
material balance, infrared, Raran, and nmr spectrosccpy, DSC, and X-ray diffrac-
tion. The results are summarized in Appendix I. A crystal structure determina-
tion of these interesting compounds will be carried out in collaboration with Dr,
Charpin of the French Atomic Energy Commission using their neutron diffraction
facilities, The extraordinary therinal stability of these oxonium salts suggested
the possible exisience of other onium salts previously believed not to be able to
exist. Consequentlv, tlc protonation of the following molecules was studied:
NF;» SHFZ, HCl1, st, and Xe.

For H,S, the stable salt H35+SbF6' was isolated and characterized (see Appendix J).
Although alkvlsulfonium cations have been known for many years and are important
industrial chemicals, this is the first synthesis of a salt containing the parent
sulfonium cation. This salt should be a uscful chemical, For example, it can be

used as an H3S generator according to:

+ - + -
HSS SbF6 + H20 + H30 SbF6 + st

In the series of fluoroammonium cations of the composition NHnF+4_n, previously
only the NF," (Ref. 2 through 11), NHGF* (Ref. 12 and 13), and NH,* (Pef. 14)

/




cations had been known. It was of great interest to establish the stability of
the missing two cations, i.e., of NHF3+ and NH2F2+, because a reasonable stability
of these ions would suggest that NF4+ salts might be synthesized by direct fluor-
ination of NH4+ salts, 1t was found that NH2F2+ salts do indeed exist and are of
marginal stability at room temperature. The characterization of these salts was
slow and tedious, because these salts behaved as true derivatives of the treacher-
ous difluoramine. I spite of numerous unpredictable explosions, we succeeded to

characterize well tle NH2F2+SbF6' and the NH2F2+A5F6 salt. These results are
sumnarized in Appendix K. The decomposition mode of these salts was briefly studied
(see Appendix K) since these compounds might be suitable starting materials for HF
elimination lasers. For NF3: no evidence for protonation was found at tempera-
tures as low as -78 C. Furthermore, attempts to fluorinate NH4+A5F6' in HF solu-
tion with F, in the temperature range -78 to 25 C did not produce any fluorcammonium
cations (see Appendix K). A direct synthesis of fluoroammonium salts is extremely
desirable for the following reason. The NF4+ salts are the most promising mater-
ials for solid propellant fluorine generators for chemical HF lasers, but a cheaper

production process is required to make their use economically feasible,

The protonation of HC1 in HF-SbFg solution produced the unstable salt H2C1+SbF6',
whereas Xe showed no evidence for protonation at temperatures as low as -78 C,

For mere details see Appendix J.
NITROGEN FLUORIDES

In view of the importance of NF4+ salts for solid-propellant fluorine atom genera-
tors, a significant percentage of our effort was spent in this direction., The
NF4+ salts were discovered by one of us under an ONR contract at Stauffer Chemical
(Ref, 15). The concept of a tfluorine atom gas generator, based on NF4+BF4", was
developed at Rocketdyne (Ref. 16). Under this program (Ref., 7) a new synthesis
for NF4+ salts, using uv-photolysis, was discovered. This method is being devel-
oped at Rocketdyne on an Air Force contract (Ref, 17) into a process suitable for
the production of NF4+BF4" in pound quantities. Since the Air Force contract is
strictly limited to NF4+BF4_, we have explored under this program the synthesis
of NH4+A5F6' and other novel NF4+ salts,

R-9662
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1t was found tha* very pure NF4*A5F6' can te prepared by uv-photolysis at -196 C

in a small quartz or steel-sapphire reactor at a rate of ~1.3 g/hr. Since BFj3

mighit possibly behave as a deactivator in an HF laser, we have investigated the
synthesis of novel NF4+ ralts containing other suitablie anions, Using our low-
temperature uv-technique, the new salt (NF4+)2 GeF¢ ~ was synthesized and identi-
fied by vibrational spectroscopy. This salt is expected to be an ideal F atom A
generator candidate, 1ts full characterization wiil be carried out during the
current year and complete data will be given in the rext annual report in manu-
script form. For the characteri:ation of (NF4+)2GeF6", a better knowledge of the
GeFg ~ anion is required, For this purpose, the salts (N0+)ZGEF6—- and (_02+)2

GeFﬁ" were synthesized and are also being studied,

The mechanism by which NF4* salts are formed and decompose (Ref. 7) are of great
importance for our understanding and the development of improved NF4+ syntheses,
Consequently, we have studied in collaboration with Prof, Symons of the University
of Leicester, England, the decomposition of NF4+A5F6' under the influence of y-
irradiation. It was shown by low-temperature esr spectroscopy that NF4+A5F6'
decomposes to yield the NF3+ radical cation in addition to a second slightly less
stable radical, which is believed to be AsFﬁ'. These decomposition studies sup-
port the mechanism, previously published by Rocketdyne (Ref. 7)., A detailed re-

port on this study is given in Appendix B.
NITROGEN OXYFLUORLDES

Sicre and Schumacher from Argentina have recently reported (Ref, 18) the existence
of three novel nitirogen oxyfluorides (i.e., FONO, NF302, and an unknown)., In view
of their potential as oxidizers, we have examined Schumacher's claim. 1t was found
that the reported compounds actually are the well-known HONO,, FONO;, and covalent

N9Og. These results were summarized in manuscript form (see Appendix D).

One more effort was made to synthesize the novel (CF3)2N0+ cation according to:

+

+ + -
(CF3)2N0 + 02 ASF6 + (CF3)2N0 A5F6 + 02

R-9662
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A previous study of this system (Ref. 19), carried out in the absence of a sol-
vent, producid the expected 02, but no CCF3)2NO+ sz1t, This salt would be of in-
terest since it could readily be converted into a CFg substituted NFzO derivative
by the following displacement reaction:

. + - , + -
(LF3)2NO AsF + FNO =+ NO ASF6 + (CFB)ZFNO

6
The 02+A5F6_-(CF3)2N0 system was re-examined in the presence of WF6 as a solvent,
The products (i.e., NO+A5F6" and 02) were identical to those previously obtained

by us for the neat Oa’Ast“-(CFs)zNO system (Ref. 19). ’lo evidence was observed
for the formation of the desired (CF3)2NO+A5F6'. This re-examination was prompted
by bstract of a Russian paper scheduled, but not presented, as the 5th European

Fluorine Symposium at Aviemore.

The bonding in XFBO is quite unusual. During work with Cs+CF30' we have also re-
corded its vibrational spectrum. It was found that the spectr.: of CF3O- closely
resembled that of iscelectronic NFSO and that the literature assignment of two
fundamentals in NFso was probably incorrezt, Consequently, the Raman spectra of
liquid and gaseous NF3O were recorded and our suspicion was confirmed, After
completion of cur work, the Raman spectrum of gaseous NF;0 was published by Selig
and coworkers (Ref, 20) who reached the same conclusion. A normal coordinate
analysis was carried out for CFSO'. It was found that the bonding in CFSO' is
verv unusual and closely resembles that in NF30. The results were summarized in

manuscript form (see Appendix E).

HALOGEN FLUCRIDES

The general usefulrass of KvF,-Lewis acid adcucts as oxidative fluorinators for
the synthesis of high oxidation state compounds was examined. Schrobilgen's

work (Ref. 21) on BrF6+MF6' salts was confirmed, We have succeeded to character-
ize better the BrF6+ cation. The infrared spectra, force constants, and X-ray
powder daFa were obtained, ~ ° e summarized in Appendix H. Attempts to prepare

either BrF6+BF4“ or C1F6+ Atre by this technique were unsuccessful, As yet, we

R-9662
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have not had the time to re-examine Bartlett's suspect claim (Ref. 22) for the
formation of XeOFS+ from XeOF4 and KrF+. although the necessary starting materials

T

have already been prepared.

The 1% nmr spectrum reported in 1972 by Ziichner and Glemser (Ref, 23) and attri-
buted to the novel chiorine fluoride oxide‘ CIFSO, was duplicated by us using a
mixture of CIFS and C1F30 with HF added to enhance the exchange rate. This is

further support that Zlchner and Glemser's report is incorrect (see Appendix A),

The literature method (Ref. 24) for preparing FCIO2 was improved. Furthermore,
Jache's claim (Ref, 25) for a high yield synthesis of FC10, from C1F and 0, was
examined and found to be incorrect. The results from this study are summarized

in Appendix F,

A structural study of C1F30 by microwave spectroscopy in collabroation with Dr.
Lovas of NBS gavc preliminary data. A more complete study of this molecule will
be undertaken in collaboration with Prof. Bodenseh of the University of Ulm,

Germany, who is better equipped for handling corrasive oxidizers,

An extensive review was written on chlorine fluoride oxides for Advances in In-
organic arnd Radicchemistry which was solicited by Prof. Emeleus. The writing of
this review greatly benofits from our expertise in this field acquired under ONR

sponsorship. The manuscript is given as Appendix A,

In collaboration with Prof. Edwards of the University of Birmingham, England, an
X-ray crystal structure determination of (BrF2+)2 GeFS”“ has been completed, The
data have been rofined and are in the process of being written up in manuscript
form,

02" SALTS

Dioxygenyl salts are of great potential for solid-propellant oxygen generators in
chemical lasers. In addition, we were interested in their reaction chemistry.

They can be used as a one electron oxidizer (Ref. 19 and 26) and yield interesting

R~9662
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species with halogen fluorides (Ref, 1), 5Since for the latter study, esr spec-
troscopy was used as a diagnostic tocl, the esr spectra of 02+ salts had to be

investigated first, This work was done in collaboration with Dr, Goldberg from
the Rockwell International Science Center and produced interes“ing results con-
cerning crvstal field effects and relaxation. The results are summarized in

Appendix G,

In the course of this work we have also discovered an improved synthesis for therm-
ally unstable 02+ salts, Previously, these salts had to be prepared from the Lewis
acid and the unstable O3F 5, which in turn had to be synthesized by low-temperature
glow-discharge, We have now found that ithese salts can conveniently be prepared
by uv photelvsis of 0s-For-Lewis acid nixtures at -78 C, By this technique we have

prepared the known 02+BF4" (see Appendix G) and the novel (02+)¢GeF6'- salt,
INORGAN1IC PERHALATES

Covalent metal perchlorates have potential as burning rate modifiers for solid
propellants. In addition to TIﬂClO4)4 and CrOz(C104)2 (Ref. 1), we have now syn-
thesized VO{Cl04,3 according to:

VOClg + 5C1,0, + 3CL, + VD{C104)3
This perchlorate is an orange-yellow, viscous liquid at room temperature, Its in-
trared spectrum is consistent with bidentate bonding of the perchlorate groups,
An attempt to obtain a Raman spectrum failed due to the absorption of the laser
light by the sample, Thermal degradation at 110 C gave excellent analytical re-
sults tor decomposition according to the equation:

2VO(C104)3 + VL0 + 3C12 + 10,5 0.

S 2

The reaction of CoCly and Cl,,O4 was carried out in an attempt to prepare the novel
anhydrous Co(C104)3. After several weeks at -45 and -25 C, it was found that only
a small fraction (20-percent) of the expected Cl2 by-product had formed, This is

R-9662
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indicative of a very slow reaction and perhaps also of only a surface reaction of
the solid CoCls. Similsr results were obtained with CrCl3 and NiCl2 substrates,
while MnF3 did not react at all, Obvicusly, a common solvent is required to pro-

mote these revactions,
We have also examined the synthesis of fluorine perbromate according to:

+ -
Cs BrO4 +Fy* CsF + FOBrO3
Several reactions were carried out at temperatures ranging from -50 to -20C,

but no reaction occurred.
FLUOROCARBON PERCHLORATES

We have continued our studies (Ref, 1) of fluorccarbon perchlorates. These com-
pounds hold promise as energetic plasticizers in solid-propel!lant formulations.
Of particular interest was the reaction of C10C10; with aromatic fluorocarbons.

The reaction of C.F.Cl and chlorine perchlorate was examined and fourd to parallel
that of C.F,. Thus u bis-C1,0, adduct was obtained,

C6F5C1 + 2C1204 6 5

C13(C10 )

This reaction occurs by Cl1 and C104 addition across two of the '‘double bonds' of
the aromatic ring, The third "double bond" remains unaffecter and the product is
thus a cyclohexene. In addition to the material balance of che synthetic reac-
tion, the nature of the product was established by its intvared, mass, Raman, and
19F nmr spectra, In particular the % nmr spectra shows thav five different types
of fluorine are present as expected for a single isomeric product, However, the

R-9662
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exact position of the various substituents is unknown., The two most likely iso-

mers are.
E4G1 F Ccl F
cl c10,
cl F cl 7
, F cl ia'ﬂl
F NF
u4c1 F u4c1 F

A sample ot the new perchlorate of the empirical foruula, C6FSI(C104)2J was pre-
parad from Qhrsi und Cl:u1 This solid was slightly yellow and sticky but ap-
peared crystalline. As before (Reil, 1}, it proved difficult to handle; a few crvs-
tals detona*ed unler the action of a spatula, The Raman spectrum of the compound
has now been obtained nn a freshly prepared sample using low-temperature conditions
tr preclude decomposition in the laser snurce. The spectrum clearlvy showed the
presence of the I(CIOJ)J' anion, Thus this iodo bis-perchlorate should actually

be formulated as [C6F5)21+I(C]UJ)J‘]. Similar spectral data were previously ob-
153,01 1(C10,) 7],
Therefore, all tie iodo-perchlorate adducts isolated to date are in reality, salts

tained for the alkyl analogues, [(i-C3F7)41+I(C104)4"] and [(n-C7F

of the I(CIDJ)J' anion., Detailed results will be given in the next annual report

in manuscript form,

DTFUNCTIONAL FLUOROCARBONS

biturctional fluorocarbons are important as cross-linking agents for polvmers. We
have now studied the usefulness of our nrevieusly diszovered (Bef, !} chilorin
fluorosulfate reaction chemistry for the svnthesis of difunctional fluorocarbons.

The reaction of chlorine fluorosulfate and fluorocarbon bromides resulted in:

BrCFZCFZCFzBr + ;L1503F » F035CF2CF2CF2503F + 2BrCl

R-59662
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The fluorosulfate derivative was used in turn to prepare the acyl fluoride:

0

MP N 7

FO,5CF,CF,CF,S0,F ——= 250,F, /ccr'zc\
4 4

All materials were identified by infrared, mass and lgF nmr spectra, Detailed re-
sults will be given in the next annual report in manuscript form,

MISCELLANEQUS STRUCTURAL STUDIES

A structural study of the covalent halogen nitrates ClONO2 and I(0N02)3 was car-
ried out using vibrational spectroscopy., It was shown that in CIONOZ, contrary
to general belief, the Cl atom is not ccplanar with the ONO2 group, For compari-
son, the Raman spectra of FNO, and ClNO2 were also recorded. These results are
summarized in Appendix C.

We have thoroughly re-examined the vibrational spectra of SF4 and SF4O. The spec-
tra of these two molecules are still poorly understood. They are of significance
to us since they are the prototypes for numerous other pseudo-trigonal bipyramidal
molecules, such as several halogen fluorides and oxyfluorides. We have recorded
the infrared and Raman spectra cf the gas, liquid, and solid phases, and have de-
termined 325-345 isotopic shifts by a matrix isolation study. Force fields and
mean square amplitudes of vibration were computed for the various possible assign-
ments in collaboration with Dr. Curtis of Rocketdyne, Prof. Sawodny of the Uni-
versity Ulm (Germany), and Prof, Cyvin of the University of Trondheim (Norway).

In view of the difficulty of this problem, the results have as yet not been sum-

marized in manuscript form.
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1. Introduction

This review is limited to compounds containing both oxygen and fluorine
atoms bonded directly to a common chlorine central atom. Therefore, compounds,
such as fluorine perchlorate, 03C10F, have not been included. Data on 03C10F
were summarized in a recent review on inorganic hypafluorites (180).

: L, .
The subject of chlorine oxyfluorides has been reviewed in 1963 by

Schmeisser and Braendle (253) and in 1969 in Gmelins Handbuch der Anorganischen
Chemie (122). However, both reviews deal only with chleryl fluoride, FCIOZ,
and perchloryl fluoride, FCIOS. Since the writing of these reviews, three of
the four possible remaining chlorine oxyfluorides, i.e., FCI10, F3C10, and
F3C102, have been characterized, and claims have been made for the synthesis of
the fourth one, ClFSO. Additional information on chlorine oxyfluorides can be
found in various monographs and textbooks (32, 75, 77, 95, 156, 169, 244) and
in particular in Comprehensive Ilnorganic Chemistry in the chapter on the
halogens written by Downs and Adams (84). A second area of significant recent
progress comprises ions derived from chlorine oxyfluorides. Therefore, these
will also be discussed in detail.

For the present review, the literature cited in Chemical Abstracts
(Jan. 1965 until Dec. 1973} was used in addition to more recent work published
during 1973 and 1974. For literature predating 1965, we have relied mainly
on Schmeisser's review (253) and Gmelins handbook (122).

In addition to a discussion of the individual compounds an introductory
chapter was added correlating the physical and chemical properties of the
chlorine oxyfluorides with their structure. 1n the Apperdix, full tables of
thermodynamic properties are given for each compound, where known,
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TI. CGeneral Aspects

Since most of the physical and chemical properties of the chlorine oxy-
fluorides can be i1eadily correlated with their molecular structure, we shall
briefly discuss some of the more general aspects,

A. Geometry

As can bLe seen from Figure 1, the structures of all the chlorine oxy-
fluoride molecules and ions can be derived from those of the corresponding
binary chlorine fluorides (49) hy replacing a free chlorine valence electron
pair by a doubly bonded oxygen atom without significant rearrangement of the
rest of the molecule,

The only possible exception to this rule could be the yet umknown (68)
C1F402' anion. By comparison with the known structures of the pseudo-
isoelectronic IF402' (45, 93)and TeF402" (260), anions, the two oxygens in
C1F402' should also he in cis and not in trans position. In these and similar
oxyfluoride anions, such as SFSO' (65} or CF30' (58), the negative charge is
located mainly on the most electronegative ligands, i.e., fluorine. Furthermore,
in pseudo-octahedral species not containing a free valence electron pair on the
central atom, such as XFSO*, the fluorine trans to the less electronegative
ligana appears to be more weakly bonded than the remaining fluorines. This
is plausible from molecular orbitai arguments. Therefore, for XF402- the
structure with two oxygen atoms trans to two fluorines and cis with respect to
each other, should favor the resonance structures having the negative charge
located on the fluorine ligands,

Since the degree of mutual repulsion decreases in the order: free valence
electron pair > double bonded vxygen > fluorine, the observed bond angles de-
viate somewhat from those expected for the ideal geometries. Typical examples

are FClO2 and FClO3 (see Figure 1}.
Poliés ™
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The structure of radicals and radical ions can alse readily he predicted
by treating an unpaired electron in the same manner as a free valence electron
pair. Therefore, a chlorine oxyfluoride free radical should have the same
geometry as the corcesponding anion with identical fluorine and oxygen ligands
(see Figure 2). Similarly, the structure of a radical cation should be analogous
to that of the cerresponding molecule having the same ligands. For a radical
anion, howcver, the additional sterically active valence electron will increase
the ccordirution number around the central atom by one. This should result in
a geometry resembling that of the anion cont:aining one F ligand more, but in
which one F ligand is replaced by the st2rically active free electron. The
exact spin distribution would have to be determined experimentally and is not
necessarily the same as shown in Figure 2.

B. Ligand Distribution

As can be seen from Figure 1, the structure:s are simple and can be
logically predicted if one keeps in mind that free valence electron paixs on
the central atom are sterically active and behave as a ligand. For 5, 4, 5,
and 6 1ligands always the sterically most favourable arrangements are observed,
i. e., the triangular plane, tetrahedron, trigonal bipyramid, and the octahedron,
respectively (118). Based on the information available for halogen oxyfluorides
and related compounds such as xenon or chalcogen oxyfluorides the following
conclusions concerning the ligand distribution can be reached. In a triangular
plane and a tetrahedron all positions are equivalent. 1n a trigonal bipyramid
the two axial positions are occupied by the most electronegative ligands, i. e.,
F atoms. In octahedrons of the type XFSA only one arrangement is possible.

For XF4AB however, the A or B ligands are trans if A and B are either two free

electron pairs or one free electron pair and one oxygen ligand. When A and B
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are two O atoms, the cis arrangement appears more favorable (see above). The
case of the pentagonal bipyramid is not of practical interest since it appears .
th. ¢ the coordination number around a high oxidation state chlorine central atom

is limited to a maximum of six.

C. Reiative Bond Strengths

Unfortunately, exact bond lengths are known only for FC102 {220) and
FCIO3 (72). However, complete vibrational spectra have been published for
essentially all of the chlorine oxyfluorides. These can be used for the eval-
uation of the correspor !ing force constants. Since the latter are a gnod measure
for the relative strengths of these bonds, their cciparison is interesting. As
can be seen from Table I, the Cl10 bonds all possess more or less double bond
character. The variation in the values of the (10 stretching force constants
is mainly due to the combination of several effects. For example a formal
positive charge (i.e., in cations), a high oxidation state of the central atom,
and a high nmumber of fluorine ligands tend to increase the C10 stretching force
constant {(57). In contrast to the Cl10 bonds, the CIF bond strengths are subject
to much larger changes. These strong variations cannot be explained anymore by
such effects as listed above for the Cl10 bonds or by the Gillespie-Nyholm valence
shell electron pair repulsion (VSEPR) theory (118) alone. By analogy with the
halogen fluorides (49) it 1s necessary to assume contributions from two different
kinds of Londing. In addition te the normal covalent bonds possessing a bond
order of about one, the occurrence of semi-ionic 3 center - 4 electron bonds
(130, 232, 243) nust be invoked. The principle of a semi-ionic 3c-4e bond is
demonstiuted in Figure 3. For simplicity, C1F2” {63) was chosen as an example.
Ideally, the two F-ligands form two semi-ionic 3c-4e [p-p] ¢ bonds with one p
electron pair of the chlorine central atom, while the free Cl1 valence electron

pairs form an sp2 hybrid.
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Instead of using this semi-empirical molecular orbital model, thc honding
in Cle' can also adequately be descrihed in the valence-bond representation (76)
as a resonance hyhrid of the following canonical forms: (F-Cl) F~ and F (C1-F).
This results in the same average charge distribution as in the molecular orhital

Y2 /2,

model, i.e,, A third and the most simple bond medel, proposed
by Bilham and Linnett (29) for Xer which is pseudo-isoelectronic with CI1F, ,
assumes single electron bonds for each X-F bond. 1t is relatively immaterial,
which of these three descriptions is preferred since all of them result in the
same charge distribution and a C1-F bond order of about O,5.

As can be seen from Table I, these weak CIF bonds accur only when the
central atom has a coordination number in excess of four and possesses at least
one free Cl valence electron pair. In addition to Gillespie's simple VSEPR
theory, the following general rule has been proposed by Christe (497, which
permits the prediction of whether, and how many, semi-ionic bonds nre to be
formed:

"The free valence electron pairs on the central atom seek high s-character;
i, e., spn hybridization. 1f the number of ligands is larger than 4 and one or
more of them are free valence electron pairs, then as many T ligands form linear
semi-ionic 3 center -4 electron bonds as are required tv allow the free electron
pairs to form an spn hybrid wit: the remainiuc F ligands. These semi=ionic
3c-4e bonds are considerably weaker and longer than the mainly "covalent™ npn
hybrid honds."

This rule also holds for the chlorine oxyfluorides as well as for the
chlorine fluorides for which it was originally formulated,

An additional effect, however, must be invoked to be able to fully
rationalize the experimental data. Inspection of Table 1 reveals that the CIF

stretching force constants of FC10, and FC1O are significantly lower than ex-

pected from the above discussion. 1n particular, if the known CIF stretching
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force constants and bond distances within the pseudo-tetrahedral series F(Cl,
FClC, FClOz, FClO3 are compared (see Figure 1 and Table IT), it becomes obvious
that the CIF bonds in FC10 and FClO2 are abnormally long and weak. Application
of the rules discussed above 1S of no help in explaining the observed trend.
However, if a simple molecular orbital description, s’milar to that proposed by
®~ratley and Pimentel (274) for FNO and F202, is used, the data can be rational-
12¢6. The molecules FCl, FCl10, FCIOZ, and FCIO3 can be thonught of as being
derived from the combination of an F atom with the Cl1, Cl0, 0102, ard C103
radicals, respectively. This hypothetical bond formation involves a 2p electron
of the fluorine atom and the umpaired electron of the Cl containing radical. If
according to the example of (NO)2 and (CN)Z, given by Spratley and Pimentel (274),
the unpaired electron occupies an antibonding (n*) orbital, the resulting bond
is very weak. On the other hand, if the unpaired electron occupies a bonding
orbital the resulting bond is strong. Since the unpaired electron in 71 and
ClO3 occupies a bonding orbital, the resulting C1-F bond in FCl and FC103,
respectively, should be strong, whereas those in FC10 and FClOz, derived from
Ci0 and C102, respectively, with an antibonding (n*) electron (193), should be
weak. These predictions are in excellent agreement with the data of Table 1I.
As a consequence of the high electronegativity of fluorine, most of the electron

density

’

in the antibonding (n*) orbital of Cl0 or ClO2 is transferred to the

F atom, For FCl10 and FC10,, this results in a long and highly polar C1F bond
with a significant negative charge located on F. Since at the same time electron
density is removed from an antibonding orbital of tiie C10n part of the molecule,
the bond strength of these Cl0 bonds is increased. As pointed out by Chi and
Andrews (47) for Cl1C10, there is a marked difference in behavior becween radi-
cals with a first row element central atom and those with a second row element

central atom. Owing to their larger size and polarizability, the second row
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elements facilitate a charge transfer and the XYn stretching frequencies usually
increase upon combination of XYn with a halogen radical. For first row element
central atoms, the corresponding frequencies usually show a slight decreasc, It

should be pointed out, however, that in both cases a highly polar and weak bond

- +

§
of the type F-KYn results provided the unpaired electron in the XY~ parent

3 radical occupies an antibonding orbital. Supporting cvidence for the ahove pcs-
tulated charge transfer from XYn to F was recently given by Parent and Gerry
(220) for FC102.

In summary, three types of bending are invoked to ration<lize the remarkable
gifferences in Cl-F bonds encountered for chlorinc fluoride oxides. These are:
(i) conventional mainly covalent bonds, (ii) weak semi-ionic threc center-

: four electron bonds, and (iii) weak highly polar {p-n*)o bonds. It must be kept

E
in mind, however, that all these bond descriptions are idealized extremes, used
X
; mainlv for didactic reasons. The actual bonds can contain significant contri-
u butions from more than one kind of honding and as a consequence, there is little

black and white, but many shades of grey. Obviocusly, other bond models can also
be uszed, as long as they adequately account for the experimental data. The steady
increase in our knowledge about thesc compounds is bound to result in significant
improvements of these rather empirical and intuitive bond models.

D. Amphoteric Nature, Tendercy to form Adducts, and Reactivity

In many respects the chlorine oxyfluorides resembie the chlorine fluorides.
For example, they exhibit little or no self-ionization, but are amphoteric. With
strong Lewis acids or bases they can form stable adducts. The tendency to form
adducts was found (64) not to he so much a function of the relative acidity of
the parent chlorine oxyfluoride, but rathecr depeads on the structurc of the
amphoteric molecule and of that of tlie anion or the cation formed. The preferred
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structures are the energetically favored tetrahedron and octahedron. Consequent-
ly, a trigonal bipyramidal molecule such as CIFSO (64), exhibits a pronounced
tendency to form either a stable pseudo-tetrahedral cation or a pseudo-octahedral

anion according to:

+ - - -

"' -F F +F |—
| _20
— —_—— F ~. ~F
Cl F — Cl C1,
7/ o | F7 0l SF
¥ 0

On the other hand, tetrahedral FCIO‘.5 does not form any adduct with either

Lewis acids or bases (167, 209, 222):

+ -

i -+ i ol F.

-2 0
cl — C1 — 0= Cl <,
Z N\ 7 1o

Similarly, the chemical reactivity of these two chlorine oxyfluorides differs
vastly. Whereas C1F30 is extremely reactive and cannot be handled even in a well

dried glass va.uum system, FCIO3 reacts only slowly with water.

111, Particular Compounds

A. Chlorine Monoxide Mono‘iuoride, FCI0

According to Ruff and Krug (242} FC10 is formed during hydrolysis of ClF3
as a solid melting at -70° to a red liquid which was unstable in the gas phase.
However, no conclusive proof for the existence of FC10 was given and it appears
that the red color observed may have been due to the presence of chlorine oxides.

Heras and coworkers (137) have proposed the formation of FCl0 as an intermediate

in the thermal decomposition of FC102. More recent studies by Bougon and
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coworkers on the hydrolysis of ClF3 (9, 36), by Christe on the reaction of ClF3
with llONO3 (53) and on the reaction of C1F30 with SF4 (60), by Pilipovich et al,
on the photo-chemical synthesis of C1F30 (228), and hy Schack et ul.on the re-
action chemistry of C1F30 (246). all pointed to the formation of FC10Q as an
intermediate unstable with respe.t to disproporticnation according to:

2FCI0 ————— FC10, + CIF

2
Attempts to stabilize the intermediately formed FCI10O by complexing with a strong
Lewis acid, such as AsFS to give C10+A5F6-, were also unsuccessful. Thus the
controlled hydrolysis of C1F2+A5F6' with stoichiometric amounts of H20 in HF
solutiaon resulted only in the formatiaon of C102+A5F6' (63). This is not sur-
prising since Lewis acids are known to catalize such Jdisproportionation
reactions.

Recently, Cooper and coworkers succeeded in obtaining direct evidence for
the existe 'ce of free FCl0 in the gas phase (74). During a study of the hydro-

lysis of excess CIF, in a flow reactor, a novel species was abserved in the

3
infrared spectrum showing a PQR band centered at 1032 cm'l. The species causing
this band was found to decompose at amhient temperature with a half life of

about 25 seconds into FC102 and C1F., If an excess of H20 was used in the hydro-

lysis, no FC10 but the expected (9, 26) C10, was observed as the main product,

The results of Cooper, et al. were confirmed by a matrix isolation study
by Andrews and associates (5). The latter authors observed the same species
during the photolysis (2200-3600R) of argon matrix isolated C1F and 05 iu the
temperature range 4-15°K. All three fundamentals expected for a bent FCl0
molecule were observed and their assignment to FCl0was confirmed by the

18

=
measurement of the "0 and 3'Cl isotopic shifts (sece Table TIT) and by force

field computations (see Table IV)., For the force field computation an FC10
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bond angle of 120° was assumed, however, on the basis of the increased repulsion

from the chlorine free valence electron pairs (see Section II, A) we would ex- b 4
pect this angle to be less than the tetrahedral angle of 109°, but larger than
that found for c1F2* (103.17° in C1F2"AsF6‘ (181) and 95.9° in c1F2* SbFG‘ (88))4
The small size of the molecule, its high dipole moment, the naturally occurring

7Cl isotope, and lts half life at ambient temperature make it ideally suited

for a structure determination by micro-wave spaectroscopy in a flow system.

The force field reported ({S) for FC10 allws some conclusions concerning

the strength of the bonds in this molecule. Comparison of the Cl0O stretching

force constant of FC10 with those of the higher oxidation state specics listed

in Table I makes the FClO value appear surprisingly low. However, when com-
pared to species of similar oxidation state and geometry (see Table V), FClO

exhihits a value very much in line with our expectations for a ClO double bond.
The CIF bond is relatively weak indicating that contributions from resonance
structures such as Il are sigrnificant as is also the case in the related FClO

2
molecule.

D icr *
SR, ==
F N}

VEl” \\0/

1 Il
The high ionicity of the Cl-F bond ir these two chlorine fluoride oxides has been

discussed above (Section 11, C) in terms of a (p-n*}o bond.

0

B. Chlorine Trifluoride Oxide, C1F3_

Chlorine trifluoride oxide was discovered in 1965 at Rocketdyne by Pilipovich
2t al. (226, 231). However, these results were not published until 1972 owing

R-9662
A-12

e e Akl S sindasiained i Bl s it y a e




to classification. The same compound was independently discovered in 1970 by
8ougon and coworkers (37, 39). A minor modification of Bougon's synthesis by
Zuchner and Glemser also produced (300) C1F30. All the data on CIFSO, except
for the short note by Zuchner et al.,were obtained either at Rocketdyne or at
the Centyo A'ltudes Nuc1&aires de Saclay.

Owing to its pseudo-trigonal bipyramidal structure with two highly polar
Cl1-F bonds, C1F30 possesses only low kinetic stability. This renders it a
powerful fluorinating and oxygenating agent requiring the use of metal or
Teflon or Kel-F equipment for its handling.

1. Synthesis

Several synthetic rnutes to C1F30 were developed at Rocketdync (226, 228-
231, 240). One of these involves the fluorination of C120 at -78° according to:
2F2 + C120 e C1F30 + CIF

3F, + (1,0 ——» C1F30 + ClF

2 2 3

When no catalyst is used or if KF and NaF are present as catalysts, CIF is the
main by-product. When the more basic alkali metal fluorides, RbF and CsF, are
used, ClF3 is the favored coproduct. The formation of C1F3 rather than CIF is
presumably associated with the more ready formation of C1F2' intermediates with
RbF and CsF. Yields of C1F30 from C120 are rather variable and may be affected
hy the particular alkali fluoride present. Yields of over 40% have bzen con-
sistently obtained and have reached over 80% using either NaF or CsF. Since
NaF does not form (64) an adduct with C1F30, stabilization of the product by
comple:: formation does not seem to strongly influence the C1F30 yields.

Owing to unpredictable explosions experienced with liquid C120, attempts
were made to circumvent the C120 isolation step. For this purpose, the crude
C1,0, still absorbed on the mercuric salts, was directly fluorinated. Again,
C1F30 was forred, but its yield was too low to make this synthetic route

attractive.
R-9662
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The fluorination of solid C1,0 to CIF .0 proceeded at

2
temperatures as low as -196° provided the fluorine was suitably
activated by methods such as glow discharge. Unactivated fluorine
did not interact with Cl1,0 at -196°. The relatively low yield of
CIF:0 (1 to 2%) makes this modification impractical.

The low-temperature fluorination of NaClo, produced
C1F30 in low yields (175, 226). However, the low yields and poor
reproducibility make this route unattractive.

The method (176, 226, 229) most suitable for the preparation

of C1F30 on a larger scale involves the flucrination of chlorine

nitrate at -35° according to:

2F2 + ClONO2 —_ C1F30 + FNO2

The main advantages of this process are: (1) less fluorine is re-
quired than in the fluorination reactions of 0120 yielding ClF3 as
a coproduct, (2) the great difference in the velatilities of the
products FNO2 and C1F30(Apr ~ 100°) permits an easy separation by
fractional condensation and (3) chlorine nitrate can be made more
conveniently and, mest importantly, dces not appear to be hazardoug
in its handling. The yields of C1F30 using ClONO2 as a starting

material are somewhat higher than those from c120.
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In the fluorination of both C120 and CIONOZ, side reactions
compete with the actual fluorination step. Thesc are caused by
the thermal decomposition of the starting materials due to in-
efficient removal of the heat of reaction. Hence the rate of the
competing reactions is markedly affected by the reaction tem-
perature. At reaction temperatures near or above ambient, the
decomposition of the hypochlorite appear: to be favored and little
or no C1F30 iz formed, resulting in rapid, rather uncontrolled
reactions. Apparently, thermal decomposition preceding the
fluorination step yiclds only intermediates incapable of pro-
ducing CIFSO. Thus, in order to maximize the desited fluorination
reaction, long reaction times at low temperature (T<0°) are
indicated,

A comienient laboratory method for the synthesis of C1F30
involves the uv photolysis of systems containing Cl, F, and oxygen
containing starting materials. At Rocketdyne (228, 230, 240)
CIF ;0 was prepared from seven different systems, including a direct
synthesis from the clements C1,, FZ’ and 0,. Bougon et al.

(37, 39) obtained C1F,0 in high yield from CIF OF,. The

3+
latter synthesis was modified by Zichner et al. {300) by

replacing C1F. with C1¥F.
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In small scale operations, CIF30 can conveniently be purified by complex-
ing it with XF at room temperature. Impurities such as FClOz, which do not form
an adduct under these conditions can be pumped off. Pure C1F,0 can be cbtained
by vacuun pyrolysis at 50-70°, whereas compounds, such as ClFq, which form a
more stable XF adduct remain complexed (226).

A detailed kinetic study of the photolyses of the C]F3-02 and of the
CIZ'FZ'OZ system was carried out by Axworthy et al. (10). Contrary to the ori-
ginal report (228), the rate of C1F;0 formation wis demonstrated to be the same
for both systems, to increase with 02 concentration,and to be independent of the
irradiation time (see Figure 4). Furthermore, the rate of C1F30 formation was
shown to be proportional to the intensity of the 1847& band of the Hg spectrum
indicating that the dissociation of 0, to two ground-state, 3p, oxygen atoms
is the primary photochemical process. The following mechanism was proposed which
requires the photochemical dissociation of ClF3 as well:

0, hv{18474) 0+ 0

c1F3 hv {2000-35004) c1F2 + F

0 + CIF

2 C1F20

C1F20 + F2 —-—-~*—~*-C1F30 + F
The photolysis of C1F; was investigated under similar conditicns. A photo-
chemical steady state was quickly achieved wheiw [FZ] = [CIF] = a[ClFs] and a
has a value of about 1 at low and of about 3 at high pressures, These results
together with the known photochemical decomposition of OF2 (113) explain why
C1F30 can be readily generated by the photolysis of so many different starting

materials.

2. Molecular Structure

Although the exact geometry of C1F30 has not yet been established, its

approximate structure is known €from vibrational and 1% nmr spectroscopy.
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Its uv spectrum has also been reported (228).

The 19F nmr spectrum of C1F30 was studied by several groups. A single
signal at ¢ = -202 (226) or -253 (300) ppm was reported for liquid CIFSO. For
the gas, a singlet at ¢ = -327 ppm was observed (226). From nuclear relaxation
time measurements, Alexandre and Rigny {3) were able to determine the chemical
shift difference between the cquatorial and the twou axial fluorine atoms as
50+2 ppm. They al:zo obtained a value of 195 Hz for the mean (1-F coupling
constant and values for the exchange time betwecn the fluorine atoms.

Vibrational spectroscopy (39, 55, 300) provided the best evidence for
C1F30 possessing a pseudo-trigonal bipyramidal structure of symmetry Cs’ in
which tvo flucrines occupy the axial and one fluorine, one oxygen, and a

sterically active free valence electron pair occupy the eoguatorial positions

(for a drawing of the structure see above). At Rocketdyne (55), a thorough
spectroscopic study was carried out including the infrared spectra of gaseous
solid, and matrix isolated C1F30 and the Raman spectra of tire gas and the
liquid. The observed spectra agree well with those reported by the other
groups (39, 300), although the latter were incorrectly assigned. The best
assignment {55) is given in Table VI. A normal coordinate analysis was also
carried out for CIFSO and a modified valence force field was computed (55)
using the observed 35Cl - 37Cl isotopic shifts. Table V11 summarizes the in-
ternal force constants thus obtained. The geometry of C1F30 assumed for this
computation was D(C10) = 1.42, R(ClFeq) = 1.62, and r(CIFax) = 1.728% based on
the known geometry of ClF3 and Robinson's correlation between bond length and
stretching frequency (236, 237). In the absence of exact structural data, the
following ideal bond angle values were assumed: o (OCIF') = 120 and

B (OCIF) = y(FCIF') = 90°. However, increased repulsion from the free valence
elzctron pair on chlorine and the double bonded oxygen should cause some de-
viations from this ideal structure (sce Section 11, A).
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The force constants of greatest interest are the stretching force con-

C1=0 is similar to those -

computed for FCIO2 and Cloz+ {see Table I} indicating double bond character.

stants. The value of 9.37 mdyn/A obtained for f

The value of 2.34 mdyn/AR computed for the axial Cl-F stretching force constant

£, is almost identical with that of 2.34 mdyn/*®, previously calculated (¢3) for

C1F2'. The corresponding interaction constant, frr’ is also very similar for
both species. The relatively low value of fr in C1F2' has previously been
interpreted (63) in terms of semiionic three-center four-electron bonds. The
same reasoning holds for the axial CIF bonds of ClIF,0. It should be pointed
out, however, that in C1F30, :nhancement of the ionic character of the axial
ClF bonds is due to oxygen substitution, whereas in C1F2' it is due to the
formal negative charge. The value of 3.16 mdyn/A computed for the equatorial
CIF bond of C1F30 is considerably larger than that of the axial bonds indicating
predominantly covalent bonding. These results are in excellent agreement with
a generalized bonding scheme discussed in Section I1, C and suggest that the
overall bonding in C1F30 might be described by the following approximation.
The bonding of the three equatorial ligands (including the free electron pair
on Cl as a ligand and ignoring the second bond of the Cl=0 double bond) is
mainly due to a sp2 hybrid, whereas the bonding of the two axial CiT bonds in-
volves mainly one delocalized p-electron pair of the chlorine atom for the
formation of a semiionic three-center four-eleclron pg bond.

3. Physical Propeities

Chlorine trifluoride oxide is colorless as a gas or liquid and white in
the solid state, Some of its properties are sumarized in Table V111. The
vapor pressure of the liquid can be described according to the Rockstdyne
study (226) by the equation.

) 1680
IOg P(mm) = 8.433 m)
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or according to Bougon et al. (39) by the equation

1655

= 8,394 - -,i'.—(j'i'(-)

log P(mm)

Vapor density measurements (39, 226) and mass spectroscopy (226, 300)
were used to show that C1F30 is monomeric in the gas phase. The relatively
high boiling point and Trouton constant of C1F30 imply its association in the
liquid phase. More specific evidence about the nature of this association
was obtained from the vibratinmnal spectra recorded for the liquid and the
solid and from a controlled diffusion experiment carried out for matrix
isolated C1F30. It was concluded (55) that association appears to involve
exclusively the axial fluorine atoms. This finding agrees with the associa-
tion proposed (102) by Frey, et al. for the structurally related, trigonal-
bipyramidal molecules SF4 and C1F3.

The thermodynamic properties were computed with the molecular geometry
and vibrational frequencies given above assuming an ideal gas at 1 atm
pressure and using the harmonic-oscillator rigid-rotor approximation. These
properties are given for the range 0-2000°K in the Appendix,

4. Chemical Properties

Chlorine trifluoride oxide is stable at arbient temperature and can be
stored and handled in well passivated metal, Teflon, or Kel-F containers without
decomposition. Its thermal stability is intermediate between that of CIF, and

C1lF When heated to 280-300° in a Monel cylinder (39, 226), or to 200° in a

5‘
stainless steel cylinder, or to 350° in a flow system (226", C1F30 decomposes
according to

CIF;0 ~—w CIF; + 1/2 0,

It reacts rapidly with glass or quartz and, therefore, cannot be handled in
standard glass vacuum systems (226). It reacts with numerous materials causing

oxidation through both fluorination and oxygenation. With hydrogen-containing
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species, these reactions may occur at quite low temperature and with hydrocarbon-

type cornounds are generally explosive., However, many chlorine, fluorine, or
oxygen substituted compounds, even with lower valent central atoms, react only
slowly at ambient temperature, or not at all. Thus, no reaction was observed
at room temperature between ClF30 ¢nd chlorine, chlorine fluorides, chlorine
oxyfluorides, and the nitrogen fluorides, FNU, FNO: NFS, and N2F4 (246) .
However, elevated temperatures or uv photolysis have resulted in appreciable
reaction of all compounds examined. With C12 n¢ interaction was detected at
25°, but at 200° the following reaction occurred

C1F30 + (1, —— 3CI1F + 0.502

2
Chlorine monoxide and C1F30 reacted slowly at room temperature (246) according
to:

C1F30 + C120 ———= 2CIF + FClO2

Similarly, 010502F interacts with ClF30 (246) according to:
ClF30 + 2010502F —————— 5205F2 + FClO2 + 2C1F
+ FC10

1 ————-
and C1F30 + 010502. 502F + C1F

2 2
All these reactions can be rationalized in terms of a reduction of ClF30 to the
unstable FC10 (see Section 1I1, A) which readily decomposes to FClO2 and CIF,
At elcvated temperature FClO2 can decompose further to CIF + 02 (24, 137, 183).
Several reaction systems were discovered in which, in addition to fluori-
nation, oxygenation also occurred. These include SF4 (60); N2F4, HNFZ, and
FZNCFO (246, 248); and MoF5 {35). In the following equations, the end products

observed for the SF4—C1F30 reaction are underlined:

CsF
ClF30 + SF4 TS SF6 + FCl10

2FC10 ——— FClO2 + CIF

———
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4 5
SF4 + C1F30 _— SF40 + ClF3
SF4 + ClF3 - SF6 + CIF

———

In the MoFS-CiF30 system, both MoF . and MoF ,0 were formed followed by adduct
formation. With N,F4, an appreciable reaction rate was observed only above
100° accnrding to:

C1F30 + 2N2F4 ——— SNFS + FNO + CIF

In addition to these products, small amounts of NF30 were obtained. The yield
of NF30 from this reaction system could be increased to about 5% when uv irra-
diation was used. Higher yielids of NF 0 (v70%) could be obtained at low
temperature from HNF2 and C1F30 according to:

C1F30 + '2HNF2 -———= [FCI0] + 2HF + 2NF2'

2NF,* + [FC10] ——= NF

2 Cl + NF,0

2 3

PRSI,

with the side reactions: ZNFZ' — N,F,

2[FC10] == CI10,F + CIF

2

ClF + HNF2 : HF + NF2C1

The rezction between difluoraminccarbonyl fluoride, FZNCFO, and C1F30
yielded again NF30 und ClNF2 in nearly equimclar amounts. However, the yields
were much lower (20% based on C1F30 consumed) with N2F4 being the main N-F
containing product,

One reaction was discovered (246) in which C1F30 did not act as an
oxidizing but as a reducing agent. With the powerful oxidizer PtF, it reacted

according to

+ -
C1F30 + PtF6 —— C1F20 PtF + O.SF2

6

The interaction of C1F30 with HF, resulting in a fluoride ion abstraction to
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give the ClF,,O+ cation (38) will be discussed below. With H20 an excess of
chlorine trifluoride oxide hydrolyzes {226) according to:

C1F30 + H,0 ———————e FCIO2 + 2HF

2
Mixtures of C1F30 and ClF5 {225) hold promise as an oxidizer in rocket propulsion.
As discussed in Section II, D, C1F30 has an energetically unfavcrable
pseudo-trigonal bipvramidal structure. Consequently, it exhibits a proanounced

tendency to form adducts with bot’y strong Lewis acids and bases. Adducts
containing the C1F20+ cation (see Section III, C) were obtained (33-35, 38,
59, 64, 246, 300) with the following Lewis acids: BiFg, SbFs, Ast, PFS,
TaF¢, NbF¢, VF, PtF, UF¢, MoF,0, SiF,, BF3, and HF. With WF,0 and UF,0,

no stable ionic products were formed (35) in spite of the fact that WF40 is

a stronger Lewis acid than MoF40. This is caused by the increased tendency of
WF,0 to enter the following oxygen-fluorine exchange reaction:

C1F30 + MF. 0 ——= FC102 + MF6 (M=W or U)

4
Adducts containing the C1F40' anion (see Section III, D) were prepared (56, 64,
300} by reaction of C1F30 with the Lewis bases CsF, RbF and KF. With the
weaker bases FNQ and FNO2 it does not interact even at -95° (64).

C. The Difluorooxychloronium {V) Cation, Cleg:

Compounds containing the C1F20+ cation with the following counterions are

known: BiF.", SbF,", Sb,F  °, AsFG', PE.", TaFé-, NbF,~, VF.™, PtF ", UF,",
SiFG", BF4', I{FZ', MoFSO', and M02F902' (33-35, 38, 59, 64, 246, 300j.
1. Synthesis

With the exception of the PtFG' salt which was prepared from C1F30 and

PtF6 {246 and Section III, B, 4), all the other salts were prepared by direct
combination of Cl1F,0 with the corresponding Lewis acid. When the Lewis acid is
a solid at the reaction temperature, or nonvolatile, it is advisable to either use

R-9662
A-22




a lavge excess of C1F30 or anhydrons HF as a solvent to avoid polyanion for-
mation (33-35, 64),

2. Molecular Structure

The ionic nature of C1F30-Lewis acid adducts was cstablished by vibra-
tional (33-35, 38, 59, 300) and 19F nmr (61) spectroscopy.

The nmr spectrum of C1F20+A5F6- in anhydrous HF showed (51) the
characteristic quadruplet of Ast_ at ¢ = 67.5 ppm in addition to a single
signal due to rapidly exchanging HF and C1F20+. Upon acidification of the HF
solvent with Ast, a separace signal at ¢ = -272 ppm was observed for CIFZO+
in addition to a single signal due to HF,Asty, and ASFS. For C1F20+PtF6_
in HF the ClFZO+ signal was also found at ¢ = -272 ppm. The observation of
a singlet for C1F20+ shows the magnetic equivalence of the two fluorine atoms.

The vibrational spectra were reported (33-35, 38, 59, 300) for all of
the above listed C1F20+ salts. In addition to the bands characteristic of the
anions, all spectra exhibited bands with frequencies and relative internsities
similar to those shown in Table IX. These are characteristic for the C1F20+
cation. The vibrational spectrum of ClF20+ closely resembles that of iso-
electronic SF20 and therefore could be readily assigned. The only ambiguity
in the assignment existed (34, 59) for the two deformation modes occurring in
the 380-400 cm'l region. HRecent Raman polarization measurcments (34) have shown
that the 400 cn”! band belongs most likely to v, (A') and the 380 cn’' band to
ve (A").

The spectroscopic Fvidence is consistent with the following structure of

symmetry Cs for ClFZO+
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A normal coordinate analysis was carried out (59) for CIFZD+ assuming the

following geometry: R = 1,414, r = 1.62%, B(0C1F) = 108°, and

Clo C1F
a(FCIF) = 93°. A modified valence force field was computed and the results
are given in Table X. As can be seen from Table 1, the C10 stretching force
crnstant of C1F20+ exhibits a high value, implying that the positive charge
in C1F20+ is partially located on the oxygen atom and that contributions from

resonance structures such as (11) are significant.

I |
7
F/// (N
F

09) (11)
The C1F stretching force constant of CIFZD+ is within the range expected for
a predominantly covalent CIF bond (see Table 1 and discussion in Section 11, C).

3. Properties

Except for the following salts, the above listed C1F20+ salts are stable,
white, crystalline solids. The UF6' salt is blue green and of marginal stability
at ambient temperature. 1In HF solution or during exposure of the solid to a
V=ser beam the UF6' anion is slowly oxidized by CIFZO+ to UF6 (33). For MoF5
tiis instability of the pentavalent metal towards oxidation to the hexavalent
state is even more pronounced. When CIFSO and MoF. are combined no stable
M0F6' salt is formed, but MoF, and MoF,0 are the products with the latter being
capable of forming stahle adducts {35). The C1F20+PtF6' salt is a canary yellow
solid (246). The VF5 and PFS adducts exhibit dissociation pressures of 2.5 and
3.5 mm, respectively, at room temperature (33, 34). The (C1F20+)2 SiF6—- salt

is unstable at room temperature. 1t reaches a dissociation pressure of 760 mm

at 31° and its dissociation pressure can be represented (64) by the equation
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) 2712.3
log Pmm = 11,8018 - W

-]
From these data, the heat of dissociation, AHd

)
f 298

tained. For the latter the literature value was corrected by using the more

37.24 kcal mol-l, and the

heat of formation of the solid adduct, AH = -495,7 kcal mol_1 were ob-

precise value of -35.9 kecal mol_1 for the heat of formation of gaseous
C1F30 (see Tahle V111). The adduct melts under its own vapor pressure at
50.5° (300).

The Raman spectrum of a solution of ClFSO in anhydrous HF shows no bands

due to C1F30 but only those of C1F20+ in agreement with the following ioni-

zation scheme (38):

. + -
L1F30 + Hf ——— CIF,0 + HF2

However, no attempts were reported to isolate the neat solid at low temperature
and to examine its thermal stability.
The thermal stability of the adducts depends on the strength of the Lewis

acids and decreases for the C1F20+ salts in the following order: SbF >A5F5>

5

BF3>VF5>PFS>SiF4>HF {33-35, 338, v4). The C1F20+M0F50- salt, when heated in

vacuum to 75-80° or when dissolved in anhydrous HF, is converted to C1F20+
M02F902- and CIFSO. It was shown by Raman spectroscopy that this reaction is
reversible, Heating of these compounds to higher temperatures results in

decomposition to MoF,0 and C10," salts of MoF,0 (35).

The x-ray powder patterns were reported for the XF T type (34, 64, 246)

6
and the BF4_ (64) adduct and were tentatively indexed in the orthorhombic

system,

. The Tetrafluorcoxychlorate (V) Anion, C1F4g:

The existence of adducts betwen C1F30 and CsF (56, 64, 300), RbF (64),
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and KF (64) has been reported. It was shown (56, 300) by vibrational spectros-
copy that these adducts are ionic and contain the C1F40- anion.

1. Synthesis and Froperties

Chlorine trifluoride oxide was found (64} to readily combine with the
alkali metal fluorides, CsF, RbF or KF, at room temperature to form wlite stable
adducts, High conversion to the 1:1 adduct appears to be easiest for CsF. The
use of a large excess of ClF,0, agitation, and extended contact times are con-
ducive to near complete conversions. These alkali metal c1F40' salts have
found use in the purification of C1F30 {(226). The thermal stability of the

adducts decreases in the order CsF>RbF>KF. For example, the KCIF,0 salt can be

4
decomposed by vacuum pyrolysis at 50-70° (226), whereas a much higher temperature
is required for the pyrolysis of CsCl=40.

2. Molecular Structure

The ionic nature of these adducts and the structure of the C1F40' anion
were established by vibrational spectroscopy (56, 300). 1t was shown (56) that
the observed vibrational spectrum (see Table X1} is consistent with the following

structure of symmetry C4v:

A normal coordinate analysis was carried out (56) for C1F40' assuming the follow-
ing geometry: [(C10) = 1.42R, r(CIF) = 1.75A, and all bond angles being 90°.
The internal force constants obiained are listed in Table X11. Comparison with

the stretching force constants of other chlorvine fluorides oxides (see Table I)
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shows that the C10 bond in C1F40' has full double bond character, but that the
CIF bond is a rather weak semi-ionic 3 center-4 electron bond. This implies
that the formal negative charge in C1F40' is distributed almost exclusively
over the four fluorine ligands. Resonance structures of the following type

can be used to describe this effect:

|

Fo
T1E

F P | T
1~ . N

SF !
' 0

= ——

{EI(°) etc.

(=]

E. Chlorine Pentafluoride Oxide, Cqug
The synthesis of C1F50 was claimed in 1972 by Zuchner and Glemser (300)
by uv-photolysis of a mixture of ClF5 and OF, in a nickel vessel fitted with

a sapphire window. Although the authors failed to isolate a pure product,

il

they "identified” CIF 0 in the product mixture by negative ion mass spectvos-

copy and 19F nmr spectroscopy. llowever, the following properties attributed

to ClFSO do not agree with the general trends observed for the remaining
chlorine fluorides and oxyfluorides: (i) low vclatility at -78°C, (ii) a
lgF nmr resonance hetween -146 and -103 ppm relative to CFCls, and (11i)
exchange broadening in the nmr spectrum even at -76°C. For ClFsG, we would
expect (i) a volatility comparable to those of ClF5 (227) or SF6 {2793, (ii)
an averaged lgF nmr chemical shift ot about -390 ppm (61), and (iii) the
absence of intramolecular exchange owing to chlorine having its maximum
coordination number and no free valence electron pair and owing to the lack
of a plausible exchange mechanism.

Attempts to duplicate Zichner and Glemser's experiment (300) at

Rocketdyne and the Centre d'Etudes Nucifaires Je Saclay did not result in any

evidence for CIFSO. In the Rocketdyne study, the nrogress of the C1F5-OF2
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photolysis in the temperaturc range -78° to 30°, using both unfiltered and
Pyrex filtered uv radiation, was continuously monitored by gas chromatography.
At the end of an experiment, the produrts were also separated by fractional
condensation, in a Teflon-stainless steel vacuum system and were characterized
by vibrational spectroscopy. It was shown that in the CIF -OF2 system, when

5

exposed to unfiltered uv radiation, ClF5 rapidly decomposes to ClF3 and F2
and, therefore, yields only the same products obtainable from the photolysis
of C1F3-0F2 mixtures, i.e., mainly C1F30.

The 1% nmr spectrum observed by Zlichner and Glemser (300) might be

rationalized in terms of a rapidly exchanging mixture or C1F, and C1F30 as

3
was pointed out to us by Dr. Bougon. To verify this, we have recorded the

nmr spectra of C1F3-C1F30 mixtures over the temperature range 40 to -102°,
1t was found that mixtures of pure ClF3 and ClF30 yield separate signals for
ClF3 (at about ¢ = -118 and -10 ppm} and C1F30 (at about -269 ppm) over the
whole temperature range studied. However, upon addition of about 5 mole
percent of HF, one single signal is observed for all three species with a
chemical shift corresponding to the averaged chemical shifts of the three
components. The temperature dependence of these spectra is similar to that
reported by Zuchner and Glemser (300). At 40° the signal was rather broad,
becamc narrower with decreasing temperature, but broadened below -60° and

shifted to higher field. At -102° a new and relatively narrow signal appeared
gn PP

significantly shifted upfield. The observed shifts and temperature dependence

of these spectra are strongly dependent on the exact composition of the mixture.

The only remaining piece of evidence presented (300) for C1F.0 was the

5
presence of a low intensity fragnent due to C1F40' in the negative ion mass
spectrum of the crde reaction product. However, this fragmwent might be

attributed to & recombination process in the mass spectrometer since a'57%

R-9662
A-28




peak was also reported for FZ' which can form only by recombination. Furthemmore,
negative ion spectra frequently show species of higher mass than that of the
parent molecule duc to attachment of other atoms or groups (28) as was recently
also demonstrated for BrFS,the negative ion spectrum of which shows a rather
intense Ber' fragment (194}, In agreemnent with the above nmr interpretation,
the observed (300) negative ion mass spectrum is best ascribed to a mixture of
CIFSU, CIFS, FCIOS, and some CIF5 with several higher mass peaks and FZ— being
due to recembination in the spectrometer.

Rased on the cited evidence it appears unlikely that Zlchner and Glemser

(300) had indeed observed CIF_O,

S
F. Chloryl Fluoride, FC1Q,

|
Cl
S

Chloryl fluoride was first chtained in 1942 by Schmitz and Schumacher (256} hy
the low-temperature fluorination of ClO2 with F,. The compound itself has not
been studied very intensively although it is the most frequently encountered
reaction product in systems involving reactions of chlorine mono-, tri-, or
pentafluorides with oxides or hydroxides. 1{ts structure can be derived from

g tetrahedron with a frec valence electron pair of chlorine occupying one of
the four corrers. Compared to FCIOS, this structure is less symmetric,
kinetically less stahle, and contains a highly polar, long (p-n*)o (see
Section II, C)} bond. Therefore at modcrate temperatures, l-'ClO2 is far more
reactive than FClO3 in spite of its lower oxidation state.

1. Synthesis

In our cxperience (70), FC10, is most conveniently prepared by combining
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NaClO3 with an about equimolar amount of C1F3 at -196° in a stainless steel
cylinder and holding the mixture at room temperature for a day. Chloryl
fluoride (bp = -6°) is thus obtained in high yield and can be separated from
the by-products 0,, Cl, (bp=-33.8°) and unreacted ClF5 (bp - 11.75°) either
by fractional distillation or by repeated fractional condensation through a
series of traps maintained at -95°, -112°, and -126°. This procedure is safe
and does not involve the handling of any shock sensitive materials., This
method is based on the previous reports by “ngelbrecht and Atzwanger (92) and
Smith and coworkers (270) that gaseous C1F3 reacts with KClO3 to give FClO2 in

high yield. The substitution of KClO3 by NaClQ, is significant since the pro-

3
duct NaF does not form an adduct with CIFS, whereas KF does. Tnis decreases
the amount of CIF, required for the reaction by 60 percent. By analogy with
the known KC103+BrF3 reaction (296) the idealized stoichiometry of the above

reaction is:

6NaC103 + 4C1F3 ———= G6NaF + 2Cl2 + 302 + 6FC102

The use of larger than steoichiometric amounts of ClF3 is advisable to avoid
the possible formation of shock sensitive chlorine oxides.

Woolf's original method (296) involved the use of KClO3 and BrF3
according to:

6KC103 + lOBrF3 _— 6KBrF4 + 2Br2 + 302 + 6FC102

Although the yield of FClO2 is high, it is very difficult to obtain pure color-
less FClO2 by this method. When KClO3 is replaced by KClO4 (285), FClO2 was
obtainec in 97% yield according to:

SKCIO4 + SBrF3 —— SKBrF4 + Br, + 302 + 3FC102

2

The product purification problem for this system is analogous to that encoun-

tered for the KClO.s-BrF3 system. The direct fluorination of KClO3 with F2
(30, 90, 92, 264) is not synthetically useful for preparing FCIOZ, since the
R-9662
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main product is always FC10 The interaction of HOSOzF with KClO3 was reported

3
(99) to produce FCIO2 in 30% yield. However, a study of this system carried out
at Monsanto (198) failed to produce FC102, probably owing to formation of chloryl
fluorosul fate.

An alternate route to FCIO2 involves the fluorination of chlorine oxides,
The resulting FCIO2 is usually very pure but the handling of the shock sensitive
chlorine cxides renders these methods unattractive, particularly for the pro-
duction of larger amounts of material. The original synthesis of FCIO2 by
Schmitz and Schumacher in 1942 (256) involved the direct fluorination of C102.
When F2 was added at -80° to a quartz vessel containing cl10,, followed hy slow
warm up to 20°, FCIO2 was formed in a moderate reaction, The most favorable
3 conditions werc a reaction time of two minutes, a reaction temperature of 0°,

v, and the use of a mixture consisting of 25.6 mm C10,, 54.0 mm Fas and 540.7 mm

2’

air. The reaction wus found to be homogenous and bimolecular (12). Modifica-

tions of this reaction involve passing gascous F, through liquid Cl10, at -50
to -55° (¢6S) or, preferably, using CFCI3 as a solvent at -78° (162, 254).

Chlorine dioxide can also be fluorinated to FCl10, by passing ClO2 diluted with

N2 at room temperaturc over AgF, or CoF3 or by passing ClO2 through liquid
BrF . at 30° (255).

The fluorination of chlorine oxides other than C109 also produces ¥FCiQ,.

Thus, FC10, was ohbtained in yields of up to 75% by fluorination of C120ﬁ with F,
between 22 and 46°(7, 8). The high yield of FClo0, coupled with the absence of

FC103 indicates that the primary step is the decomposition ol Cl1,0, to 2C10,+0,

y to FC10

C1,0, and FNO,, when carried nut in CFCl; solution at 0°, produces FClO2 in ad-

followed hy the fluorination of Cl0 2 Similarly, the reaction between

dition to N0,+C104" {255). FClO2 is also formed during the fluorination of C1206

at -40° with Brl=3 or Bng (294) or with IIF (252). During the thermal decomposition

of C1,0, in the presence of F, at 100-120° in qu~rrtz or Pyrex, FC10, if formed

R-9662
A-31

—— " -uuﬂ--n----u-u-h--nauu—--nu----n-u-u...lﬁllllﬂﬂliﬁ.'




in addition to FC103 and C1F (98). The risk of explosions is somewhat reduced

when in the CIOZ—Ang reaction the C102 is replaced by the less dangerous C120. v
The yield of FClO2 was 35% (117, 182). Similarly, C120 can be fluorinated at

-78° with either CIF (53)

2C120 + CIF ——— FC102 + 2C12
or C1F30 (246)
0 -——~ FC10

C120 + CIF + 2CI1F

3 2

Oxygenation of a chlorine fluoride, if possible, would be more attractive
than fluorination of the shock sensitive chlorine oxides. A process for FC102
has been claimed by Faust et al. (97) furnishing FClO2 in about 50% yield by
simply heating a mixture of CiF and 02 to 80-90°. However, attempts in our
laboratory (70) to verify this synthesis failed. It appears, that the FClO2
observed by Frust et al. (97) in their experiments was due to hydrolysis of
CI1F (9, 36, 70).

Nume rous reactions have been reported in which FClO2 is formed as a
product, Most of these involve the interaction between a chlorine fluoride or
oxyfluoride with an oxide or hydroxide. The oxidation state of the chlorine
fluoride is not important since +7, +III, and +V compounds all yield FC102
owing to the tendency of the lower oxyfluorides, such as FCl0, to dispro-
portionate. The presence of excess chlorine fluoride is important to avoid
formation of chlorirne oxides. The following equations are typical examples for

these types of reactions:

SCIF + 2H,0 ——— 4HF + FC10, + 2C1, 9, 36)

2C1F 4 + 20— 41IF + FC10, + CIF (9, 36)

CIFg + 2,0 ——= 4HF + FC10, (227)
R-9662
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CIFZ0 + i1,0 ———— 2iF + FC10, (226)

2C1F; + 2HONO, —— 2HF + FC10, + CIF + 2FNO, (53)

ClFg + 2HONO, —— 2IlF + FC10, + 2FNO, (53)

CIF 0 + 2C1080,F ———= S,0.F, + FC10, + 2C1F} 216)

CLEZ0 + C10SO,F ————= SO,F, + FC10, + CIF f

2CIF, + 3COF, = 2CF, + IT10, + CF,0C1 (288)

2C1F, + UOF, ———= UF . + FC10, + CIF (178, 179, 263)
OCIF + Te0, ———= TeFCl + FC10, + 2C1, (168)

2. Molecular Structure

The exact structure of FC10, was deteimined by Parent and Gerry (219, 220)
using microwave spectroscopy. The molecule was shown to have CS symmetry with

the following internuclear parameters:

r(C1-0) Cl  r{Cl-F)

1.418+0.0028 //\1.69710.003&
0 'a )
% F
0

4 (ocloy 2 (Fclo)

115.23+0,05° 101.72+0.03°
Values were also reported for the rotational constants, centrifugal distortion
constants, and the chlorine nuclear quadrupele coupling constants of the three
isotopic species lgF 35Cl lbnz, lgF 37C1 1602, and 19p By 16,08

molecular dipole moment was found to be 1.722+ 0.03D,

Cl 0. The
The pyramidal structure or symmetry Cq for I-‘Cl()2 was also confirmed hy

vihrational spectroscopy. FE. A. Smith, ct al. (271) and Arvia and Aymonine

{6} reported the infrared spectrum of the gas. D, F, Swmith, et al. {270)

studied the infrared spectrum of the gas, measured the 35C1~37L‘1 and 160-180
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isotopic shifts, recorded the Raman spectrum of the liquid, and carried out
a normal coordinate analysis. The observed frequencies and their assignment

are summarized in Table X11T.

35c 16,_18

Andrews and coworkers have recently reported (5) -3701 and 0
isotopic shifts for the infrared spectrum of argon matrix isolated FClO?.
Tantot has studied in his thesis work {282% the infrared and Raman spectra
of the gas, the Raman spectrum of the neat liquid and of HF solutiens, and
the infrared and Raman spectra of the solid.

Force fields for FC102 were computed by D, F, Smith et al. (270),
Robinson et al, (238), So and Chau (272), and Tantot (282). The force
fields computed hy Smith et al. (270), So and Chau (272), and rantot (292)
agree relatively well for the two stretching force constants suggesting

values of about 9.0 and 2.5 mdyn/& for fClO and f respectively. Except

CiF’
for Tantot's computation (282) which did not give plausible values for the
deformation constants (fa>f8)' estimates were used for the geometry of
FClO2 which significantly deviate from the actual (220) geometry of FC102.
Since the deformation constants are more likely to be angle dependent,

a recomputation using the exact geometry and the observed (270) isotopic
shifts is desirable.

Mean square amplitudes of vibration were calculated by Baran (14)
based uprn the frequencies and estimated geometry reported by Smith et al,
(270). The uv ahsorption spectrum of FCJ.O2 was studied by Sicre and
Schumacher (265) and Pilipovich et al. (228). From a mass spectrescopic
study of FC103 (82) and using a value of 57 kcal mol'1 for the C1-0 bond
energy, the electron affinity of FClO2 was estimated to be 2 2.7 ev.

The '9F nmr spectrum of liquid FCl0, at -80° was recorded by Carter

¢t al, (43) and Chiriste et al, (61) and consisted of a single peak at
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o7 =328 or - 516 pym, respectively, A wignal oot o4 = 2332 ppaowas tentatively
assigired by Alexahos and Cornwell (2) tce gusconsl%ﬂ(ﬁ.

The weirk sowd iiphly polar C1-F bowd in 1C10 cian be viationalizoed in terus
of cither o dp-u*ta bond {see Section [, ) or a simple valence boml model
(06) re=nlting in o resonance hybrid of the following canonical forms
l-'l.']().3 -— | 4 LZI():+. It Jars been discnssed in detail by Parent and Cerry

2200, by Covter ot ol (43), and in Scction 11, € of this review,

5. Physical Propertivs

Chlory! tlnoride is colorless as o pas and liquid, and white an oo solid,
It is stable wnder vormal conditions and soue of ite physicnl prepertics arc
summarized in Table X1V, Although precise measnrements of some of its
spectroscopic propertics have recently been undertulen (220, 282%, nmost of its
physical properties ire cither still unknown or werc deternined (256) at o time
when corrosion resistant mwetal - Teflen vacuum svsters were not vet aveilable,
[t was shown by vibvational spoctroscopy (262) that selid 1010, Fetween -263°
and its melting point oxists only in one phasce. Neutrop ditfrection data obe
tained for this phase at <196° [282), were tentatively dndexed busod onoa
monoclinic it cetl with a = 8.7

b 0., ¢ = 4078, 0 o= ue® and D=,

similor to that of FIF;. Tuntot ot al. also studicd (100, 282, JHA) an-oci

. o . A . . . 15
ation effects in the liguid phase using vibration:] spectroscopy, puls Iy

speetroscopy, and conductemetric measurements.  They suppest o aopolar dviiric
interactior resnlting in short-lived associated torms, and possilily a short-
ranged local order observable on a vibkrational, Lot net on an mir time senle,

-0,
ovar.ee

f 1

. . . . . , 1 - -1 .
according to Martin and Tantot (190) from 1.2 to 3, 1215 om (= ¥ ohe cuo

The specific conductivity of ECIO0, in the temperature range -120 to 2
The observed conductivity was taben ax evidence for solf denization aevording te:
o . . + . .7
O, e O, s 0L

However, more conchmiive evidence is reciired in view of the reluctance of
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FC102 to form C102F2 anion. (see Section III, F, 4) and of its known reactivity
vhich renders the preparation and handling of very pure FC10, quite difficult.
The vapor pressure of FC102 as a function of the temperature was measured by
Schumacher et al. (256, 8) and is listed in Table XV. It can be described by

the equation log p(mm) = 8,23 - %%%%). Several thermodynamic properties of FClO2
have been estimated by Rips et al. (235) by means of correlation increments using
only the boiling point of the substance. Whereas the correct boiling point of
FC10, was used, its structure was erroniously assumed to be that of the hypo-

fluorite F-0-C1=0.

4, Chemical Properties

Chloryl fluoride is stable at ambient temperature in well passivated and
dry containers. Its thermal decomposition in Quartz was studied by Schumacher
et al. (24, 137). It reaches a measurable rate only above 306°, The dezompo-
sition reaction is monomolecular and it: rate is pressure dependent. The
activation energy was calculated to be 5 + 2 kcal mol'1 and tle rate constant
was determined as k, = 2.3 x 1013 x 107 %%%%Q secl. The following decompo-
sition mechanism was proposed:

FC10, —————= FC10 + O

2
0+ FCIO2 . FC10 + 02
2FC10 ————— 2CIF + 02

However, based on our present knowliedge about FC10 (see Section III, A), a more
likely decomposition mede for FC10 in the above mechanism would be:

2FC10 —— = C(CI1F + FClO2
The thermal decomposition of FCIG2 in Monel was studied (183) by Macheteau and
Gillardeau. Decomposition to CIF and 02 was otserved at 100° (2.5% in 144h)

and 200° (19% in 235h), but temperature >250° was required for rate measurements.
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It was found that the decomposition is of fivst order and monowolecalar at
temperatures wp to 285°0 At 300° the reaction hecomes sccond order. Tl
calenbated rate coustunts and half life times a: 2 summarized in Tuble XV

The average activation enerpy between 250 and 285° was found to be 23.7 keal
mol ™1 The resnlts ar temperatnres »300° agree with taoese reported by
Schimacher ot ol (137) for the quartz reactor,  Glase is only slowly attacked
Iy I-'Lilt)3 at room temperature, but traces of IF or Hzﬂ catalyze the yeuction
(265, 90). Chlory] flueride reacts with water (9, 36} aud anhydrous nitric
acid (53) according to:

JFCI0, + N0 ——= 2HF + 2010, + 1/20,

and

2FC104 + ZHONQ, ————= 2HF + Z2Clo, + N,0. + 1/20,

5
Both reactions are relatively slow and do not po to completion in several hours

4t room temperature (9, 36, 53), In addition, some of the C10, formed can de-

-

compase to Cl, and 0, and the nascent oxygen can oxldize FC10, to FC10L which
ix resistant to hydrolysis:

(10, + 0 ——= 1C10,
< A

These results difter from the previous report by Schmeisser and Fink (255 that
the veaction between 1C1C, and HONO, proceeds at -30° accovding to (M6):

Ty 2 CHONDY S s 1
SO0 8.8 R A1 Vi

1N . CIn + N 4+ My
B Waend oy geea b ety KR H

The statement mude in Gmelin (122) and attributed to bode und Klesper (30} that
FC10, hydrolyzes to rc103 and H,, is obviously incorrect. Hydrolysis of 1o,
with hase (253, 265, 2960 procecds according tod

FC10, + 20l ——e (10,7 + 7+ 11,0

S

Traces of 11,0 in FCI1O, genevave a red brown color {236) which 1o probably Jduc to

Clo,. With NiLo it ipnites at -78% and the end products are NG CT and NG E

. . . -1 . .

VY, e observation of o oweak band at 1052 om in the bawan spoctra of
P=0662
A=37




FClD2 in dilate UF solutions in addition to stroug bands due to FClOz, was

interpreted (283) in terms of the equilibrium:

HF + FCl0, ==—== C10," + HE "

With HCl, chloryl fluoride reacts (255) at -110° according to:

HC1 + FCl0

2 HF + ClO? + 1/2Cl2

With the stronger reducing agent liBr, it reacts explosively at -110° (99).

With HOSUZF, it forms at -78° (99) the stable C10¢0302F

FClO2 + HOSOSF —— HF + CIOEOSOZF

but with 11050,C1 at -90° only the decomposition products of the analogous

ClOZOSO,Cl, i.e., 503, c102, and C12, are vbtained., With anhydrous H0C103,

the folluwing reaction occure (87, 252):

FC10, + HoCi0; —-—= HF + C10,0C10

3

Sulfur trioxide undergoes at -10° in CFC]3 solution an insertion reaction to
yicld the orange solid (mp 27°) Cl0,0S0,F (254). The same compound was also
obtained (25¢) in the absence of a solvent:

FC]O2 + 503 S CIUZOSOEF

With the strong reducing agent S0,, chloryl fluoride reacts explosively at

-40° (99). When FCIC, and 1,0, are combined at -196; then warmed to -50 to

2 5

.0° - . s s . "
20%, 1205 is dissolved with formation of 02, IFS, LlOz, C1206, and C1207

(294).

Chlorvl fluoride is a fluorinating agent and a moderately strong oxidizer.

Thus it can fluorinate ASF3 to the pentafluoride (294) according to:

3FCl10, + ASF:5 =

2 ~ (10

+ -
2 A5F6 + 2C102

Sul fur tetrafluoride is oxidized by FCl0, at 50 to 300° to vield a mixtuve of
SIP QF(P. anc ST:ﬂ: L familuaz iy “:Fd ie fluvrineted ot 50° o glie ¢
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mixture of NFS‘ FNOZ, and FNO (223). Uranium tetrafluoride can be oxidized by
FClO2 to UFS and UF6, the latter step requiring a reaction temperature between
50 and 150° (27). Metal chlorides are converted by FClO2 into metal fluorides,
most of which can form C102+ containing salts when an excess of FCIO2 is used.
Typical examples are SbClS, SnCld, and TiCl4 which are converted to C102+SbF6',
(C102+)25nF6", and (C102+)2T1F6", respectively. Aluminum trichloride is
coverted to AlF3 (99, 255). Oxides, such as 1205 (see above), 5102, szos, and
B0, can be converted by FC10, at -10° to SiF,, C10,°SbF, , and €10,*BF,”

4! 2 4
respectively (87). At 50-100°, U02F2 Teacts only slowly with FC10,, but at
150° with contact times of 30 min, UF¢, Cl,, and O, are formed (178, 179)
according to:

4FC102 + UOZFZ -——= UF6 + ZCI2 + 50

2
Only one reaction was reported in which FC10, was oxidized from the penta-
to the heptavalent state (50, 51, 69). The powerful oxidizer PtF6 was required

to obtain the following reaction:

*PtE.T + C10.%PtF.

2FC10,, + 2PtF, —» C1F202 6 2 6

2 6

Chloryl fluoride was converted to C1F30 by uv-photolysis of systems containing
mixtures such as FC102-F2, FCIOZ-CIF, FCIOZ-CIFS, and FC102-C1F5 (228, 240).
These reactions probably do not involve a direct oxygen-fluerine exchange in
FCIOZ, since CIFSU can be synthesized by the same technique either directly from
the three elements or from ClF3 and oxygen (228),

Chloryl fluoride, like most of the other known chlorine fluorides and oxy-
fluorides, possesses amphoteric character. Owing to its weak and polar
(p-1*)o C1-F bond (see Section 11, C}, it exhibits a much stronger tendency to

form adducts with lewis acids than with Lewis bases. The adducts with Lewis

. . . + . . .
acids result in salts containing Cl0, cations, and those with bases result in
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C102F2' salts. Both ions are discussed in detail in Section G and H, respec-

tively, of this review.

G. The Chloryl Cation, c1021

Although the chloryl cation does not contain a CIF bond and therefore,
in a strict sense, does not belong to the family of the chlorine fluoride
oxides, i“ was included in this review since it .s a true derivative of FC102.

Th: existence of FC102 adducts with BFS‘ ASFS, PFS, SbFs, SiF4, 503,

and Tan was first reported in 1954 by Schmeisser and EFbenhdch (87, 254) and

Woolf (296}. 1n 1957 Schmeisser and Fink obtained (99, 255) adducts with

TiF4 and SnF4. In 1958 Clark and Eneleus described (73) the existence of a

VF5 adduct, and more recently Christe (50) ohtained a Pth and lrF5 adduct.
In a previous review (253) the adducts of FClO2 with the stronger Lewis

. = N - . o +
acids, such as AsFS oT bbFs, were considered to be ionic and to contain C102

cations. However, the corresponding BF3 and PF5 a:dducts were assumed to be
molecular adduc*ts. 1n 1968 Carter et al. (44) reported evidence for the
existence of =olvated L‘lOZ+ ions in HSDsF solution. Since then, vibrational
spectroscopy has successfully been used to establish the ionic nature of

C oy e C - A + -,
solid Lloz A5F6 (43, 66), Clﬂ2 Br4 (66, 155, 157), ClO2 Sbﬁa xSth

(42, 43, 155, 157), c1oj*c1od‘ (221), C10 YIrF, T (50).

S SR
Pti-6 , and 10, 6

Z

1. Syntheses and Properties

Salts cu.taining the C102+ cation can be prepared either by direct
combination of FClO2 with the corresponding perfluorinated Lewis acid with
(254) or without a soivent (43, 66, 73, 155, 209, 296}, by the interaction
of FCIO2 with oxides (87), chlurides (99, 255), and lower (294) or higher (50)
oxidation state fluorides, ~r by interaction of the perfluorinated Lewis acid

w'th chlorine oxides (210, 247). The latter reactions, however, produce non-

volatile XF30 as a by-product according to:
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~Fe M — Toovm oooree e T

Yo T RN [e——— ;(fm.*m-(’ + N0 ¢ dUT, (X = As, SD)
2 - ) B -

. = -0 N + . . - . . .
SCIL00 4 TSI oo e 2CT0,TSBUE) e SDEGD + 4T
LT FLINIPR AL S S— -I(II(I,+SIaI-'(- + 28D ¢ 050
- B pul ) . -

. o h . + . . - ) .
SUIO, + TABE e G0, SR T e 2800 000
CIat e 2SBE, — e U10.°SBL T+ ShELO + 1C16,

. o - O R Al

Of tiwe shove approaches, the direct combination of PC]”: with the corresponding
lewis acid is generally the post conveniont, It yields well defined products,
except for vases, such as Sbrs {2101 or THFS {296}, where polyvanion formatien

15 possible. From the FCIU:-HhFS system, depending on the ratio of the starting
materials and the reaction conditions, only C1H2+5hlb-, CIU:+9h3F]b_, or a

- - - + 0 .
mixture of the two but no Cl0O, sn,b

11—, were ohtuined (210},

The TCTO, adducts are generally white solide, except for the vellow

Pch_ and IrF, salts (50) und for FCIC,-SUE which was reported to be a red-to-

b-
pale veltlow low-nielting solid (29¢). The properties of the latter compound
indicate thart in the lignid phase it may oxist, by analogy with Cl:“e (221), in
its covalent form, i.e., HEFIOSGzF‘ The ionicity of chlorv]l fluorosul fate was
atso discussed (297) in o paper dealing with the liquid range of fluoveosulfates,
The literature reports on the thermal stability of the Cinz+ salts are rather
shetchy, In addition to the data given in Tauhle TV of Sehmejesorts roviow (253))
stability datn were published only for the HFS and the QhFS adducts.  The
PGIUZ-HPS adduct reuaches o diszociation pressure of 1 atr, ot 44.1° (661, where-
as C]UZ4SPFG‘[mp 220-225°) and CIUQ*Shsrlh—\mp 50-53% are stable up to 300 and

200%, respectively (209). The PtE, and 1rF <alts of ClG * are stalde atr room
] 6 Y

6
temperature (501, It should De pointed aut that Table 1V of (255) tmplics that

the thermal stability of the PFh_ sart is hieher than that of the HFJI. However,

fur related wvations the reverse is true and it appears that the data cited
might be inuccnrate.
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X-ray powder diffraction data have been reported for C102+ASF T o(66)

6

¢ and c1o,,*5b3r-16‘ (209). All the (:102" salts react violently

with organic compounds and water. With stronger Lewis hases, such 2< NO, N02,

and €10, SbF

CINO, (99, 255}, FNO, ard FNO2 (53, ©8) the following type of displacement

reactions can be carried out:

C10,*AsF.” + N0 —— No_*AsF
X X 6

2 6 + ClO2

C10,"AsF, ™ + CINO, ———= NO.“ASF.” + Cl0, + 1/201,

6 6

+ - . e oo
ClO2 PtF + FNOX NOX Pt16 + FCIO2

6

2. Molecular Structure

The exact crystal structure of a C102+ salt has as yet not been pub-
lished., However, the C102+ cation has heen well characterized by vibrational
spectroscopy (42, 43, 66, 155, 157)}. Characteristic frequencies and inten-
sities for C10," are summarized in Tahle XVII. The observed > c1-°'cl

isotopic shifts were used to calculate the hond angle of C102+. 1t was

shown that the cation is sharply bent and that the bond angle approximates

+

120° (66, 155). Force constants were computed as a function of the C102

bond angle (66, 155) and the preferre. set of constants is included in
Table XVII. The value of 8.96 mdyn/A obtained (66) tor the ClO stretching
fuice ronstant of C102+ demonstrates that the C!0 bond has double bond
character (see Table 1).

H. The Difluorochlorate (V) Anion, CIF292;

The existence of difluorochlorates of sodium, potassium, and barium
was reported in 1965 by Mitra (195). However, this claim was met by
skepticism since the reported synthesis involved the use of 40% aqueous
hydrofluoric acid. In a suhsequent paper (196), Mitra withdrew his claim,
In 1969, Huggins and Fox reported (141, 142) the synthesis of CsC1F202 from

CsF arnd FC10, and a subsequent spectroscopic study by Christe and Curtis
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showed (54) that the vibrational spectrum of the udduet is consistent with

Ly
I
A

a CIF,0,  anion ol symmetry Caye

1. Synthesis and Properties

The syathesis of CsCIF,0, can be readily achieved by the interaction of

-

ks

re

dry CsE with eacess FCIO, ot room temperature (141, 142).  in the original work
{141, 1427, activated CslF was used whieh was ohtained by vacuum pyrolysis of

the CsF- hexafluoreacetone complex,  The conversion of CsI' to (sCl1F,0, wus 87%,

When ordinary Csb (driced by fusion in a platinum crucible and powdered) was used
(54) the conversion of Cs¥ to CsClFEOE was 73%.

The CsCleoz adduct is a white solid, stahle at 25°. Vacuum pyrolysis
at 80-100° vields CsF and l-'ClO2 (141) demonstrating that the formation rcuaction
is reversible., It fumes in moist air and reacts explosively with water (141).
Controlled hydrolysis (54) proceeds according to:

i C1F202" + ”20 -‘-""-"CIOS— + 2HF

2. Structure

The nature of the CsCIonq adduet was established {54) by vibrational

spectroscopy.  The observed spectra werc consistent with a CIFZOQb anion

possessing the foll wing structure of symmetry sz

o

é‘/i\

The observed bands and their assignments are summarized in Table XVITI. A

normal coordinatce analysis was carried out (54) for {1F,0, assuming the

following geometry: R(Cl10) = 1,43R, r(ClF) = 1,79R, «{<0C10) = 120°,

B{<OCIF) = 90°, and (<FCI1F)

180°, The actual bond angles are expected to

deviate slightly from this ideal geometry owing to increascd repulsion from

R-9662
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the free valence electron pair on Cl (see Section II, A). The internal force
constants of C1F202' are summarized in Table XIX, As can be seen from Table 1
and the general discussiocn in Section II, C, the Cl10 bonds in C1F202- have
double bond character and the CIF bonds are as expected, semi-ionic 3 center-
4 electron bonds. The polarity of the latter is increased further by the
formal negative charge and the high degree of oxygen substitution. The com-
bination of these effects results in the lowest C1F stretching force constant
value found to date for any ClF bond. As demonstrated for several other oxy-
rluoride anions (see Section 111, D), the negative charge in C1F202' resides
mainly on the ligands having the highest electronegativity, i.e., on the

fluorine, and not on the oxygen atoms.

I. Chlorine Trifluoride Dioxide, C1F392

A compound having the empirical composition (C1F302)n was reported in
1962 oy Streng and Grosse (128, 277, 278). 1t was obtained by the inter-
action of either Clz, CI1F, or HCl with 02F2 between -154° and -143° or by

uv photolysis of ClF3 and 0, mixtures at -78°. Both methods produced the same
product, a violet unstable solid, which irreversibly decomposed above -78°.
In a subsequent study of the infrared and visible spectra of these products
Gardiner and Turner (108, 109) proposed the structure F2C100F for the violet
compound. However, both the synthetic and the spectroscopic study are not
convincing and further work is required to establish the composition and
structure of this violet species.

A well defined and characterized compound having the composition C1F302
and showing no resemblance to Streng and Grosse's violet compound, was reported

in 1972 by Christe (52). This work is an excellent example fur the perfe<tiom

ot handling technigques for extremely reactive oxidizers. Thus the vhysical,
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chemical, and spectroscopic properties of C1F302 and of its C1F202+ adducts
were determined from a total of 2.2 mmol of material. The fact that C1F302

as a powerful oxidizer is readily reduced to FClO2 which cannot be removed
from C1F302 by simple fractionation (see below), rendered the handling of this
compound particularly difficult.

1. Synthesis and Prcperties

The synthesis of C1F302 is best described by the following reaction

sequence:

2FC102 + 2PtF 6

+ - +
6 C1F202 PtF6 + C102 PtF

Several side reactions compete with this reaction and the yield of C-1F202+
varies greatly with slight changes in the reaction conditions (50, 68). The
CIF,0, is then displaced from its CIFZO,+ salt according to:

+ - + -
C1F20 PtF, + ClO2 PtF6 + 2FNO

+ -
2 6 — 2N02 PtF6 + CIF 02 + FClO2

2 3

Chloryl fluoride is slightly less volatile than C1F302. Therefore, most of it
can be removed from C1F,0, by fractional condensation in a -112° trap. The
remaining FC102, however, has to be removed by complexing with BF3:

+ FCl0 T+ C10.%BF,

C1F.0 4 2 BFy

+
+ 2BF3 — C1F202 BF

2 2

Since C1F202+BF " is stable (69) at 20°, whereas C102+BF4- is not (66) the

4

latter can be pimped away at 20°. The resulting pure C1F202+BF4' is then

treated with an excess of FNO, and the evolved ClF502 and unreacted FNO2 are
readily separated by fractional condensation through a series of -126 and
-i96° traps:
+ - + -
C1F202 BF, + FNO, ——— NO, BF, + C1F302
The overall yield of pure C1F302 based on the PtF6 used in step 1 was found

to be about 10 mol %.

R-9662
A-45




e

oo

Pure C1F302 is colorless as a gas or liquid and white as a solid. Some
of its measured {68) physical properties are summarized in Table XX, Near its
melting point the vapor pressure above liquid C1F302 was found to be repro-
ducibly lower than expected from the vapor pressure curve given in Table XX,
This indicates that close to the melting point some ordering effect occurs in
the liquid.

The measured vapor density of C1F302 indicates that no appreciable
association occurs in the gas phase. Its relatively low boiling point and
Trouton constant imply little association in the liquid phase. This prediction
is confirmed by the vibrational spectra of the liquid and the neat solid which
exhibit only minor frequency shifts when compared to the spectra of the gas and
the matrix-isolated solid. This finding is somewhat surprising since both
ClF3 (102) and C1F30 (55, 226) show a pronounced tendency to associate in the
liquid and solid state through bridges involving the axial fluorine atoms.

The thermodynamic properties were computed with the molecular geometry
and vibrational frequencies given below assuming an ideal gas at 1 atm pressure
and using the harmonic-oscillator rigid-rotor approximation. These properties
are given for the range 0-2000°K in the Appendix.

Chlorine trifluoride dioxide resembles chlorine fluorides and oxyfluorides
in its corrosive and oxidizing properties. 1t must be handled in systems con-
sisting of corrosion resistant metals, Teflon, or sapphire. 1t appears to be
marginally stahle in a well passivated system at ambient temperature. It is
a strong oxidative fluorinator as evidenced by its tendency to fluorinate metal
surfaces to metal fluorides with FClO2 formation. 1t reacts explosively with
organic materials and care must be taken to avoid such combinations. The

hydrolysis of C1F302 was not quantitatively studied; however, on one occasion
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a slight leak in an infrared gas cell containing C1F302 resulted in the for-

mation of FClO3 and HF indicating the following reaction.

C1F302 + H20 ———— FClO3 + 2HF

Chlorine trifluoride dioxide forms stable adducts with strong Lewis acids,
such as BF3, AsFS, or PtF5 {51, 68, 69). These adducts have ionic structures
containing the C1F202+ cation (see Section ITI, I, 2). The high stability of
these adducts can be explained by the change from the energetically unfavorable
trigonal-bipyramidal structure of C1F302 to the more favorable tetrahedral
C1F202+ configuration (see Section II, D). Contrary to ClF:5 (295), but by
analogy with C1F30 (64),it does not form stable adducts with FNO or FNO2
temperatures as low as -78°. This was demonstrated by the various displace-

at

ment reactions where C1F302 and unreacted FNO or FNO2 could be readily removed
from the reactor at -78°, With the stronger base, CsF, it did not form a stable
adduct but decomposed to FC102 and F,. However, only relatively small amounts
of C1F 30, were available for the complex formation study with CsF and the
possibility of preparing salts such as Cs+C1F402' under more favorable reaction
conditions cannot entirely be ruled out.

2. Molecular structure

Vibrational (57) and 19F nmr (68) spectroscopy were used to establish
for C1F302 the following structure of symmetry CZV’ which according to semi-
empirical LCAO MO SCF calculations (239) is most stable:

r

Fe 1
| =<0
F

The 19F nmr spectrum of liquid CIF;0, was measured in the temperature

range -20 to -80°, It showed at all temperatures one partially resolved
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sigiual centered at -413 ppm below the external standard CFCls. The observed
signal is in excellent agreement with an AB2 pattern with J/vod = 1.0 and
JFF 3 443 Hz, The low chemical shift of -413 ppm for C1F302 is in excellent
agreement with a heptavalent chlorine fluoride and the fluorine-fluorine
coupling constant of 443 Hz observed for CIF .0, is similar to that of 421 Hz
observed for the structurally related ClF3 (61). Additional support for the
above structure was derived from the fact that the B, part of the AB, pattern
occurs downfield from the A part as expected ior the axial fluorine atoms in
a trigonal-bipyramidal arrangement (120, 203).

The infrared spectra of gaseous, solid, and matriv-isolated C1F302 and
the Raman spectra of gaseous and liquid CIF;0, were reported (57) anu are
summarized in lable XXI, The observed data are in excellent agreement with
the above mooel of symmetry CZV' A normal coordinate analysis was carried out
for CIF,0, assuming the fo!lowing geometry: D(Cl0) = 1.40 &, R(ClFeq) =
1.62 A, r(CIF, )} = 1.72 X, a(0C10) = 130°, B(Feqcmax‘ = a(ocu-‘ax) = 90°, and
y(OClFeo) = 115°, based on the cbserved geometries of ClF3 and FC103 and a
correlation between C10 bond length and stretching frequency. The deviation
of the OC10 bond angle from the ideal 120° was estimated by comparison with
the known geometries of SF,0 and FC10,. The force constants thus obtained are
summarized in Table XXII. The value of the Cl0 stretching force constant
(9.23 mdyn/R) 1. in excellent agreement with that of 9,37 mdyn/A found for
C1F30 (55) and the general valence force field values of 9,07 and 8.96 mdyn/R
reported for FClO2 (270) and 6102+, (66) respectively. The values of the CIF
stretching force constants are comparable to those previously reported for
the related pseudo-trigonal-bipyramidal molecules ClF3 (102} and C1F30 (55)
and are summarized in Table XXIII. In all three molecules, the stretching

force constant ot the equatorial CIF bond is significantly higher than that
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of the two axial bonds, although their relative difference decreases with in-
crecasing oxidation state of the central atom. The difference in bond strength
between equatorial and axial bonds implies significant contributions from
semi-ionic 3-center 4-electron bonds to the axial C1F bonds. This bonding
scheme has been discussed in detail for the related pscudo-trigonal-bipyramidal
CIFZ- anion in Section II, C.

Inspection of Table XXIII also reveals that the value of fr does not
depend exclusively on the oxidation state of the central atom. Obviously,
formal negative charges (as in the anions) and increasing oxygen substituiion
facilitate the formation of semi-ionic bonds and, hence, counterzct the influence
of the oxidatior state of the central atom. It is interesting to note that the
relative contribution from semi-ionic bonding (see Section II, C) to the axial
CIF bonds [={fR - fr)/fR] decreases from CIF; to CIF.0 and CIF .0, (see
Table XXTI1). This can be attributed to the decreasing electron density around
the central atom with increasing oxidation state, thus making it nmore difficult
to release electron dens!ty to the axial fluorine ligands as required for the
formation of semi-ionic bonds.

The bonding in C1F302 might be described by the following approximation
(49). The bonding of the three equatorial ligands, ignoring the second bond of
the C1=0 double bord, is mainly due to an sp2 hybrid, whereas the bonding of
the two axial CIF bonds involvus one delocalized p-electron pair of the chlorine
atom for the formation vr a semi-ionic 3-center 4-electron po bond.

J. The Difluoroperchloryl Cation, Cl10.F,"

The existence of the C102F2+ cation in the form of its PtF6- salt was

reported in 1972 by Christe (51). 1In a subsequent paper (69) a full account

was given of the synthesis and properties of the PtF, ", AsF6', and BF,” salts
+
of C10,F, .
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1. Synthesis anc Properties

It was found (50) that PtF6 and FC102, when combined at -196° and allowed
to warm up slowly to 25°, interacted according to

2FC10

+ - + -
5 * 2PtF6 ———-C102F2 PtF6 + ClO2 PtF6

The yield of C102F2+ was not .J% ac exnected from the absve equation, but
gener:1lly about 25% owing to the competing reaction

+ -
2FC102 + 2PtF6----——--—---2C102 PtF6 + F2

In some of the experiments, small amounts of C1F6+PtF " or ClF5 and FC10, were

6 3
observed, depending on the exact reaction conditions. The formation of some
FCIO3 is not surprising since it is known that FC10, readily interacts with
nascent oxygen to yield FC103 (9, 36, 53).

Atterpts to suppress the ~ompeting reaction by changing the reaccion con-
ditions (rapid warm-up from -196 to -78° and completion of the reacticn at

-78°) resulted on one occasion in an entir-~ly different course for the reaction

+ - + -
6FC102 + 6PtF6-———~F 5C102 PtF6 + ClF6 PtF6 + 02

Further modification of the reaction conditions (rapid warm-up of the FC10,-
PtF6 mixture from -196 to either -78 or 25° and completion of the reaction at
25°) did not produce detectable amounts of either C102F2+ or C1F6+PtF -, but
only C102+PtF6' and CIFS, FZ’ and 02. This indicates that the nature of the
reaction products is more influenced by the warm-up rate of the starting
materials from -196 to about -78° than by the final reaction temperature. Slow
warm-up favors the formatior of C102F2+, whereas rapid warm-up yields C1F6+
or CIF5 and F2 (50).

The BF,” and AsF " salts were prepared (69) according to:

6

+ - L+ - - " + -
C102 Pth + C102r2 PtF6 + Fuuz-———-Fi,lO2 + C1F302 + 2N02 PtF6

Unreacted FNO, and some of the FCl0, could be separated from C1F;0, by fractional
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condensation, The remaining FClO2 was separated from C1F302 by complexing

with BFS. 5ince the resulting C102+BF4' has a dissociation pressure (66)
of 182 mm at 22.1° while C102F2+BF4' is stable, the former salt could be

readily removed by pumping at 20°. Conversion of C102F2+BF4_ to the cor-

responding AsF_.  salt was accomplished through displacement of BF, by the
6 P 4 Y

stronger Lewis acid AsFS:

+ - + - ‘
C102F2 BF4 * ASFS —_— C102F2 AsF6 + BF3

+ - + + -
All three salts, C102F2 PtF6 , C102F2 AsF6 , and C102F2 BF4 , are
solids, stable at 25°, and react violently with water or organic materials.
The PtFG' compound is canary yellow, while those of A5F6' and BF4' are white,

The salts dissolve in anhydrous HF without decomposing. They are crystallinic

4
and C102F2+A5F6_ have been reported (69). The pattern of the former was tenta-

in the solid state ~md the X-ray powder diffraction patterns of C102F2+BF

tively indexed on the basis of an orthorhombic wnit cell with a = 5.45, b = 7.23,
and ¢ = 13,00 A. Assuming four molecules per unit cell and neglecting contri-
butions from the highly charged central atoms to the volume, a plausible average
volume of 16 A per F or O atom was obtained.

The thermal stability of C10.F *BF,” is higher than that of C10.*BF,” (66),

2 4 2 4

C1F2+BF4' (259) or other similar salts. The pronounced tendency of C1F302 to

form stahle adducts with Tewis acids is in good agreement with the correlations
between the stability of an adduct and the structure of the parent molecule and
its ions (see Section II, D). Thus, tetrahedral C102F2+ (see below) should be

energetically much more favorable than trigonal-bipyramidal C1F30 .

2
2. Molecular Structure.

The structure of C102F2+ salts was established by lgF nmr and vibrational

spectrascopy (69).
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In the "“F nmr spectrum of C1F202 PtF in anhydrous HF a broad singlet

at -310 ppm relative to external CFCl3 was tentatively assigned (61) to C1F202+.
Subsequent studies (69) of CIFZO2 BF, " and C1F202 AsF " confirmed the original

assignment. The spectrum of C1F202 BF4 in HF showed a strong temperature
dependence. At 30° it consisted of a single peak at 185 ppm relative to

external CFCIS. With decreasing temperature the peak at first became broader
and then separated at about 0 into three signals at -301 (C102F2+), 146

(BF4'), and 194 ppm (HF)} which became narrower with further decrease in tem-

perature, The observed peak arca ratio of approximately 2:1 for the 146 and
-301 ppm signals confirmed their assignment to BF4 and C102F2 . respectively,

and proved the ionic nature cf the C1F302 Br adduct in HF solution.

The spectrum of C1F202+A5F6_ in HF (which was acidified with AsF.)
consisted of two resonances at -3U7 (ClO ) and 105 ppm (HF, Ast, ASF B
respectively. Rapid exchange among HF, AsFS, and AsF6 preempted the measure-
ment of the CIOZF2 to ASF6- peak area ratio (69).

The vibrational spectra of the BF AsF,”, and PtF, salts of ClO0.F

4 ’ 6 6 2 2

were recorded for both the solids and HF solutions (69). I+ was shown that

all three salts are ionic containing in addition to the anions, a common

cation. The vibrational spectrum of this cation closely resembled that of

802F2 indicating a pseudo-tetrahedral structurc of symmetry c2v' The observed
frequencies together with the stretching force constants obtained from Cl iso-

topic shifts are listed in Table XXIV. Inspection of Table I shows that

C102F2 pussesses the highest value known for a C10 stretching force constant.

This is not surprising, since the central atom in C102F2 has a high oxidation state

(+V11), highly electronegative ligands, and a formal positive charge (cation].

the wntfluence of these Zactors on fCIO has been discussed in Section [I, €.
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By analogy with CIFZO+ (59), the only other known species exhibiting a fClO

value of similar magnitude, contributions from the resonance structure

101 ot

i |
J
wf | o7 | e

I LT

might be invoked to explain the high fClO value. The value of the CIF stretch-
ing force constant (4.46 mdyn/&) falls within the range expected for a predomi-
nantly covalent CIF bond in a cation having a central atom with a +VII
oxidation state.

K. Perchloryl Fluoride, FCIO3

F
l
21
0 / 0

Perchloryl fluoride, the acyl fluoride of perchloric acid, was first obtained
(31) by Bode and Klesper in 1951 by the action of F2 on KClO3 at -40°, but
believed to be CIOZOF. In 1952 it was prepared by Engelbrecht and Atzwanger
(91) by electiolysis of NaClO4 in anhydrous 1if and was correctly identified,
In the mid-fifties it became commercially available from Pennsalt Chemical
Corporation and can be purchased in research quantities from Ozark Mahoning
Company. Owing to its r:markably low reactivity and high specific impulse
(see Section I11, K, 5) it received considerable interest as a rocket propel-
lant oxid’ er, resulting in a rather thorough ctudy of its properties. Un-
fortunately, its high vapor pressure (53 atm at Tc = 95°) and coefficient of
expansion rendered it inferior to other oxidizer candidates. Owing to its

relative inertness (it hydrolyzes only slowly in water) it has found use as a
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fluorinating agent in organic chemistry. 1n addition to the general reviews,
listed in the Introduction and brief reviews in Japanese (205) and Chinese (48),
reviews have been published by Pennsalt (224), Gall (105), and Khutoretskii

et al. (158) which are devoted exclusively to FC10 The inertness of FClO3 is

3
due to its energetically favorable pseudo-tetrahedral configuration, its highly

covalent and strong C1-F bond (see Section II, C), and its extremely small

dipole moment of 0.023 D, Combined, these properties give it a high kinetic

o

_ -1
£298 = -5.7 keal mol 7).

stability in spite of its low thermodynamic stability (AH

1. Synthesis

Perchloryl fluoride can be prepared by electrolysis of a saturated solution
of NaClO4 in anhydrous HF with a current efficiency of 10% (91, 92).

Fluorination of solid KC]O3 by F2 (30, 31) produces FCIOS, FC10,, CI1F,

2’

Cl,0 Clz, and 02 (90, 92). The yields of FClO3 were about 45% based on the

276’

F, used (92). When the fluorination was carried out below -20°, yields of

FC103 as high as 60% were obtained (264). The fluosrination of NaClO3 with

F, can also be carried out in aqueous solution at 25 - 75° resulting in a 50%
yield of FCIOS (299, see also 125). Replacement of F2 by other fluorinating
agents, such as ClFs, BrFs, or SbFs, gives mainly FClO2 and Cl2 and only low
yields of FClO3 (92). Purification of crude FCIOS by washing of the products

condensible at -196° with an alkaline Na,S.,0, solution produces material

3
containing less than 1.5% of impurities (92).

The thermal decomposition of C1207 at 100° in the presence of F, pro-
duces a mixture of FCIOS and FClO2 in a yield of about 75% (98). Similarly,
the fluorination of cither C1,0, or C1207 with SbF; produces FCIOS in high
yield (2i0) according to:

+ -
Cl 06 + ZSbFs ———— ClO2 SbF6 + SbF

2 0+ FCIOS

3
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and

+ 2FC10

C1,0, + nSb¥ -1 3

204 —————-SbFSO'(SbFS)n

5

The fluorination of NO,C10, ty CI1F, at room temperature results in the formation

27774 3
of FCl()_.5 and smaller amounts of FC102, ClO2 and CINO2 (25). Perchloryl fluoride
is also formed by the interactiun of FClO2 with nascent oxygen (9, 36, 53) and
in the reaction of gaseous ClF3 with U02, USOS and UO3 (149} and with U02F2
{263}, or by the reaction of C1F2+BiF6' with metal oxides (78). Xenon dioxide

tetrafluoride, Xe0,F,, is capable of oxidizing either ClF3 or ClF5 to FC10,

4°
(143)}. Almost quantitative yields of FCIO_,5 and Rfliggg can be obtained by

the alkali metal fluoride catalyzed decomposition of the corresponding R¢CF 0C103

2
at slightly elevated temperatures (219}.

The most convenient and commercially attractive methods for preparing
FC10; involve the fluorination of perchlorates. Heating of KC10, to 70-120° in
an excess of SbF5 produces FCI()‘.5 in 50% vield (89)}. The wvield of FCIO_,5 can be
increased to 90% and the reaction temperature can be lowered to 20-50°, when
a mixture of HF-—SbF5 is used (292, 293). Slipghtly lower yields were obtained

when the HF solvent was replaced by AsF IFS, or BrF_.

3 5

Most of the commercial processes are based on the use of HOSO,F, This

2
method was proposed in 1956 by Barth-Wehrenalp (21}. Evolution of FClO_.5 starts
at 50° and gues to completion at 85-110°, The yields of FC10; vary from 50-80%
(21, 22, 162, 163} and, if necessary, the HOSOzF can be regeneratea (22). If

desired, the reacticn can be carried out in glass apparatus. The influence of

certain additives on the yield of FC10, was studied (81)}. The addition of

3
5.25% of SbF‘.5 to the HOSOZF increases the yield of FCIO3 to 90% and higher,
but hinders the regenetvation of HOSO,F.  The addition of HF-BF ; increases the

FCIO3 yield to 85%, but requires elevated pressure. Zinc, aluminum, silver,

and lead fluorides were found to decrease the yield of FCIOS.
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The highest yield of perchloryl fluoride (97%) was achieved with a mixture
of fluorosulphonic acid and SbFS as fluorinating medium. Potassium, sodium,
lithium, magnesium, barium, calcium, and silver perchlorates and perchloric acid
itself undergo the 1eaction. Commercial reagents are used and their additional
purification is not necessary; unlike all the previous methods the preparation
of perchloryl fluoride by this method can be carried out at room temperature.

At high temperature (100-135°) the reaction time is 1-10 min in all, which allows
the process to be carried out continuously in a packed column. The purity of
product obtained after the usual purification reaches 98% and over, air and
carbon dioxide being present as trace impurities (23).

The exact mechanism of the reaction between C104' and superacids has as
yet not been established, although numerous comments on it were published
(19, 20, 167, 253, 292, 298). Based on our present understanding of superacid
chemistry (¢7, 119, 216) and of the complex formation of FClO3 (see Section 111,
K, 4) a mechanism involving ClOS+ as an intermediate is very unlikely. Further-
more, the high yields of FCIO3 {(up to 97%) would be surprising in view of the
expectel instability of C103+. In our opinion, other mechanisms, such as the

one shown, involving protonated perchloric acid (166) are more plausible:

+ -
—— 7
2HF «+ ZSbFs 'HZF + ZSbF6
+ - +
2H2F + ClO4 — H20C103 + 2HF
p _ o+ +
H2UC1U3 + HF FClO3 + HSO

- . + -
ClO4 + 3HF + ZSbFS ———-———-*---}-CIO3 + H30 + 25bF6

2. Molecular Structure

The structural parameters of FClO3 were determined by Clark, 8eagley,

and Cruickshank (72) by gas phase electron diffraction. The molecule has
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symmetry CSV and the following bond angles and distances:

F  r(Cl-F)

1.6108

103.0°/ C1

: 4;? \\\r[CI—ﬂ]
0 /éjhk 1.4023
0 o

2{ (oc10)

115.1°
Owing to its small dipole moment, FCIO:5 exhibits only a very weak microwave

spectrum (171, 173). Since only the J = 4 + 5, K= 3 and the J = 697, K= 3

WA T e

1 and K = 6 transitions were observed, a complete structure determination was

not possible. However, the estimated geometry and dipole moment are in good

agreement with the exact values measured by other methods. The following

frequency (MHz) values and constants were obtained:

F *c10, F 370103
, J=4=5, K=3 52585.97+0,05 52560.4+0. 3
. J=6w=7, K=3 73619. 40+0.05 73583.94+0.05
J=6=17, K=6 73618.72+0.05
8, 5258 .68 2+0. 005 5256.149+0.005
D, 0.0014+0.0002
Dk 0.0018+0.0003
eqQ -19.2+0.5 -15.4+1.5

The rotational constants, Bo' are in good agreement with the values obtained

from the high resolution infrared spectrum (184) of the 549 and 589 en” !

fundamental s,
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1 The dipole moment of FClO3 was determined by dielectric-

relaxation measurements (192) as 0,023+0.003 D and from the J11 > 12

transition in a resonant cavity at 126196 MHz (101) as 0.025+0.003 D.
This low dipole moment indicates that the electronegativity of F and
the €10, group are comparable, thus resulting in a higl: degree of

covalency for the C1-F bond.

The 19F nmr spectrum of FClOs, according to Brownstein (41)

consists of a partially resolved quartet (J. . Vv310Hz) of equal inte—sity

C1F
at ¢ = ~241.5 ppm. The lack of rapid quadrupole relaxation indicates

a highly symmetric electric field around the central atom in good agree-
ment with the small dipole moment observed for FC10; (see above). The

temperature dependence of the 19p

nmr spectrum of FCIO3 was studied by
Bacon et al. (13). An expression for the line broadening was derived,
and a value of 1.0 kcal mnl'1 was obtained for the activation energy of
molecular reorientation. A value of 27845 Hz was calculated for J35C1F'
According to Agahigian et al. (1), the 19F resonance of FClO3 occurs at
¢ = -287 ppm. The a0 and 15, nmr spin-lattice relaxation times and
rotational diffusion in liquid FClO3 were measured by Maryott et al.
(96, 191) using pulse techniques,

The mass spectrum of FC103 was measured (82, 138, 234). The
vertical ionization potential and the F--ClO3 bond dissociation energy
were found to be 13.6+0.2 eV and * 60 kcal mol"l, respectively. The

avecrage C10 bond dissociation energy and the heat of formation were

estimated (82) to be 60 and -5.3 kcal mol_l, respectively.

R-9662
A-58




The uv absorption spectrum of FC10; was reported by Sicre and

Schumacher (265) and Pilipovich et al. (228).

The vibrational spectrum of FClO3 has been well characterized.
The infrared spectrum was thoroughly analyzed by Lide and Mann (174)
and two of the fundamentals (v3 and vs) were studied at high resolution
by Madden and Ber.dict (184). The Raman spectra of the liquid and of
the gas were reporteg by Powell et al. (233) and Dunlap et al. (85) and
by Claassen and Appelman (71), respectively. The observed fundamentals
together with their assignment are summarized in Table XXV and are in ex-
cellent agreement with a molecule of symmetry C3v' The infrared spectrum
of FC103 has also been reported by Engelbrecht et al. (92), Pennsalt
(224), Smith et al. (271), and Karelin et al. (154). A correlation of
C10 stretching frequencies (236) and force constants with bond lengths
and bond orders was given by Robinson (237), however his plotc and
assumptions must be thoroughly updated before being used. Absolute
infrared intensities were reported for FClO3 by Kharitonov et al. (157).

Quantum Mechanical studies of the atomic, bond, and molecular
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polarizabilities were carried out by Nagarajan and Redmon (204). Numerous force
fields (107, 140, 154, 157, 200, 204, 245, 273) were computed for FC103, but
owing to the lack of sufficient experimental data, no unique solution was ob-
tained. Values of about 9.4 and 3.9 mdyn/A for the C10 and the CIF stretching
force constant, respectively, appear to us most reasonable. Mean square ampli-
tudes of vibration of FC103 were calculated by Miller et al. (200-202) and
Nagarajan and Redmon (204). Mﬂller et al. (200) have also computed the

Coriolis zeta constants for FC103, however their values differ significantly
from those given by Hoskins (140).

The high resolution photoelectron spectrum of FC10, was studied by DeKock

3
et al. (80). The results from this study, including ab initio self-consistent
field molecular orbital calculations of the electronic structures, are sum-
marized in Tables XXVI and XXVII. These calculations indicate considerable
participation by 3d orbitals of the Cl atom, although they tend to overestimate
the importance of 3d orbitals in bonding by correcting for some inadequacy in
the s and p basis. Results of molecular orbital calculations were also reported
by Hillier et al. (129, 139) and lonov and Ionova (146). The latter authors
calculzted the electron density distribution in FC103 as QCI = +0,83, QO = -(,23,
and QF = -0.14 using the geometry, the ionization potential of the molecule and
of the free atoms, and the orbital exponents of the Slater functions us input
data,

X-ray diffraction data were reported by Tallman et al. (280, 281) for solid
FClO3 at liquid air tempecrature. The data were indexed in terms of a tetragonal
unit cell witha = 7.66 and ¢ = 5.318, Z = 4, and d = 2.18 g/em>. Barberi
(16, 17} has shown that solid FClO3 exists between its melting point and -196°
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in only one solid phase. Based on entropy calculations, Koehler and Giauque
(160) suggested that there is a high degree of disorder in the arrangement of
the F and O atoms in crystallinic FCIOS.

3. Physical Properties

Some of the physical properties of FClO3 are summarized in Table XXVI1l.
In the Appendix the temperature dependence of scme of the thermodynamic
properties is given (147). 1n addition to these data, the viscosity of gaseous
FC10; between 50° and 150° was reported (218). Some thermodynamic properties
of FClO3 were calculated (235) using only the boiling point of the compound and
correlation increments.

FC103 is white as a solid and colorless as a liquid and gas. 1t possesses
a characteristic sweetish odor {92). Its toxicity is moderate and comparahle to
that of CHZCHCN or Clz. Tests on mice showed an acute vapor toxicity (LD/50)
of 630 ppm at 4 hr exposure time. Exposure of monkeys to 40 ppm FC103 in air
for three months resulted in enlarged spleens and lungs together with some
evidence of red cell destruction (224).

The dielectric strength of FC10, is outstanding and over a broad
pressure range is about 30% higher than that of SF6. During irradiation with
60Co y-rays the dielectric strength decreases only by 5% (46). The correlation
between negative ion formation and electric breakdown of FC10; was studied by
Hickam and Berg (138) by mass spectroscopy. Perchloryl fluoride has been used
as an insulator in high-voltage systems.

Perchloryl fluoride was reported (195, 185, 205, 206, 224) to be
sparingly soluble (1-3g/1 at 1 atm and 25°) in a wide variety of polar and
nonpolar solvents, such as aqueous solutions, alcohols, ketones, esters, ethers,
and aromatic and halogenated solvents. However, more recent measurements by
Golub et al. (124) show that these _olubilities are substantially (severaltold)
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higher. When working with larger amowunts of FCIO3 in organic solvents, all
necessary precautions should be taken since mixtures of this kind are potentially
explosive. Hammond et al. (132-134) have extensively studied the extremely weak
electron acceptor-donor (ball-plane) interactions between FCIO3 and aromatic
hydro-and fluorocarbons. Several inorganic acid halides, HOSOZF, PC13, POCIS,
502C12, 30C1,, TiCl,, and SiCl, dissolve gaseous FCIO3 to the extent of

26-30g/1 at 25° and 1 atm pressure (105),

Liquid perchloryl fluoride is a typical nonpolar solvent. Most inorganic
and organic salts are insoluble in it. Conversely, most covalent, essentially
nonpolar substances, boiling within about 50°C of perchloryl fluoride, are com-
pletely miscible, eg, chlourine, boron trifluoride, sulfur hexafluoride, silicon
tetrafluoride, phosgene, nitrous oxide, chlorine trifluoride, chlorofluorocarbons,
silicon tetrachloride, sulfuryl chloride, dinitrogen tetroxide, and thionyl
chloride (105)

Blends of perchloryl fluoride with halogen fluorides are homogenszous and
stable. When these are used as storable liquid oxidizers for roucket propulsion,
the halogen fluoride usually confers hypergslicity, increased deasity, and
lowered vapor pressure; while the perchloryl fluoride provides oxygen needed
for efficient combustion of carbon in the fuel or of certain metal additives,

The mixtures are thermally stable and their compatihility with contairer

materials is determined mainly by the halogen fluoride. The density and vapor
pressure of perchloryl fluoride-chlorine trifluoride blends have been summarized
in tables by Gall (105). The miscibility and compatibility of FC10; at low

SF

temperatures was studied by Strenz (276) for 02, 03,0 F ClF, CIF 5F

22 3 74 e

CFSCI, and C4h10.

4. Chemical Propertics

Owing to its pseudo-tetrahedral configuration, its highly covaient strong
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C1-F bond, and low dipole moment, FClO3 possesses high kinetic stability in
spite of aH; being only -5.7 and AG; being positive (11.5 kcal mol'l). This 1is
reflected in its high thermal stability and its reluctance to hvdrolyze. It is
not shock sensitive and at room tcmperature is relatively incrt. At elevated
temperature, however, or in conditions supplying a sufficient amount of acti-
vation energy, it is a powerful oxidizer (211).

Perchloryl fluoride is thermally stable up to about 400°. The thermal
decomposition of FCIOS 1n quartz at prcssures between 5 and 930 mm and tem-
peratures between 465 and 495° was studied by Gatti ct al. (112). They found
that the decomposition reaction

2FC103 ———= 2(CIF + 302
ic unimolecular and homogeneous with an activation energy of 58.4+2 kcal mol'l.
The rate constant at 495.4° was found to be k = 9,25 x 10-4 sec-1 and the
following decomposition mechanism was suggested:

FClO3 —_— FClO2 + 0

0+ FCIOS —== FCl0, + O

2 2

FClO2 —~———= (I]F + 02
The decomposition kinetics were also calculated by Usmanov and Magarra (287)
using a dimensionless molecular transfer equation. Perchloryl fluoride can be
heated alwmost to the scfrening point ef glass without explesion (92).

Hydrolysis o- FCl()3 is very slow even at 250-300° (92). For quantitative
hydrolvsis, hcating of FCle with concentrated aqueous hydroxide solution to
300° in a sealed tube is required.

FClO3 + 2NaQO —— NaClC, + NaF + H20

4
For quantitative analysis, FClO3 can convenicntly be reduced at 25° by an al-
coholic solution of KOH resulting in dissolved KF and a preccipitate of I(CI()4

(224),
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The reaction of FClO3 with metallic sodinm or potassium starts only at
~300°, although it proceeds vigorously (92). At room temperature FClO3 is
unreactive with a considerable number of gases, liquids, and solids. Again,
however, if sufficient activation energy, such as heating to 100-300°, is
supplied, violent reactions usually occur. With reducing agents, oxides,
fluorides, and chlorides are formed. Typical examples are HZ' NZO’ HZS’ 502’
SC12, PC13, CaCz, KCN, Nal, KSCN, CH2==CC12, and hydrocarbons (122, 158, 224),
Using dilute mixtures, the HZS - FClO3 reaction can be controlled and the
following products are obtained (224):

3FC10; + 4HyS — 450, + 3HF + 3HC1 + R,0
In the spectra of HZS - FClO3 and H2 - F(‘.lO3 flames, bands due to S,, 502, OH
and to Cl10, OH, respectively, were observed (177). With HCl at 200-300°, the
following gas phase reaction occurs:

FClO3 + JHCl ——= [F + 4C12 +'3H20
Many inorganic ions are oxidized by FClO3 in aqueous solution (224). The oxi-
dation rate often depends on the pH of the solution and the temperature. For
example, the oxidation of KI in the presence of NaHCO ; is barely detectable, in
caustic soda a slow oxidation occurs, and in 0.1 molar mineral acid one observes
quantitative reaction within four hours according to (92):
+

FCIO3 + BT 4+ 64 —— . C17 4 T 4 412 + 3“20

Other ions oxidized by FC10, include NOZ', 503", and CN~ which are converted

to NOS-’ 504--, and NCO , respectively (105, 122, 224).
Whereas FClO; is rather inert towards wost compounds, including gaseous

NHS’ at room temperature, it ¢ ucts (92, 186, 187) easily with liquid NH, at

3
-78° or 1'ts aqueous solutions according to:

FCIO3 + SNH3 —_— NH4F + NH4NHC103

R-9662
A-64




VTR T W

ke

The reaction is complete in several hours and in liquid NH3 it is greatly

accelerated by NuNHz {186, 187). From the ammonium perchloryl amide, which
could not be isolated in pure form, the corresponding Ag*, Cs+, and X' salts
and KzNCIO3 and CszNCIO3 have been obtained. These salts, especially when dry,
are impact and friction sensitive.

Perchloryl fluoride does not attack glass at moderate temperatures, but
decomposes at 25° on contact with activated $30, or Al,0;, particularly in the
presence of small amounts of “20' With other surface acti.: matevials, such as
charcoal, ignition may take place. However, there is no reaction at room tem-
perature with synthetic zeolites. It passes freely through a 4} molecular sieve,
but is completely absorbed by a SR molecular sieve (188). Most combustible
substances in contact with liquid FCIO3 form shock sensitive explosive com-
positions. Generally, metal oxides, fluorides, or chlorides do not react wirh
FClO3 at temperatures up to 400° (186). Lulande reported (164) that FC104
oxidizes UF4 to UF6' llowever, a subseauent study by Rude et al. (241) showed
that an intermediate uranium oxyfluoride is formed which disproportionates to
UF6 and UO,F,. Photolysis of mixtures of FClO3 with F2 or ClF5 produces C1F30
(228, 240).

Perchloryl fluoride shows no tendency to “orm adducts with either strong
Lewis acids or bases. This behavier has been rationalized in Section I1, D.

The binary systems of FCl0

with BFS’ PF., AsF

3 5
Lang (167), at Pennsalt (222}, and by Nikitina and Rosolovskii {209). Similarly,

5 SbFs, or SO3 were studied by

at Pennsslt {222) no evidence was found for complexing of FC10, with either CsF

3

or FNOZ.

Anhydrous FClO3 does not corrode most ot the common metals, but in the

presence of moisture slow hydrolysis may occur causing corrosion (40, 122, 127,
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224}, The compatibility of various elastomers with 1:1 mixtures of FC103 and
N2F4 was studied by Green et al. (126) and Grigger et al. (127).

In reactions with organic compounds, Fle)3 behaves as either an oxident
OTr a one or two-centre electrophile which, depending on the reaction conditions,
can be used fo. the introduction of either fluorinna, a ClO3 group, or both
flwrine and oxygen. A large number of publications have appeared on this
subject and have been extensively reviewed by Khutoretskii et al. (158).
Additional general information can be found in references (105, 122, 169, 262,
284), Since a systematic coverage of this subject is beyond the scope of this
review, ve will only give examples of the most important type of reactions,
in addition to references to some of the more recent publications not covered in
the previous reviews.

Since FClO3 is highly susceptible tc nucleophilic attack at the chlorine
atom, it reacts readily with anions. These reactions are relatively well under-
stood and Sheppard has proposed (261) a general mechanism for these reactions,
by which the most nucleophilic center in the anion (oxygen or other hetero atom
related to carbon) always attacks the chlorine and never the more electronegative
fluorine. For localized nucleophiles (like alkoxides), simple fluoride ion
displacement occurs, but for the mesomeric ions (ambient electrophiles) an intra-
molecuiar (cyclic) transfer of F~ can occur in the intermediate to give a C-F
bond. The high energy gained by the formation of the C-F boud provides a strong
driving force for this fluoride transfer and fluorine never has to achieve a
highly unfavorable energy state witl positive charge. This mechanism explains
why penyllithium reacts with FClO3 to give perchloryl-benzene, whereas 2 lithio-

thiophene gives 2-fluorothiophene in high yielc (257):
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Compounds having a cyclic double bond conjugated with an aromatic ring are
capable of reacting with FC105 to give a-fluoroketones. This type of reaction
was named oxofluorination and in it FC10; acts as a two-centre electrophile as

shown for indene (207):

= + FCLO, ——== F  + HC10
[ 3 2

il

\\\ D

In the presence of Friedel Crafts catalysts, such as A1Cl,, FClO3 can be used for

mtroducing a C103 group (perchlorylation) into an aromatic ring (145) according

AlCl -C10
@ + FC10, 3 5 i

Hydrogenolysis (258) of perchloryl aromatic compounds yields ArH and not ArOH,

tu:

thus confirming the presence of a C-C1 bond. Another useful reaction of FC103

involves the replacement of the activ¢ hydrogens of methylene compounds by

fluorine (144, 262, 284). A tvpical example is the fluorination of malonic esters:
R-9¢€2
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+FC10
CHZ(COOR)2 3 CF2 (COOR]2

Since FClO3 is 2 very mild fluorinating agent, it has found widespread use for
the selective fluorination of compounds, such as steroids.

The reaction of cyciic amines with FClO3 is similar to that of FClO3 with

NH3 (see above). For example, the following reaction takes place with piperi-

dine (110):

2 NC1 D NH, 'R
2 NH + FClO;, ——= ( 0y + ,

For additicnal recent publications dealing with the use of FClO3 as a
reagent for the synthesis of organic compounds see references (94, 103, 111,

114-116, 153, 159, 212, 213, 217, 250, 286, 289, 290).

5. Uses

The most thoroughly studied application of FClO3 is its use as an oxidant.
The spectra of fuel - FClO3 flames were studied (177) ard the flame speed in
mixtures of CH4 with air and FCIU3 was measured (131). The H2 - FClO3 flame
was found (251) to be readily controllable with a low background and useful as
an excitation source for flame photometry. For rocket propulsion, the perfor-
mance of either neat FCIO3 or combinations with other oxidizers, such as halogen
fluorides (11, 26), was studied and typical performance data (105) are given in
Table XXIX. Small amounts of ClF3 can be added to neat FClD3 to provide self-
ignition. The performance of FClO3 as an oxidizer is similar to that of N204
(165, 136) und the burning rate of solid propellants is increased by FClO3
(267). It has also been proposed to use an acetylene - FCIO3 torch for cutting

and weldin, of metals. in the Sterling cycle engine, in high-pressure gas

generation for turbine drive, in fuel nells, and in explosives similar to
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Sprengel liquid 02- carbon powder combinations (106), and as a deodorant in
aerosol sprays (170), However, the latter application appears very doubtful
in view of the substantial toxicity of FClO3 (see above).

The use of FClO3 as a chemical reagent for the introduction of fluorine

or a Cl1G, group has been discussed in detail in Section IIl, K, 4 and is of

3
special value for the synthesis of fluorine containing steroids. The poly-
merization of ethylene under a pressure of hundreds of atm and a temperature of
about 200° in the presence of FClO3 has been patented (135}.

There are patents on the use of FClO3 as a heat transfer medium in
refrigeration (165) and as an insecticide-fungicide (123}, Thanks to its
ability to intensively absorb slow electrons (138), FClO3 can be used as &
gaseous insulator. 1ts dielectric properties are superior to those of SF6 and
it hardly deteriorates on exposure to y-irradiation (104).

General information on shipping, handling, safety, etc. of FClO3 can be

found in Gall's review {(105)}.

L. Chlorine Fluoride Oxide Radicals

Very little is known about chlorine fluoride oxide radicals. Although the
formation of the FC103' radical anion in the reaction of FClO3 with nucleophilic
agents has been postulated (286), it has not been isolated and characterized.

The only well known species is the FC10" radical cation. The esr spectrum
of this species was first reported by Olah and Comisarow (214, 215) for both the
C1F3-SbF5 and the ClFs-SbF5 system. However, the spectrum was incorrectly inter-
preted in terms of a c1F’ radical cation. Eachus, Slight, and Symons suggested
that the observed spectrum is due to FC10* and not to CIF' (86). This conclusion
was supported by Christe and Muirhead (62) who showed that in the pure C1F5-SbFg

and C1F5-SbF5 systems, this species could not be observed, but was generated by
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impurities in the starting materials. Additional evidence for this species
containing oxygen was obtained by Gillespie and Morton (121} who investigated
the reaction of C1F and of C12-C1F with the superacid medium HSO3F-SbFS-303.
It was shown that the addition of H20 t3 solutions of C1F2+SbF6' in SbF5 strongly
enhanced the esr signal attributed by Olah and Comisarow to ciFt. They sug-
gested that the species was due either to FC10" or FC102+, although their attempts

to detect 17

0 hyperfine splitting in a sample treated with enriched water were
unsuccessful. The conclusive identification of this species was recently reported
by Morton and Presten (199}, Using 170 substitution techlmiques they succeeded in
proving that the species contains one oxygen atom and is best described as FCc1o’.
This radical cation is characterized by its g value of 2,0059 and the following
hyperfine interactions a

- ) ’ -
17 = 18.0. 39 = 20.4, and dzc = 12.9G.

S
During a matrix isoclation infrared study of the F2-C120 and C1F-0, systems,

a new species was observed by Andrews et al. (5) at 733.8 cnf1 which was tenta-

tively assigned to the C1F20- radical. However, more data are needed for the

positive identification of this species.

M. Miscellaneous

The C103F" anion has been reported by Mitra and Ray (197)}. However, in our
opinion their claim is almost certainly incorrect,

A compound of the empirical compesition FC1,0, was claimed by DeGuevara (79).
The following self explanatory abstract of this patent was found in Chemical
Abstracts und, we are cenfident, will be enjoyed by the more knuwledgeable readers:

"The title compd. wnich is claimed to be rovel is prepd. by reacting in a

hermetically sealed flask 500 ml. S5° Be H2304, Ca(OCl)2 5-10, Kclo, 9-20,

2

KClO3 10-20, and Mg(C104)2 10-20g. Cl and 2 Cl oxide are given off, washed, and
collected as a stabilized aq. soln. Simultaneously, F i. produced from CaF2 and
11,80, and washed and dried. The F is jassed into the stabilized ag. soln. of
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FC1206’ which is suitable for use as an antiseptic, preservative, and purifier
in the food, winc, perfume, and water industries and as a humectant and bleach
for textiles."
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Table I. Stretching Force Constants (mdyn/i)

of Some Chlorine Oxyfluorides

| Oxidation
E State Compound fClO fClF References
12 m®

AVII CIF,0," 12.1 4,46 (69)
Y cmzo+ 11.20 3.44 (59)
+VI1 FC10, 9.4 3.9 (174)
+V CIF 0 9.37 3.16  2.34 (55)
+VII CIF 0, 9.23 3,35  2.70 (57)
+V c1F40' 9.13 1.79 {(50)
+V FC10, 9.07 2.5 (270)
+y c1,” 8.96 (66)
+V C1F202' 8.3 1.6 (54)
+111 FC10 6.85 2.59 (5)

(a) mainly covalernt bonds
(b) mainly semi-icnic 3¢ - 4e bonds

{(c) special case uof highly polar (p-n*) o bonds
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Table 1T,

Comparison of C1F Stretching Force

Constants (mdyn/R) and Bond Lengths

{3) Within the Pseudo-tetrahedral

Series FCl, FCl1Q, FC10,, FC10

3
Molecule ftlF rClF References
FC1 4.56 1.628 (122) (122)
FC10 2.59 - (5) -
FC102 2.5 1,697 (270) (220)
FClO3 3.9 1.610 (174 (72)
R-9662
A-90
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: Table ITI. (Cbserved and Calculated Frequencies
F (em™!) for the FCl0 Species (5)
1sotope Assignment Obsd Calcd
F35c1180 v 1038.0 1038.3
| v, 593.5 593.9
v, 315.2 316.0
F7c11% v, 1029.0 1028.9
v, 587.5 588.4
v 315.2 313.8
é FPc118y v, 999, 2 999, 5
E v, 593.5 592.6
i¥ vy 307.0 308.3
F> 18 v 990. 1 9896
v, 587.5 587.1
v 307.0 306.2

AR —— T - ™ Iy e e s ey T2 i e i el
o
3
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Table IV.

Force Field of FCl10 Assuming a Bond

‘ngie of 120% and All In-eraction

Constants to be Zero (5)

foo = 6-85 mdyn/R
fo1r = 2.59 mdyn/R
£ = 0.92 mdyn Nrad®

o

R-9662
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Table V,

Species

€10

FC10

cIo

2

2

Comparison of the CI0 Stretching Force Constants (mct; 1. 'A)

and Bond Orders of FCIO with Those of Related Pseudo-

tetrahedral Species Having a Comparable Oxidation State

OXidatiUh
State

+IT11
+111

+1V

fClO Bond Order References
4,26 1.5 (266)
6.85 2 (5)

7.02 2 (161)
R-9662
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Table VI. Vibrational Spectra of CIF.0 Gas

~

Ir
1228
1224
1218/°
1013

m
684
a76( "3
666

501 Il
£91'ms

l
481}

!
412 w

323
313f™
230 mw

Ramsan
1222 (1.5) p
1211 {(0.6) p

694 (2.6) p
686 sh, p

500 (1)

489 (1)

482 (10} p
414 (0.2) dp

319 (0.1)
224 (0.4)p

and Liquid and Their Assignment

In Point Group C_ (55)

Selid
Matrix ir

1223 s

1212 m
686 s
678 m
052 vs
641 s
499 m

498 sh
486 mw
484 w
478 mw

414 w

323 mw

R-9662
A-94

Liquid
Rsman

1224 (1.0) p

680 (2.7 p

497 sh

486 (10)
405 (0.5) sh

316 (0.3) p
227(1.2) p?

. Asslgnment

n(A’}
n(A'}
(A"}
nl(A’)
nl{A”)
n(A”)
n(A’")

ni{A’)

I n(A)
n{A’)
nfA’)

se(A"")

nl(A')
rlA’)

Approa
description
of mode

r(¥Cl=0)

»("Cl=0)
»(#Cl—F')
»("CI—F’)
ru(FHCIF)
ree EFRCIF)
$u(OWCIF')

8roax (OTCIF')
Focine(OPCIF')
$uu{OMCIF")
»FCIF

3,FCIF out of
FCIF plane=
e OCIF’
&FCIF in
FCIF plane




Table VII. Internal Force Constants of C1F.0% (55)

i 9.37 Jre 0.26
‘ In 318 faa u.11
] I 2,534 Ly 0.13
fa 1.84 ft_ﬂ = "fvd' 0.25
fa 1.69 foy = fiy 0,22
fa 1.87

1 < Stretehing constants in mdyn A, deformation constants in
medyn A ralian?, and streteb-bend  interaction constants an
mdyn radian,

R-9662
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Table VIII. 5Some Properties of ClFsg
Property Value References
Melting point -42 to -44,2° (16, 39, 226)
Boiling point 29 or 27° (39, 226)
Mg 1.975 kcal mo1”} (16)
bsfusion 8.63 e.u. (16)

s 7.7 or 7.57 keal mol™ (39, 226)
Trouton constant 25.4 or 25.2 e.u. (39, 226)
Density (1, 20°)  1.865 gm1 ! (226)

2208 () -36.52 or -35.3° keal mol”} (15, 16, 269)
208 1) -44.1%C, 42,92, or -33.7° kcal mo2™! (16, 152, 269)

(a) corrected for = -65.14 kcal mol”} (83)

He wr (g)

(b) corrected for &H -77.04 keal mol~} (151)

HF sol (75H,0) =
(c) wusing the nH} 298 (g) values of Barberi (16) and Sinke (269) for the

gas and the above listed aH . = 7.6 keal mo1~!

R-9662
R-96




Table IX. Vibrational Spectrum (cm'l) of the ClI-'.,O+ Cation

Ra Ir Assignment in Approximate Des-
(HF solution) {solid) Point Group Cs cription of Mode
1333 (4) 1334 s ,
P v, (A) vC10
1322 sh 1323
m
1
741 (10) p 734 m v, (A") vsCIF2
715 (1} 694 s Vo (A"} Vs Cle
512 (2) p 5312 s Vg {(AY) GS OCle
404 (2) p 405 m V4 {A") § sciss ClF2
383 (1) 383 m Ve (A") Gas OCIF2
R-9662
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Vibrational Force

Constants of CIFZO+a {5%)

fR 11.20
fr 3.44
fB 1.65
f 1.78
]

fBB 0.21
frr 0.39

(a) Stretching constants in mdyn/A an?
deformation constants in mdyn

A/radianz.

R-9662
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Table XI. Vibrational Spectra of Rb+C1F40' and Cs+C1F4O-

and Their Assignment (56)

Aselgn-
ment
for XZF:
Observed frequencie, cm ™Y, and relative intensities  in point
= RBUIFO - =5 CIF " —- group
Ir Raman Ir Hamun Cae Type of vibration
12005 12110 6 12018 1263 (0.8 Al n P XZ
162w 481 (1t 157 w 156 {1t vt kaym in- pbase XFy
B (85017 4395 [(445]° vt Baym out-of.platie XF¢
A0 (4 B 345 (1) Bi vt ¥aym vut-uf- phase XFq
o danym out-of-plane XFy
288 vw  2B5 (0 4) 280 vw 283 (0 4) By ve byyn bt plane XF
nm} v T 01 6001 w 543 (0 2) E »n  vuym XF
550 77 BAT(0L4) B00) T ABd (0.3)
415 16 (1.4} 415 1i8 (1.4
3u4} oS0 n :mi a7 0.1) n BN
213 (. 6) 204 (0.7 »i dpaym in-plage XFo

R-9662
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Table XII. Force Constants of C1F,07% (56)

fx .12
I 1.79
s 1.33
Jfa 0.61
Jor 0.25
f’rr 0.04

s Stretching force constants in mdyn/A and deformation foree

constants in mdyn A/radian?,

R-9662
A-100

J'os
f’ﬂﬂ
Jra

I

cocoo
=g




Table XI11. Fundamental Vibrational Frequencies

(en” !y of FC10, (270)

Fc10, F¥c10, #Paldo, Faldo, FPal®'o  37c1l%!%
Al Ul sym ClO2 1105.8 1098.4 1060.4 1052.6 1080.7 1072.4
stretch
Vo CIF stretch 630.2 62,6 624.7 616.0 628.6 618.6
Vq ClO2 546.5 543.0 529.0 537.& 534.0
scissor
vy FCl10 bend 401.6
A" Ve asym ClO2 1271.4 1258.6 1229.6 1215.0 1253.6
stretch
Ve FC10 bend 367.0

R-9662
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Table XIV. Some Properties of FC102

wp
Property Value References
Melting point -115 or -123,0 +0.4°C (15, 16, 256)
Boiling point A -6°C (256)
-1
AHfusion 1.440 kcal mol (15, 186)
Asfusion 9.60 e.u, (15, 16)
~1
AHvap 6.2 kcal mol (256)
Trouton constant 23.2 e.u, (256)
° -la
AHf298 (2 -8.142.C keal mol (15, 16)
Dipole moment (g} 1.722+40.03 D (220)

(a) corrected for AH; -65,14 kcal mol'1 (83)

HF (g) -

R-9662
A-102




Table XV. Vapor Pressures of Chloryl Fluoride

°C -78  -65.5 -55 -45.5 -38 -30.2 -23.8 -17.2 -9.7 -6.3

mm of Hg 8.8 25,2 55.9 103.8 161.4 244 338 459 645 740

R-9662
A-103
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Table XVI. Thermal Decomposition of FC10, in Monel (183)

Temp.
(°C)

250
250

270

Initial press.

of FC10, (mm)

52
101
52

52

R-9662
A-104

Average rate Half life
Constant
(sec '1)
6.8x10"6 20h
8.5x10"% 22h 30m
1.8x167° 10h 30m
2.8x107° 6h 40m




a

Table XV1I, Characteristic Frequencies® and

E Internal Force Constantsb of Clgzi

obsd freq, cm'l, int assignment in
1r Ra peint group C2v
a5
1296. 4m 1296.4 (1) v4(B))  vgzs ~°ClO,
1282, 6w u3(81] Vas 37C102

35
1043, 7mw 1044.4 (10) vl(Al) Vg C102

1038.3v  1039.1 (4) v, (A)  vg > ClO

2

521.0m 5213 (3)  v,(a) 6 35c1o2
37

517 sh v,(a) & *'clo,

E £ = 8.96: 0.06
] £ = -0.45+0.13
rrT -
£
Ta = 0.24:9.13
f = 0.82+0.03
a -

(a) taken for c102*AsF6' from (66)

(b) in mdyn/&, calculated for 2{ 0C10 = 120°

R-9662
A-105




Table XVIIi. Vibrational Spectrum of Cs'CIF,0,”

and Its Assignment (54)

Ond fre, cm "1, end intens omgrtnd
Ir v Ramaa peiat group Cyy
1225
}vs 1221 (0.8) n(Bs)
1191
1076 (10)
1070 s {lw n(A)
Rt
588 m 560 (1.2) nlAy)
510 vs, br n(By)
480 (1), br  w(As) ?
{363 (10} nlA)
330-370m .
BIE B, miBy)
198 (0.7) wniA)
R-9662
A-106

Approx

description
of vibration

raa(XOy)
#{X0y)

5,(X0y)
ru(XPy)
r

'I(XF’)

Srock, buny
&(XH,)

SET RS —_——— TS T T s

-k

AV



Table XIX. Force Constants® of CIF,0,” (54)

£ 8.3 fq 1.2

£ 0.1 fagn 0.57
£

£ 1.6 - 0.1

oo 01 fgfrg 03

£ 1.95

o

(a) Stretching force constants in mdyn/A,
deformation constants in mdyn A/radianz.
and stretch-bend interactions in

mdyn/radian

R-9662
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Table XX. Some Properiies of C1F322 (68)

Property
Melting point
Boiling point
AHvap

Trouton constant

Vapor pressure

Value
-81.2°C

-21,58°C

5.57 kcal mol’l

22.13 eu

_ 1217.2
log P(mm) = 7.719 'W

R-9662
A-108




Table XXI. Vibrational Spectrum (cm™ ') of

C1F322 and its Assignment

in Point Group C2v (57)

Assignment
for CIF,0,
in point  Approx desctiption of
I R proup Gy, mode
10931 1093 (4) p A v, Sym CIQ, str
683m 683(10)p ¥;  ClFgqtr
519w 5208)p ¥, CIO, scissor
487 vw 487 (6) p v, SymFCIF,, str
BTw 285 (1) ¥y  FayCIF,y scissor in
CiF, plane
(417) 402 (0+) Ay v, Torsion
695 vs B, v,  Antisym F,CIF,, sir
592 586 (0+) v, ClO, wag
Miw ¥, Antisym FoqCIF, oy
def in CIF, plane
1327 v1 1320 (04) B, v,s  Antisym CIO, str
Sllm 5301y v, CIO, rock
b 222D ¥y FayCIF,, scissor out of
CIF, plane

(@) Obaerved only for solid CIF,0,.

(b)  Below frequency range of spectrometer used.

R-9662
A-109
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Table XXII. Internal Force Constants of ClF 157)

fp=9.23
=138
270

ool
j',', 1.33
fz=130

Jop=-0.09
Jrr=-0.04

pa=0.09
= -ty =00
f.'- --m

?:-—- ~fa5' = -0.16

55 = ~/85' = ~0.34

sas oy

fr= ~0.37

@ Streaching constants in mdyn/A, deformation semstants i mlys
Alnndisa®, snd stretch-bond imtesaction constants in mdynjradien.

R-9662
A-110
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Table XXIIT. CI1F Stretching Force Constants (mdyn/A) of

CIF:,,Q2 Compared to those of Pseudo-Trigonal-

Bipyramidal C1F;0, ClF,, CIF,”, and CIF,0,"
(fp-£.)/
é fR fr frr fR References
CIF, 4.2 2.7 0.36 0.36 (102)
CIF 40 3.2 2.3 0.26 0.26 ( 55)
f CIF,0, 3.4 2.7 -0.04 0.19 ( 57)
c1F2‘ 2.4 0.17 { 63)
c1F202' 1.6 -0.1 { 54)

R-9662
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Table XXIV.

Observed Frequencies _(cui‘L;. A‘imroximate

Description of Modes, and Most ‘Important

Internal Force Constants (mdyn/R) Computed
35

to Fit the Observed "“Cl and 37Cl Isotopic

Shifts and Assuming Two Different Bond

+*
Angles, of CIOF," (69)

A5 141 g0,

¥y 156 *wnlCF,)
v, 514 beym(CI0,)

Ve 390 & 4ym(CIF,)

Ay v, 90 ¢
B, » 479 yym(CIO,)

vy 530 5y0cx(CIO,)
B, 830 yaym(CIF,)

[ LOC0, LPCR. dog ==

124,96 114,108
/) 12.20 12.64
fD 0 (€10 -11.45 ;os.gs
R 440 :
Inn (CIF -0.32 0.03
R-9662
A-112




Table XXV. Vibrational Spectrum (cm-l) of Gaseous FCl10, and

its Assipnment for Point-Group C3v

Infrared (174) Raman (71)
Ay v,  sym Cl0; stretch 1061s 1062.8, 1060.9% vs, p
vy C1F stretch M7s, 707m 716.8, 706.6 s, p
Vg Sym ClO3 deform, 549w 548.8 m, p
E v, asym CIOS stretch 1315 vs 1314w
Vg asym C10; deform. 589m 573w
v6 rocking 405w 414
35 37

(a) Splittings are due to ""Cl and " Cl isotopes

R-9662
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Table XXVI. Ionization Data for Perchloryl Fluoride (80)
band adiabatio vertical vibrational  vibrational  orbital
nummber ipfeV i.p.feV spacingfom=! amsignment assignment
1 13.04 (1) — 370(40) ¥y OF ¥, 8b,
] 13-57(2) — 475(80) vy 2a,
3 2 14.85(1) 16,15 ({0) 340(18) vy 6b,
3 16.181(8) 15.307 (6) 1025(30) v 11a,
3 16.670(6) 18.47G(6) 1135(18) Vi 6b,
605(30) vy
510(20) vy
4 18.07(3) 18.31(2) = = 5b,
b 19.175(7) 19.300(4) 850(30) vy 4b,
465 (40) vy
19.699(7) 18.807(7) 855(30) Vs 9a,
500(20) vy
6 = 21.7(1) — — 4b,
7 — 24.2(1) - — 8a,
ground state 1209 v,
846 vy
! 44 vy
384 vy

Standard coviations are given in parenthescs after soch quantity. 8h, inflexion point of
shoulders observed.

R-9662
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Table XXVII. Calculated Eigenvalues and Percentage

orbitul

In,
Tn

Hhi,
[
S
4
9lll
84,
3e
™,
Gu,

cigenvalue

oV
-12.9
-14.1
—15.4
—~16.0
- 18.0
~-21.5
-23.3
— &2
—4u.0
— 4.0
- 47.6

Character of Valence Molecular Orbitals

for FC10. (80)

atornic character {9%)
[ [—— N

chlorine orbitel oxygen orbital fluorine orbital
g - - P \ f‘""-'-'A' _— P A ———
3d 3 5 29 2p 23 p
- - - . 100 — -
10.5 . 78.0 -— 11.0
12,6 : 1.9 1.1 44.3 — 39-8
16.56 - —- 5.3 74.0 — 3.9
8.2 - 1.5 1.3 18.7 — 68.9
4.3 - 24.8 19.1 38.0 — 13.3
1.1 1.1 341 16.8 29.4 2. 114
— 18.2 10.0 3.2 12.3 7.0 17.2
19 24.5 6.7 by - ——
2.4 3.4 8.1 4.0 1.9 68.7 -—
v 14.7 - 242 4.5 1.5 1.6
R-9662
A-11%
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Table XXVIII., Some Physical Properties of FClO3

Property
Melting point
Boiling point
Tcrit
Pcrit
Crit. density
Crit. wolar volume
Vapor pressure

(for T= -109 tc -44°C)

Density of solid (-190°C)
Density of liquid

(for T= -142 to -39°C)
(for T= 29.9 and 53.8°C)
Viscosity of liquid

(for T= -77 to 54°C)
Surface tension

(for T= -75.2 to -55.6°C}

AHfusion

ASfusion
-]
Asvap (-46.67°C)

Trouton constant

-]
8He 59g (8)
]

%6¢ 208 (&)

Value
-147.75°C
-46.67°C

95.17°C
53.0 atm

0.637 , cm™>

161 cn’

log pfmm)= -1652.3/T(°K)
-8.62625 log T
+0.0046098T
+28.,44780

2.19 g om™3

b(p <n”3)= 2.266-1.603x107 T
-4.080x10-6T2(°K]

(g em )= 1.390 and 1.276

log n = 2997 1-1.755

(centipoise)

24,1 to 21.3 dyn em’!

0.9163 kcal mol™!
7.12 e.u,

4.61¢ keal mol”!
20,395 e.u,
-5.7 keal mol~}
11.5 kcal mol™>

66.65 e,u.

R-9662
A-116

References®
(92, 160)
(31, 92, 160)
(92, 100, 148}
(148)
(92. 100)
(92)

(92, 148, 160)

(281)

(92, 100, 148, 224)

(268)

(224, 268)

(268)

(16, 17, 169)

(16, 17)

(31, 92, 148, 160)
(31, 92, 160)

(15-18, 8-, 204, 291)
(291)

(147, 148, 172, 208, 291)




Cp 208 (1)

Specific heat ratio,

L]
CpiCV, gas at 25°C

{(a) reference from which

15.517 e.u. (147, 160, 204, 291)
27.19 e.u. (150, 160)
1.12 (174, 189)

the listed value is quoted is underlined,

R-9662
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Table XXIX. Performance of Selected Storable Liquid
Oxidizers for Rochet Propulsion (105)
Spevifie Pensity
4 g, gk,
5 Osilizer Fad e £ sor fenn?
Clol LM AN 2N RRYS
(] 11N PRy R
L0 ClEah clogl? (R RNARR NN ANG
O Lill solude i A7
Clry 1l =olid POTY 436
w5 CH/12 CTOWE Lkl s olid 2t L1
CTON Ny, 245 458
Uy N 22 436
N:, N1, 201 At

A b faree X s D mass; shifting equitibrinm; peeseire ratio 1000:14.7,
* Uansymaetvieal dimethyThyvilrazine,
e 8¢7 TAlL, 357, organic binder,
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i APPENDIX

' TABLE XXX. THERMODYNAMIC PROPERTIES
FOR_CIF.0 GAS (55)

—(F® -

E Cp°, H® - HW®, ey /T, 59, cal/

i T, *K eub./mal keal/mal cal “{ranl deg) (mol deg)
; { 0 0 t 0

100 9.721 0.837 49 255 57 624

] 200 14.932 2.072 55.613 65.971

[ 298.15 18 593 3.732 60. 159 72.675

S0 18. 846 3.760 6,237 72.780

LIl 20.875 o 751 64 . 108 78.486

508} 22260 7.913 67.478 83.305

3 600 23.160 10,187 70.470 87.448

F 700 23.771 12.536 73 159 91.067

800 24200 14.936 75.602 94.271

900 24.512 17.372 77.838 97.141

{ 1000 24.744 19.835 79.900 99,736

1100 24 921 22.319 21.813 1G2.103

1200 25 059 24 818 83. 595 104.277

1300 25.168 27.330 85 265 106.288

1400) 25.250 29.851 86.834 108.156

1500 25.328 32.380 88.314 109.9501

1600 25.387 14.918 89.715 111.538

1700 25.437 37.458 91. 044 113.078

1800 25.479 40.003 82.309 114.533

1900 25.514 42.533 93.518 115.912

2000 25.045 45.108 094, 568 117.221

R-9662
A-119




LAl e

TARLE XXXI.

THERMODYNAMIC PROPERTIES

FOR C1F.0, GAS (57)
—(F =AY
C,'. H°-H°,, T, cal 5°, cal/
calfmcl kcal/mo!  (moldeg) {moldeg)
0 0 0 0
10.127 0.747 48967 57.437
16.511 2179 55.516 66.411
21.256 4.04% 60,375 73.956
21.327 4.089 60.459 74.088
24,384 6.386 64.711 80.675
26.362 8.930 68.484 86.344
27.6RS 11.63¢6 71.881 91.275
28.599 14.453 74.968 95.615
29.251 17.347 77.795 99.479
9.727 20.298 80.40G 102.953
30.085 23,289 82.816 106.105
30.350 2%.312 85.066 108.985
30.574 29.359 87.171 111.637
30.745 32425 89.148 114.091
20,883 35.507 91.012 1¥6.375
31,995 38.601 92.775 118.509
31089 41.705 94.447 120.513
31.167 44818 96.036 122.400
31:33 47,938 97.551 124.183
31.249 51 064 98.997 125873
31.337 54.196 100). 382 127.480
R-9662
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i TABLE XXXII. THERMODYNAMIC PROPERTIES FOR FCl0, GAS (147)
1 L o
1
i
¥
cal. male ldeg, ! ~ 7 keal, mnls ’l—~———-—~,
T, K. o s “(F=U3n}/T M =Ny altg _ AF; Log Kp
0 « Q00 QUG INFINLTE = 3,178 = 3,03 = 3,04 INFINIIE
130 LY (P L2718 TR, E - 24315 - 1,9% 1,097 - 24397
200 12.CM) 614160 bT.960 - 1o 362 - 44,71% b33 - T«09%
298 15,517 hbe b5 1.1V R 000 = %.120 12.0%0 - LIPLIY!
NG 15,571 LMW EY ) bb. 6B 019 - 5,125 12,19 - 8,004
400 18415 Thabo? L1,297 lel22 = N.29R 18,002 - .83
500 FO PR Thelitd HR, 593 Nas 35 - %312 FETLE]] = 10s41%
bul 2le il 19,633 To.,12% Ha104 - hallb 2940653 = 10,801
Tao 2i'ad L P2eyis 11,128 TetiHe - 3,078 35.45%% = 11009
800 2447417 Bb,018 T3,.,3:0 10150 - heHRL "la23] = 11283
00 FAIL LY. W, 75 ) Ty ,R91 idetTh = hebbS hbe783 = 11408
1900 21,881 Gleluy 16 ,50N 14aH43 - hat?h 54.710 = 11.5%19
1ow 2he IR CE PR TtaB60 17,248 - LWl 75 SRet 10 = 1leb04
12w PLYL RN 994455 19,450 19,619 - 3414 64,090 - 1l.6T2
1300 Choblu 7,619 80,594 274132 - 3 h4u9 b9, 744 - 1).72%
1610 LR LR P9 4h Yy 8l,.816 2hab0D2 - 3,382 154 180 = 11.167
15ug 2L 49nN 101,164 B, 10M 21,087 - MW 1102 80,998 = 11,801
1690 2%.01u 102,773 Bu,28% S50 4 w 24Ri] Ab, 598 = 11.828
1Tuv 294100 104s 274 85,4l 312.0%9Q - 24574 92:119 = 11850
1800 25410} 1%y 131 Bb,501 3ab04 - 24311 GTe Tk = 11.887
1900 2heckb 1oteave 81.%%% 11,125 - 240%1 103,297 = 11:681
2070 254301 10He 341 L1530 EYTLYE) - 14799 10A, A1) - 11.892
2100 FETRLY 107020 B7.%38 474185 = l..04 1145159 - 11.901
- 2200 2941371 11C4R)7 0.l Gagled - le300 1iv,8M1 = 11.+908
23035 2hen7R 1114734 91,3A7 LTedtel = 1.060 1'%374 = 11.913
<40 chanibl 113,019 92.7000 4% .08 - LT 130,868 = 11.917
2500 FEL LK 114,059 9,117 5241%4 - o095 136,341 = 11.919
2600 29,919 115,06% 93,0l bu,a90b - 0386 141,823 - 11.921
2100 254924 lite02) g Tl Dot - o176 147,289 = 11922
2830 29,548 116,%52 Ghe51R 6N.013 027 1524 707 = 11.922
29700 A TS 2N 117406iu% StadTI hre510 YEs 150.1%9 = 1le922
‘ 3200 2549593 1184716 31,007 654129 ohl} 163,64l - 11921
3luo 25.600 1174558 .71 LMY k] 169,082 = 11e%:0
JZuv ¢Hebid 1204307 Tl T0e2%0 707 1744513 = 11.918
3 PO L L] 1714158 PR T2 T/aB1l3 935 1719.%37 = 11918
3L 0 254860 1élewd? e 152 A TRERS 1409% 185,360 = 11914
" 1%n 254057 17248067 1464, 190 174962 1e249 190,776 = Jl.%12
3I60Q 29+b00 1234390 1nlad28 80,508 1,196 196,192 = 11,710
1700 25.b1% it aQ94 101.650 83,075 165237 2014400 = 11.907
160 254081 12u,T14 102,240 854643 14013 2014009 = 11.90%
¥200 294071 1i740kh 107 4M21 BR,212 1,003 2124404 = 114902
4c00 294074 12604076 103,600 90a712 1.926 2174803 = 11,900
“luis B St HOT R Lo2et) 72,152 Talhd 223,200 - 1l.897
W2ul dhetll L#i1ed%0 106,511 994722 24156 2284592 = 11.894
4luy {5718 1o Tah® 105.04% L1 YL 2edbh 233,984 - 1l.892
4u00 254721 128,548 105,577 10140886 24164 739,370 = 11.889
4500 2hae T2l 1274125 1064073 1udatb 3k Jatsfsle 244,755 = 11.806
LYY i] 254731 129.6%0 1064400 166a211 2e558 2504143 = 114884
atug Seldy 1304243 107,697 108,784 2ebub 459,%2% = 1l.881
48 2541 V) 13Ge TuS 107.5R5 111,358 2e131 404308 = 11.879
40 294703 131,318 100, 0b4 113,7)¢ feRl2 Leha2 77 = 1l.88
LB Ie18 PETRLYS 131.83% 109,734 110,907 Te8R9 271,652 = 11,873
Slvy 2Ueln. 137430k | BLEPYATA 194000 2401 217,029 = 11.80N1
Sdun 2843 134800 LU anbU ledatre! 1,030 dH2,4,3%9 = 11,888
53Uy FTEMT 1334450 1Uratide Jehoede Ya37 287,779 = 11.808
FLI] 29a 107 135,418 110,535 1¢vabul f4150 €9 342 ts0 - 11,883
ERTPD] 2he 02 1344290 1,760 1¢7e 34 34240 291,514 = 11,861
Hbuls e s Fhug F5% 111.1%Q 13147009 3e2 14 303,881 = 114859
LY 2valtd 119420110 1iletrdh |IRCTEEN 1,327 3INQ, 248 = 11,857
YD e lly 11bebby licawly 1italla 13180 $laab21 = 1le8%
e el 140el vy lleatd! 137441 LY 319,982 = 11852
Rt e 1ty 33 ilea®el laggaith 1,670 1704 307 = Jl.0%0
T Y )
=101




E Diagram Captions
i Figure 1. Geometries of the chlorine oxyfluoride molecules and their ions
comparcd to those of the corresponding chlorine fluorides
(a) Since the Cl+ vation would possess only an electron sextet it is
stabilized by a ClF molecule to form the (‘.IZF+ cation.
{b) double brackets indicate yet unknown ions.
(¢) see text for preference of cis medel.

(d) these compounds with a coordination number of 7 are unlikely to

exist.

Figure 2. Structures of the yet unknown C1F30+, C1F40, and CIF, 0  radicals

3
(upper row) predicted by comparison with the known structures (bottom row)

of CIF.,0 and c1F4o'.

3
i_ Figure 3. The scliematic bonding in C1F2' as explained by a semi-ionic

3c-4e bond model,

Figure 4. C1F30 Formed as a Function of Time and Oxygen Partial Pressure

(P = 10 Torr).

C1F3
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l

Footnotes

page 1: * For the sake of clarity, we have not followed a rigid system of
nomenclature, such as starting formulas with the central atom
followed by the ligands. If for example FClO is written as
C10F, an uninformed reader might be induced to think of the

compound as a hypofluorite.
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Abstract
+ - + + 60 o
Exposure of NF4 AsFﬁ and NF4 SbF6 'O.SShF5 to " Co wy-rays at 77°K gave two
ﬁ_ paramagnetic centres, one of which is shown by esr spectroscopy to contain one

nitrogen atom and three equivalent fluorine atoms. Basel( on its magmnetic proper-
ties it is identified as pyramidal ﬁF3+, a novel radical cation. The other center

exhibits strong interaction of the electron with two fluorine atoms, weaker

interaction with the antimony or arsenic central atom, and small interaction with
geveral other {luorine atoms. It is tentatively asgigned to the electron-loss

gspecies Asfﬁ, Sbéﬁ, or Sb2F with the unpaired electron largely confined to two

11
- + - .. . . .
fluorine ligands. Irradiation of NF4 BF4 did not result in well defined magnetic

: + -
centers. An improved synthesis of NF4 BF4 is reported.

Introduction

Although carbon readily forms tetrahedral molecules with electromegative ligands,

such as the halogens, the synthesis of the isoelectronic nitrogen compounds has
A

been achieved only recently.l Attempts to prepare NF4' salts had been dis-

couraged by theoretical computations showing that these salts ghould be thermo-

dynamically unstable, and by the nonexistence of the parert compound NF {nce

5.
the principle was recognizedl that NF4+ salts can be prepared from NFs, F2 and

a strong Lewis acid in the presence of a suitable activation energy source,

R-9662
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a pumbrr of synthetic methods became availchle. These inmvolve the use of
. . . . 1,5
different activation energy sources such as glow dlscharue.l’ elevated tem-

6,7 ' Ay 8 .Y
perature and pressure, ' y-irradiation, and uv pliotolysis.

On exposure to high energy radiatiou, CF4 undergoes the dissociative electron-

capture process

R

CF, + ¢ = CF, + (1)

. -12
to give CF_d radicals which have been detected both in the liquid10 and solidlu .

phase. The faci that no evidence for the existence of the éF4- radical anion

wias observed is not surprisirs in view ol the validity of the octet rule for

first rowv elements of the periodic system. A study of the corresponding NF4+

system appeared interesting, particularly in view of the recent suggestion9

that ﬁF3+ and the radicals derived from the Lewis acid-fluorine interaetion,
+

4

salts. By analogy with CF4, 0'1e might expent that, &F3+ might be prepared by

such as ASFH , are the key intermediates in the tormation mechanism of NF

y-irradiation of NF4_+ salts accord ' ng to:
- D =
NE,S o+ o7 - MBS 4 F (2)

In this paper we report esr spectroscopic evidence for the existence of the novel
* ] -

radicals NF3+ and MF6 , in addition to an improved synthesis of NF4+BF4 by

metathesis in HF solution.

Experimental

§yntheses of VF Salts. A sample of NF1 ShF = BSbF was prepared as preavimsly
desvrlbed by heat1ng a 1:1.2:1 molar mxxture of NFJ, F , ani SbF- in a Monel
cylinder to 1200 for two days wader an autogenous pressure of 200 atm. The
resultxng white solid, having the composition NF SbF 'l.USbF5, was converted

to NF4 st 'U.BShFﬁ by heating in a dynamic v?;uum to 2000 for three days. The
compound was analyzed us previously described. The only detectable impurities
were smatl amonn’ - of Ni{0.060 weight%) and Cu (0.03%) in form of their salts.

The ssuthesis of §F4+Asfﬁ- has previously been do;-'t?ribed.l:j Avati, the onis
detectable wwpurities were Ni(U U3%) and Cn(0.27%).

R-9662
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Fer the synthesis of NF4+BF4- by metathesis, commercial HF was dried by shaking it
overnight in a l-liter M'mel cylinder with fluorine (10 1/0.7 Kg HF) after which
oxygen and residual fluorine (ca 210 psi) were removed under vacuum at -78°.

The metathesis apparatus, fabricaled entirely from Teflon and Kel-F, consisted

of four identical 1-liter vessels comnected in series through valves and filters
with a fitting carrying a vacuumn line connection, a 60 psi pressure relief valve,
and a compound pressure-vacuum gage (Kel-F coated diaphragm) between the last two
vessels. 1ln addition, each vessel was stirred with a Teflon coated magnetic
stirring bar and equipped with a valve which by-passed the filter for introduction
or removal of gaseous or liquid materials. All manipulations of reagents and
products were conducteid =ither in an inert atmosphere glove box or by standard

high vacuum techniques.

A 251.5g (1.94 moles) quantity of silver fluoride (Cationic, Inc.), which con-
tained 2.1% HF insoluble impurities, was loaded into the first vessel and 284g

HF was added. 1Into the second vessel were placed 400.5g (0.822 mole)
NEF4SbFﬁ‘U.BSbF5 and 148g HF. The AgHF2 solution in the first vessel was
pressurized to 30 psi with nitrogen and passed through a filter into the atirred
NT4+ salt - HF solution under autogeneous pressure in the second vessel. The
resulting NF4}Eb solution was separated from the AngF6 precipitate Ly filtration
into the evacuated third reaction vessel. After brief pumping to remove the
nitrogen pressurizing gas, BF, (68g, 1.0 mole) was added to the third vessel
until the total pressure above the liyuid remained constant at 19-20 psi. The
NT4BF4 solution was separated from the precipitated AgBF4 by filtration into

the evacuated fourth vessel. After removal of exceuss BFa and solvent HF the
regidual solid product (101.9g) was isolated. The composition of the solid in

mole % was NF BF, (89), NF, sbF (7.9) aud AghF, (3.1).

4 2711

s +
y-Irradiation and esr Spectra. The NF4 salts were transferred in the dry

nitrogen atmosphere of a glove box into passivated, 4 mm o.d. quartz tubes which

were flame sealed in vacuo. For the solution study, a 0.24 wolar solution of

NF4+SbFﬁ--U.BSbF5 in anhydrous HF was heat sealed in a Teflon FEP tube.

The sample tubes wecre cceled to 77%K prior to exposure to |i0Cu Y-rays in a
Vickrad cell at & nominal dose rate of about 4 Miad h-l. 1t was necessary to

expose samples to high doses (about 10 Mtad) before good esr signals were

obtained.

R-9662
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The esr spectva were obtuined with a Varian F3 spectrometer at 77°K. 3umples
were wmealed by gradual warming to above 77°K and re-cooling whenever sip-

1 nificant changes were observed in the continuocusly momitored esr signals.
Signals were independent of sample-tube orientation indicating the absence

ol sample graining effects,

Results and Discussion

Synthesis. Tor the preparation of NF4+SbFU-'beF6 and NF4+A3F6- the previously
reported7 elevated pressure-temperature method was chosen. For that of NF4+BF4“,
4 metathetical proecess similar to that of Tolberg et al.,14 was selected which
was signifieantly improved by substituting AgF for the originally used lqcsP.

The reaction sequence is best deseribed by the following equations:

+ -
AgE 4P T 5 Ay IF, )
3 + - U - HF - + -
Ag HF, + NF, SWF. ——> AgSbEF gt T NE, 1IF, (4)

+ - +
NF'F,” + bR, ) &, i

TIF (5)

. + - . .. . .
Since Ag IIF,, wuas used in excess for the precipitation of the fluorcantimonate,

, - + - .
the rather insoluble AgBF4 precipitated from the NF4 iF, solution upon HF3

addition. This required an additional filtration step. The level of impurities

(NFJShUFll and AgBFd) in the final c¢rude product is devermined by the solubility

producis of AgShF“ and AgBF1 in JI¥.

Since Ehv NFJ+SIﬁh-”beF5 starting material cun readily be prepared on a large
scule.’ this metathetical process is well suited for the synthesis of larper

amounts ol NT4+HF1—
Using CsF the purity is quite low, but with AgF we have been able to obtain

s wain drawback is the relutively low product purity.

purities as high as 89 mole percent of NLH+BF4—- The mainlimpuritics could
signilicantly be decrvased by subsequent recrystallization™  of the crude
NF4+BF4_ Irom suitable solvents. Whercas the Y—irrudiatiun8 and uv-photoly:-:is(J
proeesses yield purer products, they are at present much less amenable to

scale up.

N-0e62
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Electron Spin Resonance Spectra. The best defined spectra were ohtained from

NF4+SbFB-‘0.BShF5 and typical spectra, obtained before and after annealing, are
given in Figures 1l and &, respectively. The NF4+ASF0- salt‘gave very sinmilar
regults, but NF4+BF4- proved to he remarkably resistant to bOCo y-rays. Two
radical species, A and B, can be detected in the initial spectra (Figure 1),
but radical B decayed rapidly on annealing to about 150°K, leaving a well

defined spectrum of A (Figure 2).

Radical A. Well defined wing (parallel) triplets characteristic of hyperfine
coupling to 14N[I(MN) = 17 estabhlish the presence of one strongly coupled 14N
nucleus. If the outer sets of triplets are descrihed as the MI(lgF) = +3,/2
“paralie}” features for ﬂf3+ [I(lgF) = 1/2] for the tbruc equivalent fluorine . -
atoms, then the * 1/2 lines are predicted *o fall close to the more intense set
of six lines in the central region of the spectrum. However, the apparent A

(14N) coupling on these inner features has decreased by sahout 15 G relative to
the ourcr lines, and hence we suggest that these inner lines contain dominant

contributions arising from "anisotropic" features.

Interpretation of esr spectra for pyramidal radicals of this type is complicated
hy the fact that the principle values for the three 19F bhyperfine tensors lie
along three different axes, two of which always differ from those for the 14N
hyperfine coupling. Also, there should be a relatively large second-order
splitting (5) of ﬂ:e MI(“’F) = % 1/2 lines which can he approximately estimated'®
from §= 3/2 Al ("F) and 51 = 3/4 (Al + Ag)

T’ Hy

Frow the initial approximate data, we fird oy ~ 4 G and §l ~ 23 G. Thus the

former will be harely defined in our spectra, but the latter result is clearly

significant. This problem has been discussed in depth by Coope,ll’ L

especially for the isoelectronic radical, éFa, and we have followed their

procedure in airriving at the parameters listed in Table 1. The results for
CF 10, 12
3 are included for comparison.

1

£ [ + . ) [
The results for JF of NF, are in good agreement with those12 of CF3, but

3
= . . . . . " ] +
indicate a small increasc in spin-density on fluorine on pgoing from CF, to NF,l .

3
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Since these are not principle values, we make no attempt to estimate the actual
spin-density on fluorine from these data. However, the data for 14X can be taken
as principle values and hence we can deduce approximate spin densities in the s
and 2p atomic orbitals that nitrogen contributes to the *totul M.0. of the unpaired
clectron, This we do by dividing the A and 28 values by the valnes for A° (550 G)

o =T e A T T

and 2B® (330) estimated from recent accurate atomic wave functions.17 (A and 2B
are the experimental isotropic and traceless parts of the hyperfine tensor compo-
nents, and A° and B° are the corresponding computed values for unit population

of the 25 and 2p A, 9s.) The resnlts (Table 2) indicate that the total spin-
density on nitrogen is about 69%, and the 2p:2s ratio is about 2.8. Only the isc-
tropic ISC datum is known 10 for IséFs, and this gives about 24% spin-density in
the 25 A.O. on carbon., The latter value might be somewhat high, since the aniso-
tropic components of lgF in &F3+ and &Fs are quite similar (133 and 123G, respec-
tively) implying that the spin-densities on F and hence aiso on the central atoms
should be similar in both species. An alternate, although less plausihle,
explanation might be that the atomic orhitals of the central atom in CF

3 have more
s-character {i.e., a stronger contribution from spz hybridization) than those in
NF3+. This would imply that CF3 is less j ‘ramidal than NF3+.
3 A , A . . :
E The implications from the esy data that in NFB the spin-dengity on F is some-
r what higher than in CFa and that the atomic orbitauls ol the central atom in
CF3 have more s-characteyr than thoze in kF3+ are in accord with arpuments based
F on consideration oi' the lollowing resonance structures.
. -_
. e+
X X X
/F/'\l'\ /1'/;\1‘\ /F/ \F |
N7 N/ N7 \ . \'v/ -
| Ff ¥ |k
1 11 i1

+ 4

In NF“ the lermal positive eharge and the higher oxidation stiate of the central
atom should increase the ellective electrunegativity ol the NF0+ grouy when
compared to that of CFi. Thevefore, for §F3+ the relative con:ribution from
structure 11 should be higher than for CF3 hereby increasing the spin-density

on F in §F3+. Since with an increasing electronegativily difference between

X and F the XF bond becomes more ionic, the contribution from the sp2 hybridized
modet LLD to the bonding shonld be more sipnificanti in &FH than in QPE+. tn
addition, moedel Hi1 Foy &FU+ woald requive an ufavorable doshlbe positive clioge

on the N¥, part of the molecele,
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The failure to observe any evidence for the NF4 radical is not surprising in
view of the above mentioned strict validity of tbhe octet rule for first row
elements. This is in marked contrast with second row elements, such ag

G
phospherous for which the corresponding PF4 has been observcd.ls’lJ

We have
also studied the irradiztion products from HF solutions of NF4+ShF6_'0.8 SbF5
since it is often found that dissociative rcactions, such as the hypothetical

precess

r N, - MBS+ F (6)

i are solvent dependent. Unfurtunately, solutionu: in HF, tbe only suitable

solvent, pave, after irraciation, only very hroad uninformative features.

Radical B. The other species (B), lost during mild amnealing, is tentatively
identified as Sb'ﬁ (o1 AsPG) or Sb2F11 for the following ressony:

(1) ﬁF3+ is undoubtedly formed by electron capture, and tbe most rcasonable

initial electron-loss centre is Sbfﬁ.

(2) The results indicate the presence of two {or less reasonably, one) strongly
coupled 19F nuclei with very weak coupling to magneiic isotopes of antimony or
arsenic and possible further 19F nuclei. Electron loss from SbFG- iz from one
of the non-bonding orbitals on fluoriune, and a suitable distortion could well
tend to igsolatc the unpaired electron on just two of the ligands. This modcl

provides a reasonable explanaticon for the observed data.

(3) The broad similarity between the results for the arsenic and antimony salts

requir s a low spin-density on the central atom, in accord with the medel.

3+ radicals in the BF4_ salt accord with the apparent inability

to form Bf4 radicals from such salts.

{4) Lack of NF

Based on the above arguments. we favor thbe spectral analysis indicated in Fig. 1
vhiher 1than 1the altervpative of treating tbhe B features as 8 doublet. on the
nean w ey v iddcvely sl farlsaneupy. Fae o flaaemed bl own sl e

unpaired vlhectron delocalized between two ad jacent flaoride ligands. Lhe

R-9662
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apparent anisotroepy deduced from the powder spectrum must be greatly 1 oduced
compared with the yeal aniszotropy, or that vo be expected I'rowm spin confined

to jist one licand.

The =uper-hyvperfine coupling present on the M (19'] = + 1 lines must then arise
frgm coupting to lzlﬁh {(t = 5/2, 57.215° uhundnnuc] and to 4 lesser extent from
IlASh (1= 3/2; 12.75% abundimee).  This will not explain all the resolved
teatures in Fig, ! oand hence extra lgF coupling or interaction with the second
ant iwony atom of Sh lIl must alse he prescent.

It is interesting to coupare these resnlts with those for a species formed in
irra%iutgg sodium bexnfluoroant imonate, originally thought to bhe SbFS' g{
SbE, "7, T )

but later ossigned to an impurity species, 0-SbF, or 6ShF5 .

4
Q

This centre had only very weak eoupling to l'F fubout 5G) and a neuar-isotropic
coupling to 'E lsh in the 60 - 70 G repion. Our present results indicate a
coupling to 1 Hh of 30 or 606G, A reduction of the coupling in %blb or bhz 11’

when compared to that for (-ShE 7, can be rationulized hy electro-negativity

21, 22 3
arguments.”"?

Although we have been unuble to obtain well resolvcd es1 spectra for radical B,
we conclude that this center is probably le or SbZFII’ with the unpaired elec-
tron largely confined to two adjacent fluorlde ligands. Otber possible assign-
ments that had occurred to us, bave been rejected for various reasons. For
example, the assignnent to Fz', weakly interacting with neighbouring ions, can

be ruled out since the observed hyperfine coupling is tou small.

WImit Ly . V—lrrudiutiun of NFJ+ salts at 77K preduces the novel pyramidal
cation N}j in addition to a sceond less stable species which is tontatiVoly
asslpned Lo the corresvonding anion cleetron-loss species, SbP o Sb Fil’ and
AJF”, respoctively. The experimental observation ol thesc prClEbulPﬂdb
further credibilily to the reaction mechanism previously suppested” for the
formation and thermal decomposition of NFJ+ sialts. In this meclhunism, the
Asiﬁ radical was postulated to be the crucial intermediate capable of sapply-
ing the energy (ioniuuLiun potentiul ol NFH winus the energy released by the
formution of the iLon pair) required lor the oxidation of NFH secording to:

I . Y (1)
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Table 1
ESR Data for Radical in_vy-Irradiated NF‘+
Salts, Together with Those for éFﬁ

Radical Hyperfine Tensor Cumponents (G) ay b g-Values
3 /12 !
IQN/IJC/ ISb IJF
7 l is0 7/ l iso 7 l av.
&, 115 40 98.3 300 100 167 2,003 2.009 2.007
= 0d . ‘
Cfs 261 80 141.3
e 272 143
SbF,* ~ 30 or ~ 60
b g, g
(see text) 630" *B400" "8490 ~2.00
+ ~ 306"
_.1

a. G =10 " T.
b. Errors ©~ £ 3 G.

c. Data relate to the C_, axes and therefore arc not principle values.

v
d. Refercnce 12.
e. Reference 10.
f. For twoe equivalent fluorine atoms.

g. Approximate since number of sub-components unkmown.

h. Weak coupling to other fluoride ligands.
i. The NFS* signals derived from either NFdstS or NF4A5F6 had experimen-
tally undistinguishable parameters.
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Tuble 2

o .+ .
Estimated Spin-Densities (%) for NF3 and CF, on
(2]
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Diagram Captions

Fig. 1

First derivative X-band esr spectrum for NF,'SbF,™*0.8SLF,
after exposure to boCo y-rays at 77°K, showing features
assigned to species A and B. The intense centra! component stems

in part from paramagnetic centers generated in the quartz tube.

Fig. 2

Sample of Fig. 1 but after annealing at about 140%K and recooling

to 77%, showing features assigned to radical A.
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Halogen Nitrates
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The low-temperature infrared and Raman spectra of [(NO,), and the Raman spectra of liquid CIONO,, FONQ,, ENO,,
and CINQ, have been recorded.  Comparison of the vibralional spectra within the series NO,, FNO,, CINQ,, FONO,, and
CIONO, allows unambiguous assignmenis for the halogen nitrate molecules. Raman polarization measurements show thai
in halogen nitrales che halogen atom is perpendicular to the ONO, plane conlrary to previous assumptions and (o the
known planar siructure of HONO, and CH,0ONO,. The vibrational specirum of I{NO,), is consistent with predominantly
covalent nitrato ligands. However, the complexity of the spectrum suggests a polymeric structure with bridging nitrato
groups. Experimental evidence was oblained for the formation of the new and thermally unstable compound CF,1(NO,},
in the CF ,I-CIONOQ, system. Attemptsic convert this compound into CF ,ONO, were unsuccessful.

Introduetion particularly when bonded to highly electronegative elements
Highly electronegative groups such as perchlorates, nilrales.  such as the halogens or oxygen. Whereas the vibralional
fluorosulfates, or trifluoroacetales can be considered as psey-  spectra of the free anions are relatively well understood,
dohalides.  As such they eitlier can form stable anions in 1he those of the corresponding covaleni ligands have only recent-
mesenve of suitable cations or can a:t as covalent ligands ly received more attention. Rehable spectra #1d assignments
R-89662
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are now available Tor cavalemt perchlonstes,'* trilluoroace-
tales,* and Huorosuilates." 7 1n spite ol exiensive infrared
spectroscapic studies on halogen nitrales.® ' 4 recent puper,
reporling 1he vibrational spectium of C1F ;00NO,, demon-

stiates" how poarly understood titese spectra are at present.

The question whether the halogen atom in XONO; is co-
planar ur perpendicular with respect to the ONQ; plane add-
ed lurther interest o our study.  The consensus® '? appears
1o Lavor coplanaiity based on anglogy with the planar slrne-
tures established for the related molecules 1HIONO,'? and
ALONOLM Nowever, the assutaption of a planar slrug-
ture Tot The halogen titrates is against our intuilion,  Stmi-
fatly. Muling and Brockway suggesied'® fur FOND, a non-
planar siructure based on low-preciston elect on diffraction
data, although a planar structure coutd not be ruled oul.
Raman polarizativn measuremenls shoald clearly dislinguish
between a planan and a nonplanar siructure provided 1hat
umambiguous assieniments are availuble, For this purpose
Ramuan gaia vcre also required lor the closely related nilryl
halides.

Another objeciive of this study was 10 characterize I{N-
0.),. This interesting com;nd was firsl prepared by
Schimeisser and Braendle.'® ' is unstable above 0° and no
data concerning its sicucture have been published. Allempts
were alzo made to symhesize the ntovel covalen] nitiate CF
ONOQ, which led to the syuthesis of the nove! compound
CF.1{NQ;),.

Experimental Section

Capener? Fluonine nitrate is shock sensitive.

Malerial and Apparatus. Volalile materials used in this work
were manipulated in a well-passivated (with CH¥,) stainless steel vae-
uum line equipped with Teflon TP U lraps and 316 stuinless stecl
bellows-seal valves (lloke, Inc,, 4251 1'4Y).  Pressures were measured
with a fHeise Bourdon tube-type g upe (0-1500 mm ¢ 0.1%). Nitryl
chleride.'” CIONOQ,."" and 'NO,"' were prepared by litesatute incl? -
ods. Iluorine nitrate was prepared by direct Nuorination of KNOQ |
in a stainless vieel vvlinder.''  The purily ol volatile materials was
deicrmined by measurements of thely vapor pressures and infrared
spectra.  Sohd products were handled in the dry niltogen atmos-
phere ol a glove box,
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Chiriste, Schack, and Wilson

The infuared specira were recorded on a Perkin-Elmer Model 457
specirophotumeler in the range 4000-250 ¢cma ', The specira of
gases were oblained using 304 slainless sieel cells of 5-cm path length
futed with AgCl windows. The low-temperature spectrum of 1{N9),),
was obtained as a dry powder between s plates at —196° using .
low-lemperature 1ransfer technique similar to one previously reporl-
ed.** The instrumen: was calibraled by compaiison with standard
calibration poinis.’

The Raman specita were recorded on a Cary iModel 83 speciro-
photomeler using the 4880-A exciling linc and a Cluassen Nilter® for
the elimination of plasma lines. Sealed yuariz tubes (3-min o.d.)
were used as sample containers in 1he transverse-viewing, transverse -
eacitation lechnique.  The low-temperatute Raman specira were
recorded using a devive similar to one previously deseribed.?’  Polar
ization measureinents were carried out according 10 methoed VIII
listed by Cluassen, ef af **

Preparalion of NGO ),. Resublimed 1, (1.005 mmol) was placed
into 3 Teflon FEP tube fitled with a stainless steel valve. treshly
fractivnated CIONO, (8.20 mmol) was condensed into 1he wube at

-196°. The mix.ure was kept at -45° for ! week. The matenals,
velatile at - 45°, were removed in weryo and separaled by fractional
condensation.  They consisicd of uarcacted CIONG, (2.20 mmol)
and Cl; (3.0t mmo!) in excellent agreemeni with the vatues calcuat-
ed for a quaniitative conversion of |, 10 I(NOQ,),. 'the nonvolalile
residuc was a Muffy light yellow solid which decompused above 0°
under dynamic vacuum yielding N, O, (2.05 mmol) and a ian solid
residie.  This residue gradually decomposed furihel as evidenced by
the huildup of NO, ~«olored fumes above the solid. An intrared spec-
trum of the solid afier several weeks af siorage al 25° did nol show
any absorplions characteristic £ r N=0 double bonds,

The CIONG,-CF, ! Sysiem. Chlorine nitrate (4.02 mmo!) and
CF,I (1.75 mmol) were combined 2t —196° in a 30-m] stainless sieel
cylinder.  IMe reactor was slowly warmed to —45° and kepi al this
lemperature Tor 6 days. Recooling 10 196° did not show any non-
condensable material. Products volatile al —78% were removed in
vacuo and separated by fractinnal condensation. They consisled of
unrescted CIONQ, (0.40 mmolj and Cl; (1.79 mmol) in good agree-
nient with the amounts expectzd for 4 quantitalive conversion of
Cl Il to Ct ,1iND,),. Warming of the sulid residue to 25° vielded
N,Q, (1.14 mmal), COF, (1.07 mmol}), and CI°,1 (0.65 nimol) in
addition to 219 mg of a sticky solid residuc of varied orange color.

Results and L'scussion -

Synthesis and Properties. The inleraclion between I, and
excess CIONO, a1 —45° produced 1{NO;); in quantilal ve
yield according 10

1, + 6CIONO, - 2;NQ ), + 301,

Thus, this reaction offers an excellent roule to high-purily
I(NO3),. contrary 1o a previous slalemeni'® 1hat, although
I(NO3), is formed in 1his sysiem, it is nol of synlhelic use-
Tuiness.

The properlies and therrnat inslabilily observed for 1{N-
03); are tn good agreement with those previously reported'®
fur 1he pruduc obtained from the IC]; + CLONO; reactior..
The evolulion of 1 mol of NyOg/mol of 1{NO3); in 1he ini-
lia! slage of tie thermal decomposilion indicales the possible
t'urrgation of OiNO; as an intermediale of marginal stability
a0

NO,), -» OINO, + N0,

The subsequeni slow decomposilion of this inlermediale
involves a r.dox reaction in vhich 1he +V nitrogen ts reduced
to 1he +1V slate (N,O,4) wiln simullaneous oxidation cf the
+III iodine. This observation is in ¢xcellent agreemen! with
the thermal decompesition of I{OCIQ ;) which vields Cl;0-,
lower chlorine oxides, and 1,05 .2
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In che CE41-CIONQ, system, the observed material balance !

is in good agreement with the reaction
Cr,1 + 2C10NO, - CF ING,), + CI,

Again the observation of such an intermediate is in excellent
agreement with the Josely refated ClOCIO, reaction chemis-
try. Thus, 1he interaction of Rpl with CIOCIO; produced
er(CIO4)2 .15 When R[ was (CF;):CF or "'CTFIS' the R]‘l
(C104), interinc.liate was successfully isolated, At 40°, the
n-C-F 51(Cl10,). "ould be converted into RyOCIO; by vac
uum pyrolysis v“or Ry = (CF;),CF, however, vacuum pyroly-
sis at 105° resulted exclusively in decomposition products.
For Ry = CF4. the CF;1(Cl04), intermediate was not isolat-
ed; however, a quantitative yield of CF30CI0; was obtain-
able at —45° %% Therefore, it appeared interesting to de-
termine whether the novel compound CF;0ONO, could be
prepared by controlled decomposition of CF3{NO,);. No
evidence fo: CF3;0NOQ, could be obtained, but CF;l and
about equimolar amounts of N;Og and COF; were formed.

The observation of CF,l us a decompositivu product is
interesting. A plausible explanation for its formation can
he offered. For Ryl(C10,),. Ramzn spectra support®® the
jonic structure [{R)s1] 11(C104)4]". 1f CF1(NO;); had
the analogous ivnic structure {{CF;);1]* [I(NO3)4], as much
as 50% of the originally used CF ,| might ke recovered in the
therinal decomposition of such an interinediate. The diffi.
3 culty in obtaining CFyONO, indicates thai this compound
might be relatively unstable toward decomposition into
¥ COF,. This is in good agreement with previous studies
E. aimed at the synthesis of RyONO,.

Vibrational Spectra,  Figure | shows the Raman spectra
1 of CINO,, FNO,, CIONQ,, and FONQ; and the infrared and
the Raman spectrum of 1{NO,};. The observed frequencies
are listed in Tables 1 and 11.

12,26

Before the assignment of the fundamentals of the halogen
1 nitrate molecules can be discussed in more detail, it must be - [
established whether XONO, has structure 1 or 11, i.e., wheth- 7 |
er X is perpendicular to or coplanar with the ONQ, plane. i ' I
Ll ?,x & |
. 0—X 572 803
r ' {
- X | k ' | U | |i~
ol’ \0 Of, %0 ' "j el
1 t ' I
Whereas in HONO, intramolccular hydrogen hridging should T sl ,.’I 'Il'
favor planarity, in HalONQ, the expected mutual repulsion v 4 I
between the halogen and the two oxygen atoms should | - z A \
the perpendicular model. = A /-" g f \
| | ™ v
N N =, . . . .
A A\ 1900 1400 1400 1200 1000 800 60O 400 200w’
04 L oé “o FREQUENCY
. ' . : PETTRI Figure L. Raman specira of liquid CtNO, (recorded at ~110°), FN:
R:;Tar sp;c’llmsg)p? :hn&llf readily dlsungu:sh l?f:twe:n 0, (- 80°}, FONO, (- 100°), and CIONO_: (-80°) and of solid I(N-
muichs | AU, EeRIVRGEs: pRascss Symimetny Ly 0.), (-90°) and infrared specitum of solid I(NO }. ( -196°). Spec-
nine fun famentals, but for model 1 thrce of the fundamen: 1ral slil width used for 1he recording of the Raman specira was 3
tals are ar’isymmetric with respect to the symmetry plane, ¢m™*. Traces A and 8 were recorded with parallel and perpendicular

polarizations, respeclively. The inserls represent the weaker bands
recorded al higher sensitivity and larger s wiith. Polanized and de-
pelarized bands are marked by p and dp, respectively,

whercas for model 11 only two modes are antisymmetric.

(24) C. ). Schack, 1. Pilipovich, and K. O. Christe, Inorg. Chem.,

in p;ze;s).c e B rcie B it emsotmand e nmn] -~ One maode whuch for model 1 belongs 10 species A” and far
.. 4. achack, 1), ipovich, an LA tiste, JNorg, ivucy : L q .4
Chem. dett. 10,498 (TAG4). model 11 belongs to species A" is the antisylametnic NO,
(26) B. Tittle and G. 11, Cady, 'nong. Chem., 4, 259 (1965). stretching vibration. Since no guestion exists concerning
R-9662
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tialogen Niiates

SN isutopiv shifis, they chose from the two passible foree
fields?”* the oie which resnlts in v, heing mainly the NO,
scissoring and v, being mainly the NF stretchmg marlle. A
Raman spectruin of liquid FNO, has previausty been report:
ed® and is in Fair agreemen with our data.  Two weak fea-
turesat 470 and 710 cin ™', resnectively, in our Raman spe.-
trum of FNO; requite some connment. Both weie also uh-
served previousty, ™ L:ut the 470.¢cm™" line was subsequently
ascribed,*? tagether with a line at 926 cm™*, to FONO, im-
purity. Since onr spectrum duaes nan show ais line at ahout
930 cm™', a different explanation for the 470 em™ band is
required. 1t could possibly he due to the difierence band

vy - vy wiich could lave harniowed intensity from vy thinugh
Fermi resonance. The very weak polarized tfoature at about
710 ¢ " might similarly he explained by Fermi resonance
between vy and ¥y -~ vy,

For CIONO, an inconiplete Ruman spectrum has previous-
ly been reported.!  The five trequencies listesd are in good
agreement with ow resultn. However, no polarization daly
weie given and the fundamentals weie ussigned on the basis
ot the incorrect planar model 11, Both of the two most re-
cent assignments reported'"'* for CIONO, need revision.
lolorst and DesMarteau assigned three and Miller, ot af.,
two fundamentals incorrectly.  Both carrections invilve the
mode of gieates: interest, the N-O stretching mode, The
duata of Table 1 (in patictlar the "N-"5N isotopic shifts and
the polarization data) indicate that the similar Frequen.ies
of the N, scissoring and the O-CI stretching modes causs
astrong © ‘rgoftire curresponding symmetry coordinates.
The fre 140 can”! ubserved lor the N-OCI torsinn
al mode resuits waa harner to internal rotation af 10.40 kcal
mol™" in good agreement with p:evious estimztes and the
value of 10.72kea” mol ™' found for FONO, "

For FONO. no Raman data liave been published except
for the impurity bands®® in the spectrum of FNO, which
were attributed by others'! to FONO,. By analugy with
CIONO, (see above), the previous assignments'"'? need re-
vision for three and two fundamentals, respectively,

Several general aspects deserve emphasis. (1) Whereas the
XNO; outof-plane deformation is of very law intensity in
the Raman spectra and therefore difticult to detect, its first
uver,one was generallty observed as a reasanably intense
Raman band  This atlows reliable identification of this fun-
damental. {ii) The symmetric NO, stretch and the NO.
scissoring mode have very charseteristic Itequencies and og-

{32) A, 5L AL, G Gareol, and L. Ferrelli, J Chem. Phys., 49,
2775 (196381,

(33) R E Dadd, J. A, Rildfe, and 1., A. Woodward, Trans. Fara
day Svc.. 52,145 {(1956).
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cut in the 1anges 1285-1300 and 780-820 ¢m™', respective-
ly. Therefore, these two modes aie usefur for identilying
XNO, groups. The XNO, out-of-plane defurmation is mod-
erately dependent and the correspanding in-plane defarmna-
tion is strongly dependent on the nass of X, The large "*N-
BN isotupic shifts (17-20 cm™") abserved far the XNO, out-
of-plane deformation indicates that in this mode mainly the
N atom moves, i.e., swings through the XO, ptane. (iii) The
NX stretching mode aceurs far all compounds at a surprising-
Iy tow heguency, ie., 37G-570 ¢m™'. This is in agreemeut
with the known thermal instability of these compounds.
Contrary to the N-O stretcling modes, the O-Hal streiching
modes occur in their usval Irequency range. They exlibit
frequencies much higher than those of the N-0 stretches
indicating that the N-O single bond is by far the weakest
bond in CIONO; and FONQ;.

The low-temperature spectra of {NO;); (see Figure | and
Table 1) cleaily show that the compound is not icaic  In
the higher frequency range three clusters of bands centered
at about 1570, 1270, and 800 cm ™', respectively, occur, in-
dicating the presence of covalent nitrato group. However,
the number ol individual bands within these clusters s too
higli and they are distributed over too wide a frequency
range to be comfortably accounted for by a simple in-phase,
out-uf-phase coupling of the motiuns of menodentate or
hider.tate ligands.>** It szems morc reasonable to explain
the coinplexity ~f the spectra by a polymeric structure in-
volving bridging ligands as was prcviously supgested for the
closely related compounds 1(C104)3* and 1(SO;F),.* We
suggest tentative assignments of the clusters to the following
types of vibrations:  1750-1450 cm™" . antisymmetric NO,
stretches; 1300-1200 em ™, symimetric NO, stretches; 830-
780 cm ™', NO; scissoring; 750-690 cm™', 10 stretches; 370-
300 ¢cm™', N-O stretches. The significant decrzase in the
N-0 stretch frequencies, when compared to those in FONO,
{457 ain” 'y and CIONO, (436 cm™"), indicates increasing
polarity of the Hal-O bonds within this series. This is gen-
erally true for related compounds and is caused by the in-
creasing electronegativity difference between the halogen
and the ligands with increasing atomic weight of the halogen.

Acknowledgment. We are indebted to Dr. L. R. Gran1
far helpful discussions and ta the Office of Naval Research,
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(34) C.C. Addison, ). W. Amos, and [). Sullon. J Chem. Soc. A,
808 (1967).
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On the Existence of several new 0,N,F-Compounds.

A criticai Comment on the Paper by Sierc and Schumacher.

I By Kurl 0. Christe

Abstract. It is shown that the infrared spectra previously attributed to
the three novel compounds FONO, NOQFq, and an unknown are due to the known
compounds HONG,,, FONO,,, und covalent Nnoi, respeetively. The obscerved

chemicul und physicul properties agree well with this reinterpretation.

T
Uber die Existenz ciniper ucuer 0,N,F-Verbindungen.

d e {1 . .
Lin kritischer Kommentar zur Veroffentlichung von Sicre und Schumacher.

) . . . . .
Inhaltsﬁberslcht. Es wird gezeipgt, dass die Infrarot Spcktren, die zuvor den

1 drei neuen Yerbindungen FONO, NO°F1 und einer nichtidentifizierten Substanz
; zugeschrieben wurden, vollstﬁndig den bekannten Verbindungen HONO,, FONO, und
kovalentes NQOB zugcordnet werden kgnnen. Die beobachteten chemischen und

: . y ) . L .
physikulischen Eigenschaften stimmen mit der neuen Interpretation uherein.

In the course of a spectroscopic study of balogen nitrates 1), it became
obvious that the infrared spectrum reported by Sicrc and Schumacher 2) for

the new compound FUNO was ipnconsistent with such a structure. 1In addition,

F these authors have given data for iwoe more uew N,0,F-compounds and sug-

; gested for onz of these the composition N02F3. In view of .his inconsistency,
we have critically reviewed the given experimental data and succeeded in
positively ideutifying all three compounds as khowi. substances. Sicre and
Schumaclier had choscn 2) the nesignations Xl, XQ, and Xa for their new
compounds which will be retuined in the following discussion to facilitate

comparisun.

C ompound Xl; This compound could be preparcd from NO2 and =mzll amounts of

¥

5 only in wn aluminum cylinder, the wulls of which were coated with a

thick layer of aluminum nxyfluoride or corrosion products.

1} K. U. Christe, C. J. Schack, and R. D. Wilson, Inorg. Chem., in press.
2} J. K. Sicre and H. J. Schumacher, Z. anorg. allg. Chem., 385, 131{1971).

R-9662
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Based on its inlrared spectrum, apparent melecular weight of 61.5, and facile
conversion to FNO,, it was identilied 2) as the FNO,, isomer FONO. Nowever.

u closer inspvrti;n of the inlrared spectrunm uttrib;tpd to FOND indicated

a structure containing an XNU,, group. 1) Comparison with known spectra
revealed that the infrared hu;d shapes and I'reguencies (in cmml) and relative
intensikies of xl (1713 vs, 1302 vy, 8BEO s) are in excellent agreement

with those reported 1) for NOND,, (1712 va, 1311 vs, average ol 8Y5 and

BT branches = H87 ). Furthvr-suppurt for its identification as 1IONO,

can be derived Trom its chemical behavier. Thus it could not be sepur;ted

Ly fraclionation {rom ompound X3 which was identified (see beluw) as

N,,0

L

ite following facts indicate that the original reacticn product in the N(.l:3 + Fo
reaction was FNO, which was subsequently converted by hydrolysis into B
HONO,. (i) The ;riginal product was volatile at. -12°.%  (1i) Sometimes the
infr;rud spectra showed FNO, which was attributed to an isomerization of FONO
to FNOQ. llowever, a plausi;lv explavation for this behavior cun be oflered.
For example, lack of hydrolysis of FNU, or secundary reactions of HONU2 with
passivated surfaces or strong fluurinuzing wrents such as compound X2 (=FUN02)
could casily generate FNO,. (ii1) €lean yeaclors did not produce any Xl-

Only in the presence of s;bstuntiul amounts of aluminum corrosion products

wis Xl formed. The likelihood of such corresion products containing hydroxyl-
groups supports cur interpretation Lhat Xl is Formed by hydrolysis of FNO2

and is HONC,. (iv) The mold culur weight deteimination woeuld nei, be expected

to vffechiv;ly diseriminate between FNG, (65) and IHNG,, (63). Ilowever, from
the Tact that the determination was uur:ivd onl at a p;vssuro of 7T00mm. it

can be concluded that the sample used at this point was still mainly FNO,,.

The vapor pressure of HONO, at wobicenl temperature is considerably luwerhthau
Tt hnm. )

“)
Compound X,,. Thi; compound is Formed 2) when NU,, is reachked with an excess

.|)

ol F,» As has previously been ownd, some MONO,, is readily formed under

1) G. E. McGraw, D. L. Bernitt, and [. 1. Hisatsure, d. Chem. Plhys.,
12, 237(H65).

1) D. L. Bernitt, 4t 1. Miller, and L. C. Hisalsuue. Spectrochim. Acla,
23A, 237(1967).
R-9662
D-2




piand

A -

these conditions. Comparison between the infrared spectrum of X, (1761 vs,
1294 vs, 927 m, 804 s) und that 8) 6) o FONG, (1759 vs, 1301 vs, 928 m,

B804 s) reveuls that X, is indecd FONO,,. The ;inor frequency discrepancy

for the 1300 cm_l bana ts caused by tEo diffieulty in estimating the true
band center for Xu due to overlap with an intense Xl band. Again the ob-
served band eontours of X, are identical to those of FUNU2 and their chemical

and physical properties apgree.

When X, was allowed to interact with an excess of NO, the lollowing reuction

o

wids Obscerved:

X, +X

X, t excess NO, 3 1

I[f we substitute FONO, for X,, and N,0. for X, (see below), this observed

reaction further conlirms the 1dentities of X, and X,:

FONU,, + 2NU,,

FNO,, + N0,

- )

The formation of Xl (=HUN02) can be explained by hydrolysis of F'NO2 according
to:
FNO, 4 1,0 ———= lIONU, + IIF

Compound Xq; As discussed above, X3 wus formed by interaction of X, with an

excess ol NG, and, therefore, wus suspected to be N005- Comparison of the

—

3
infrured spectram of X, (1720 vs, 1240 s) 2) with that of covalent gaseous

N005 (1728 vs, 1247 ) ") confirmed our suspicion. The minor discrepancy

in the listed Irequency values is due to the relative broadness of thesce
hands making estimation of fhe exact band centers difficult. The ohserved
low volatility of X? and its tendency to associate with HONO, agree with X,

being N,0..
- ')

5} A. J. Arviu, L. H. ¥F. Cafferata, and Il. J. Schumacher, Chem. Ber.,
96, LBT(1963).

) R. ll. Miller, D. L. Bernitt, and I. C. Hisatsune, Spectrochim. Acta,
234, 223(1967).

7) L. €. Hisatsune, J. P. Devlin, and Y. Wada, Spectrochim. Acta, 18,
1641(1962).
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Conclusion. Without doubi, eompounds X2 and Xu of Sicre and Schumacher are
]"UNI)Ll and NBUS’ respectively, sinee their speetra, physical and chemical
properties all agree with those ol the latter ones. There is also no doubt
that the infrarved spectrum of Xl which wag the only direct experimental
proof Tor FUNO, is due to HONU,,. Therclore, the existence of FONO has not
been extablished since all Lhu-vxperimuntal dutae of Sicre and Sclmmacher
might be explained by assuming FNUQ which during transfer to or in the

infrared cell hydrolyzed Lo HONO, .

Recently, matrix isolation data have been presented as evidence for the
existence of FON und FONU at cryovgenic temperatures. 8) 9) Although the
infrared bands attributed 8) to malrix isolated FUNO are quite different
from those of Xl’ their freguencies are difficult to reconcile with the

proposed FONO structure.

Acknowledgement. 1 am indebted to the 0ffice ol Nuval Rescarch, Power Branch,

Tor financial suppert and to Drs. C. J. Schack and L. . Grant lor helpful

discussions.

Anzehr. d. Verl.: Dr. Kerl 0. Christe
Rockwell lpternational Corporation
Rocketdyne Division
Canvga Parh, Calitornia 91304 (U.5.A.)

8) R. B Swrdzewski and W. B. Fox, J.C.8. Chews Comm., 241(1974).
U) it. k. Smardzewski and W. H. Fox, J. Amer. Chem. Soc., i, 304(1974).
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The CFQO- Aniou: Vibrational Spectrum

of an Unusual CF3 Compound
Karl 0. Christe*, E. C. Curtis, and Carl J. Schack

Received .° August 1974

The infrared and Raman spectra of solid CsOCF3 and the Raman spectra of
liquid and gaseous NF,0 have been recorded. The vihrational spectrum of
CF30 closely resembles that of isoelectronic NF30- For CF30 y six funda-
mentals were observed and assigned consistent with a pseudo-tetrahedral
gtructure of symmetry Caye It is shown ithat the unusual honding in NF30

iz not unique hut alsgo occurs in CF30 « In both isoelectronic XF30 specles,
the X0 bond possesses almost double hond character whereas the three XF
honds are highly polar implying very strong contributions from resenance

structures such as

/0\ /0\
i I,
A w2
F F F ' F
F F

The occurrence of this type of bonding can be rationalized by the high electro-

negativity of fluorine and by the importance of the octet rule for first row

elements limiting the sum of the bond orders to a maximum of four.




INTRODUCT 10N

wWhen the NF, 0 wolecule was discovered, 1= the observed high frequency
(1ﬁnncm"1) B8 of the NO stretching mode was very surprising since it
implied & NO bond order of approximately two. This interpretation was
confirmed by a subsequent clectron diffraction study showing a short NO
(I.lﬁ&ﬁ) and long NF (1.4314) bonds. 7 For the theorcticians this posed
an interesting problem since it raised the question whether the gtrict

validity of the octet rule for first row elements also holds for NF,0. 8

A systematic study y of the force constan.s and bond orders of a laigc
number of simple inorganic fluorides showed that for the first row ele-
ments the sum of the bond orders does not tend to exceed the maximun
allowed by the octet rule. This is in agreement with the results from
recent ltartrec—Fock computations % giving a possible origin for the non-
expansion of the octet among first row elements. However, the severe
shortcomings of molecular orbital, underdetermined force field, and
approximate bond order computations must be kept in mind when interpret-

ing such data.

It appeared interesting to determine whether the occurrence of abnormally
strong X0 honds coupled with highly polar X¥ bonds is limited to X being
N (i.e., NFSO and the nitrosyl halides), or it it also exifnds to other
first row elements. Of the possible truly igoelectronic ~° species, only
twn,CFaﬂ_ and B{QO__, have been reperted Tg exist. [Itowever, the original
reperts on HF. O s?lts by Ruy and Mitra = were subsequently refuted by

L

Clark and Lynton.

The existence of the trifluoromethoxides of Cs, Rb, and K was first reported

,0 anion
3

were postulated for these salts based on X-ray powder diffraction patterns.

by Redwood and Willis in 1965. Tonic structures containing the CF

These patterns showed the trifluoromcthoxides to be isomorphous with the
corresponding tetraflnordiorates. In a subsequent paper, 15 the same authors
reported incomplet . infrared spectra for these trifluoromethoxides. [lowever,
these spectra showed more bands than expected tor a simple CF,0° anion of

\ 3
gymmetry CBV' Furthermore, Dear and co-workers found 18 Lhat, Lhe fluoeri-

R-9662
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nated higher alkoxides of Li and Na can be suolimed without decomposition
and, therefore, must possess eonsiderahle eovalent charaeter. These con-

flieting data added further interest to our study.

There was also a question eoncerning the assignment of \h(Al) and vq(E) of
o :
NF30. The original assignment %Y for these modes hay recently been ques-

tioned. 17,18

Sinee Raman polarization data should readily distinguish
between these two modes, we have also recorded the Raman speetra of liquid
and gascous NF30. After eompletiig of our strdy, the Raman speetrum of
gaseous NF,0 has been published. It is in excellent agreement with our
measurcments and resulted in a reassignment of vy and Vg

EXPER IMENTAL

Materials and Apparatus. Cesium trifluoromnthoxide was prepared from CsF and

COF2 in dry UHacN as previously deseribed. 12 The eonversion of (sF to
CsOCF3 was 70 mole percent. Nitrogen trifluorideoxide (Allied Chemical) was
purified by fraetional condensation and showed no impurities detectable by
infrared speetrogseopy. Volatile materials used in tbis work were manipu-
lated in a stainless steel-Tefion FEP vaeuum line. Solid products were

handled in the dry nitrogen atmosphere of a glove box.

Vibrational Spectra. The infrared speetra of the solids were rceorded on

a Perkin-Flmer Model 457 speetrophotometer in the range 4000-2500m-1 as dry
powders pressed hetween thin AgCl windows. The pressing operation was

carried out using a Wilks mini pellet press.

The Haman speetra were recorded on a Cary Model 83 speetrophotometer using
the 4880} exciting linc of an Ar-ion laser and a Claassen filter 2 for

the elimination of plasma lines. l'or the so'ids, glass melting point eapil-
laries were uged as sample containers in the transversc-viewing-transverse-
exeitation teebnique. The speetrum of paseous NF30 wvas reeorded at a pressure
of 15 atm using a stainless steel eell with three sapphire windows in a

double pass mode. Liquid NF30 wag contained in a 4mm o.d. guartz tube, The
speetra were recorded at -120° using a deviee similar to one previously des-
eribed. 21 Polarization measurements were earriec out aceording to method

VII1 ligsted by Claassen et al. 20

R-9662
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RESULTS AND D1SCUSSIUN

Observed Speetri. The infraved and Raman spectrum of solid CsOCF, and the Raman

|
speetrum ol liquid NFBU ure shown in Fipwre 1. The observed frequencies arc

listed in Table 1. The Raman spectrum ol gascous NF30 was identical to that
reeently reported Iy und, henee, is not given. 1n addition to the fundamentals
listed in Table I, two overtoues were obscerved in the Raman speetra of NF30.
Both of ithem are polaurized and vecar in the vieinity of Al Tundamentals thus
allowing an incrcase in their intensity by Fermi resonznce. One of the bands
is due to wa and oceurs at 7YY cm-l in the liquid and at 796 cm-1 in the gas.
The other overtoue is ascribed to Qy} and was observed at 1745 cm-l in the
liguid and at 1775 cm-1 in the gas. The relatively larpge frequency shift of
2y{ between the gas and the liquid is caused by the corresponding shift ol v
which in the liquid became rclatively broud and had its maximum at about

860 em-l- The remaining fundumentals of NF30 show ouly minor frequency shifts
when going Irom the gas phase to the liquid indieating little or no association
in th. liquid. The fuct that Vo and Vi
in the gas than in the fiquid is due to the sample cell used for the gas. This

of Nqu appear more weakly polarized

type of ccll allows only qualitative polurization weasurements owing to internal
reflection from the metal gurfaccs and owing to the optical activity of the
sapphirce windows. Since the reagsignment, of o und Ve ol NFBU has recently

. . 1Y . 3 q
been discussed in detail no luriher comment is required.

For CsOCFS, no Reman polurization acasurements could be curried out owing to the
lack of a suitable solvent. It hydrolyzes in water 1% aud is insoluble in
GﬂacN. 15 In the infrared cpertram, a medium 40 weak absorption ot 1230 nm-l
and a shoulder at 1450 cm-l varied in relative intensity compared to the rest

of ihc gpeetrum. These bands are duc to CHHFQ and represented the only detee-

table impurity.

Assignments. An XY,Z species of s;mmetry C, , such as possibly CFSU-, has six

fundamentals elassified as 3A; + 3E. All gix should be active in both the

infrarea and Ramin spectrum. Inspection of Figure I and Table I reveals that

indeed six bamds, aclive in both the iuwfrarcd and Ramsn spectrum, were observed

for CsUFFn. Their frequencics and relative infrared intensities are similar to
R-G6A2
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thosi of isoclectronic NFaU- This similarity, tuguthei with thi4fuct that the
CFSU galts are isomorphous with lhe corresponding BF4 salts, gstrongly
gupports the assumption of o pseudo-tetrahedral strueture of symmetry C3v for
the CFaU anion. Assignments of the six bunds to the individual modes

(sec Table I} were made by analogy with those of NF30 and are supported by the

following arpguments.

0f the six fundamentals, three arce stretching and three are deformation vibrations.
The three bands oceurring above 800 cm—1 must be the stretehes and those below

$00 cm-l must be the deformations. The strong infrared band at 1560 em_l has too
high u frequency and is too lar away from the othexr two freguencics to be a CF3
mode. Conseguently, it must be the CO stretch. The two remaining bands at 960
and 812 cm_l, respectively, show about the right {requency separation expected

for an antisymmetric and a symuctric CF, stretching vibration. Based on their

3
relative band widihs and Ruman intensities, the 960 embl band nmst be the anti-

symnctric and the 812 em_l hand tue symnetrie CF3 stretch,

Of the threc deformation modes, the antisymmetric CF3 deformation should lave
the lowest frequency aud be relatively weak in the infrarcd and, therefore, ig

agsigned to the 422 mn-1 band. The CF3 rocking and CF3 umbrella deformation

modes were assigned to the 575 and the 596 cm-1 band, respectively, based on their

relative intensities and by analogy with NF,0 for which these assignments are

3
well established by polurization data.

Conclusion. In spite of the luck of reliable force fields for NF30 and CF30-,

some gqualitative statements ean be made about the nature of honding in CF30_.

Since the exact boud distances in NF30 are known from electron-diflraction data,
it is well estahlished that the NO bond possesses almost double hond character
and that the NF bonds arc unusually long. This implies very strong contributions
from resonance gtructurcsg sueh ag:

oM

t
/ N
F )

I.'!

R-9662
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Ingpeetion of Table 1 shows that the frequencies of CF3O- are comparable to thos:
uf NFJU. Furthermore, when compared to eonventional carbon oxyfluoriles contain-
ing single bonded oxygen, the CO stretching frcquency has increased by about

500 nm-l and the CF3 gtretehing frequencies have decreased by about 350 cm_l.
These enormous frequeney shifts sugpest that the bonding in NF30 is not unique,
but also extends to isoclectronic CF30 « Thus, one mast invoke .lso for CF 0

3
stroug contributions from resonance structures such ag:

/g ()
F i F
F

in addition to some contribution from:

1ot~

1 (11)

PR
:

¥ F

The predominance of I can be rationalized by the high electronegativity of
fluorine favoring highly polar bonds and by the strict validity of the vetet

rule for first row elements. The latter is caused by the high energy required

to promote clectrons to the d4s level. If these assuwwptions are valid, an

inereage in the bond order of the XU bond must be accompanied by a simultaneous
decrease iz the bond order of the X-F bonds, since the sum of the bond orders
canLot surpass four. For higher row elements, the next higher uncecupied electron

levely lie much closer and, therefore, the octet can readily be exceeded.

Aclknowledgement. This work was supported by the 0ffice of Naval Research, Power

Branch. We are indebted to Dr. L. R. Grant for helpful discussions.
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DIAGHRAM CAPTION

Figure 1. Trace A, infrared spectrum of solid CsOCF3 as AgCl

' disk; trace B, Raman spectrum of solid CsOCFs; trace C, Raman

E spectrum of liquid NF30 with parallel (upper curve) and perpendicular
] (lower curve) polarization; the inserts show the weaker bands re-

1 corded with increased gain and slit width.
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AN IMPROVED SYNTHES1S QF FC]O2

K. 0. Christe*, R. D. Wilson, and C. J. Schack
Rocketdyne, a Pivision of Rockwell lnternational,
Canoga Park, Califormia 91304

The liievature methods reported (1)} for the synthesis of FClO2 arc inconvenient,
since they either involve the fluorination of shock sensitive chlorine oxides
or, as in the case of the KCI()3 + BrF3 reaction (2}, result in product mixtures
which are difficult to separate. 1n this note, we report an improved synthesis
of FCIO2 from NaClO3 and Cl!-‘3 wiich, in our opinion, is more convenient than

the literature methods. It is based on the previous observations (3,4) that

gaseous ClF3 reacts with KC10; to produce FC]O2 in high yield, but it reduces the

CIF; requirement by 60 percent.

In our method, dry Na(‘.lO3 is combined with approximately an equimolar amount of
ClF3 at -196° in a sta.nless steel cylinder. The mixture is kept at room tem-
peraturce for about one day. Chloryl fluoride 1s thas obtained in high yield
according to the idealized stoichiometry:

GNaCIOK + 4C1F1 ——— 6NaF + 2C12 + 30, + 6FC10,

2
The nrnducts condencgible at -196° can he separated either hy fractional d
tillation (bp: C12=-33.8, FC102=-6, C1F3=11.75°) or by repeated fractional
condensation through a series of U-traps kept at -95, -112, and -126°, The use
of well passivated metal, Teflon, or KelF equipment is essential for handling
FC]OZ. The usc of larger than stoichiometrie amounts of CIF; in the above
reaction is recommended to avoid the possible formation of chlorine oxides.

The substitution of the previously used (3, 4) KCIO3 hy NaClO, is significant

R-9662
F-1
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since KI' forms a I:1 adduct with CIFK, whereas Nal' does not. ‘Therefore, the
use of NaCl0. rednces the ClF; requirement for the reaction by 60 percent.
In summary, the above process incorporates the following advantages: (1)

safety, no shock sensitive materials must be handled, (2) better utilization

of CIFz, and (3) good product purity.

1 We have also examined the synthesis of FCIOE according to Fanst et al, (5).
According to their claim, Ft‘.lU2 can be prepared in 50% yield by simply heating
a mixture of CIF and 02 for about one day to 80 - 90°, This process would be
superior to any of the previously reported syntheses. llowever, duplication
of the experiments of Faust et al, (5) in our laboratory failed to produce

significant amownts of FC10,. For example, heating mixtures of CIF and O

2
] in o well passivated (with Cng) Monel cylinder to 80 - 90° for one day under
. an autogenous pressurce of 1000 psi produced only a trace of FClO2 (less than

0.1%). We believe that the observation of a trace of I-'ClO2 in the products

is not due to FCIOZ formation from C1F and vy hat due to the following well

known (6) hydrolysis of CIF during the handling »f the starting materials
and products:

112 e AlE
5 CIIF + 2“20 M+ FC]()2

+ 2C12

The failure to obtain I"-CIO‘2 from C1F and 02 by simpie heating agrees with the
following observations: (i) chlorine oxyfluorides are extremely difficult to
prepare by oxygenation of chlorine fluorides; (ii) thermodynamics favor the

decomposition of FC10, to C1F and 0, as was also demonstrated by kinetic studies

of the thermal decomposition of F(Zl(]2 (7, B).

Acknowledgement:  We are indebted to the Office of Naval Research, Power Branch

for financial support of *his work and te Dr. L. Grant for helpful discussions,
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Flectron Spin Resonance Study of Q2% Salts.

Influence of Crystal Field Effects and Relaxation
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tlectron spin resonance speeira of polyceystalline Or*Bla , Crt Aske , O215bls , and O2¥Sbaln were recorded over
the temiperature range 190 10 +20° a1 9.35 Gl The g rensors calealied from simuhited specira of O 13 3, O2¢Asly
and QerSbzl o ar - 196° indicated 1hie wns are inosties oConthnthambie of Tswer synnnerey. 1wo ul the components of
the g tensor were between 1% and 200, The theed companent was between 173 and | 74 in cgreemen wih erystal field
theny. The line shiapes were larentzian indicating that dipolar bricdemug w an lesst partially averaged by thenna motica.
Above  196%, the hine widihs of 1lie spectra inereased rapadly yshicang a sebavatio prscess which hua aosmall aetwiion
barrier. The spectrun of O #8bFs was very brnard gt 196° aml exlnbited addinnl nes ol magnene Gelds i the region
of 1000-1500 €. This may be due tnaltony ¢xchange between neirest O ions. An impowed synthesis ot O3 HBF was
described invaiving low-temperature uv photolysis of o By 17 O miktae,

Introduction

The preparation of a variety of dioxygenyl salts has been
reported.! Alhougn electron spin resonance (esr) has been
used to confirm 1he paramagnetic character of divxygenyl
tetrafluoroburate! and hexafluoroursenate,® nunterpretiations
of these speetra have been reported. An esr spectrum wads
reporied for O2tBFs at -196° consisting of one asymunetric
line with a peak to peak line width (3ffpp) between 400 and
500 G iind a g fuctor between 1.94 and 1.97.34 The spectrum
reported for O2tAsFe was charaeterized by a g factor of
1.9880 % 0.0002 and a temperature-dependent line width of
24 G 2t -50° and 66 G at 23°.% Roth the Bl and the Asky
anions are large snch thit both inuterials would be expected
10 exhibit simikir +pectra. Reeently, ese spectra of Oz48bly |
O2*Aste ,and 7 _*Sb2Fip at temiperatures near liquid helium
wele studied.  These spectra were interpreted in terms alf
near-axial symmetry.t Values of g, were about 1.97 and those
of g1 were 1.73. In addition, the magnetie suseeptibility of
these salts and the MF umr of O2*Asle were reported.”

Esr spectra of eoncentrated paranagnetic samples generally
exhibit o vaariely of relaxatinn processes. Dipolur broadening
results from the various magnatic fields generated by the close
magnetic dipoles acting on the central ion. Exchange processes,
¢ross reluxation, or motion of the magnetic ion can also cause
a modulation of the magnetic vnergy levels and therelore relax
ihe spin states. The O2* jon hus the additional possibility of
Jahn-Teller relzxation since it is in a nearly depenerate state.
In a crystal Aeld which is symmetric with respeet to the ia-
ternuclear uxis, twa states are separated only by the spin-orbit
coupling energy (about 200 em 1Y These effucts Iuave not been
considered in the inverpretation of the esr spectra of compounds
0[ 0.'_+.

Ese spectra have been observed for O2* and the isoclectronic
species N2 und NQYin single crystals und adsorbed on surfaces.
Detailed studies of Ox* on rutile wurfaces,” N2 in single
crystals of irradiated azides.* and nitric oxide ndsorbed on
various sarfaces? U1 and generated by irradivtion in uzides!!
have been reporied. Nitric oxide in single ¢rystals and on sotne
surfaces exhibits spectra characteristic of a three-component
£ tensor when the lime widths are sufliciently marrow snthat
all components ¢an he resnlved On sumie surlices NO exlanbiis
soanectrnn vl bl dme chamaiervne af anmrent sl
R TN T B L YL Py L N FH T T EEHPRY TRN 111 [TR S ISR { 11T T EH R 119
L I T T T PO T T ISP S T S

onbeoo agres alh ener o merest ot ke deeend
sullitiities oy~ adlesre Jbal che revimisly reparted
phoradicnaat sy nitiess a1l U2 7Sbl resutts i priduct which
contains apprectrble amounts ut the dinenc ann SbeFy;
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In addition, no conventent synthesis has beon reported for the
preparation al O BE.

In view of the diccrepuneies in the ¢sr spectra of Ot und
for the purpose of understanding the behavior of Ozt ina
erystalline environment, we have investigated the esr spectra
ol thiy ion im the presence of several counterions. In addition,
an finproved synthesis is reported Jor O2B1,
Experimental Section

fheparation of G20 Salis, The Ot Asly and O248bls saniples
were prepured at 2009 from O, F2,and Asl ar Sy, vespeeively,
in Mane! exlinders acandipg 1y the method of Beal, ef aof ' Mateial
balamees, vibeitumal spectra, ' and elementil analyses {oxygen conlen
was determisied by displacemeent reictinn with eacess FNO at 758°
and Asor Sbowere deternined by conveutional technigues) showed
that the salid producs had the ommpositons Oz Ask, and O
Sblw -0 065b1 5, vespectively. A sinple having the compositinn
Orosbl g A 7ISEES way prepased by tie above wigthid but by heatimg
the starnmg maerials 1o 250% G 12 heo A saple ol Gr*Sbel
was prepuned by ue phatalysis of @ 1:1/2:2 male ratio mixture of
O T2 SbFs o manier simidar 10 that desciibed by MeKee snd
Birtlen 4

For the synthess ol O2*8BFs | a 11, Pyrex bulb contiimng
cgmmalir amounts of Oz, T2 and BE3 e imal pressure of 800 inm,
was exposed Ty 7 days s uv radintion from a ligh- pressure mereury
tamp (Hanovig 6164, 100 W) equipped with @ water filter, ‘The
condensing tp of the reactor was keprit 78° The sohd OatBI
aceumulated in the eold section of 1he reacinr and was perniodically
reinneed &1 0° from the walls 10 1the botiom of 1he reactin by means
ol an shirasenic cleaning bath. Atter complenan of 1he plotelysis,
praducts wlatile s 789 were temaved inracue e winie sohd
residue way 1nnnlerred, wlile cold, Tiant the Pyrex comainer lo i
Teflea FEP winpook: in ussnericamisphen phve e Vibraninal
speaizasapy! T and clomental analysis (see tbaved showed the produet
I be OptAFs . The yield was S1%.

Far Spectru. a1 spectnn wee nbtained on o madified Varian
V4502 dual-cavity est spechometer.'®  Fhe magnetic ficld was
monitored using ¢ semple o Mot an Grsterite.™ Faeh of the sin
tines From the Mi™* were naerower than 1.5 G, and 1he sphtings and
the g Tcior were determined agiiest DPPH (g = 2003650 using o
profun resunanve prabe i calibiare the magnetic field  1he en
parineters fur MaZ* were g = 200095 £ 2 DIX06 and o = 56 72
£ 005 &, T cabibranre the tield difference from 1he Gield caree
spandmy o ghda Toe eaclomangamais hae, the byperfine Hannhonan
was exphanded e stonm! il

T beren b wa- opsaicl ol 100z Lea! neatulat..,
T TR N Y 1 1 1 IO T TT I TE TR Y7 KOURPT 9 LR § PRRPTS PR
LIS RPN T T BT PO TEE YT | [T Y EAPTO PR GO e POY TT PPIYPRITITN | Y P
o THE L sl ey b il e e plineade ey
(LTI N OIS Y SNTTRRTI T} P Y 1 e v seelanane of
coader gt wr s arnbaa i the shed o Dipeaoan, Fasha
are e Bras e o © DO RN connpuier waily |l alvomype piotye
I_l.n'c SHImpanenle oy oinr were negmretl i sinubne the specle
LG e ruiignilical s wire ver g ol v iR win) Ny ] wi ne Lansniccl

besl available copy.
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Jable 1. s Pwowonciens o Pioxypeuy b Componmls ol 1967

Y7 A (T
'R Ay I G vin oo
O, Asl, oo 1971} 1742 B 14dn Lam
0,81, 2m 198 1.78 2on s 2
0,801 175 hunapie 2m
Osb Py, 13700 1 sy 1729 120 19w |20

“Lanem s e wadth sset Do siansibate tie powader spechinn
Pavaiucteis bl Ty Lo tors asannmig & 115 oa’

Lg: b was at wosidenably Tugher tields, e depemlence al maenetw
lield on the arensity was teeatsd by the velainonship

(5 V() ]

where £ e mtennny ond gos the sppacat g Lcron piven by dnef i
This is awalogans e relatihiap ool by [Heaowy **
Samples o 1he diosygeny ! salt were placed o 3-oun Tellon B
or quarts tubes and Deat sealked  The Tefon TR tnbes exhibied
a wedk speettnm ol 1o lines cach abont ©Gowade, an poinds very cluse
to g = 2. Under the nigh powers aud gl modatinen amplundes
used, these lines were broadencd ead weakened even furtber. Ab by
nitingen lemperatares where birge sipnals were nbaenved, low pains
amd smabl modulation amplides were ssed il the Telton 1 1P
spectiiin wirs too weak 1o be derecied Samples prepaal in Manet
vessels ealnbited @ weak line absul 20 G owade a1 126°. This s
probably due 1w0a copper or nickel won wnpneny 1 s sigoal as sinvilag
1o that previousty teparted Tur Ozt Asl o * The sauples of antinnnates
and Hie arsenates sere stored Tor severab weeks ar oo lenperatnie
wilth o noticeable deciease ol signal imgensity The egratlusmbaraie
silis were stored at - 20°% and were alw stahle for several weeks.
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Results and Discussion

Syotheses of O+ Salls. | he previous reports on the
phoiochemical syothesis® of O Aske and she thermal
synihesis!s of O27Sbl¢ were confirmed.  For 1he therinl
synthesis of O:*SoFy 1 was fond imporisnt v keep 1he
reuclion temperature snificiently high, i.e., at aham 200°, in
order 1o suppress the foripation of Or'SboFr o A reasunable
explanation for this temperatnre reynirement is the mekbling
poinl of O*SaFr which was recemly reporielt2 1o be
180 183°. Below 180°, O Sbal s cam solilily thins escaping
[urther interaction with Oz and 1%,

The uv photolysis of O2 Iz Sbls mistures yiclds miinly
0:418bakit and nut O28ble s originally tepurted.s This
finding is in excellent agreement with s recent stindy by Mekee
and Bartlet, ¥ Since the esrospectra of Q:rShky ond (21
SbaFi (see below) strongly ditter, they are wselel for dis-
linguishing t.e 1wo compounds,

The prcvivusly vaurtad synthicsest of G BF ramired
oxygen fMuorides, surboas OQalzor 002w aning malenitls,
Since these oxygen MNuorides are diliwnit 1o prepare (low-
temperalure glow discharge, v irrdistion, v plintalysis) and,
owing 1o their theomal instability, mcenvenient 1 hamdle, »
direct synthests Iram 02, Foozl BEyappeared desitable, We
have Tsund that O2*Bby can exwaly be prepared by nv
pholulysiv 0y Oy Fr Bl-vmixinres. Duoring this photolysis part
of the reactor must be hepl a1 782 1w avois] thermal de-
commpositian of the prodogt which is ol vnly marginal thermal
stability at ambient rempersure.  Qur yiehl { ~50%) of
O2*BFa umd conveising rales could probubly be significanily
nnpraved by ehoosing g resctor geametry mare favarable 1him
e enld-Tinger Pyrex bull nsed inou expernnent.

Observeld Spectra, Paranicicrs determined oo the esr
spectrin of O2f sumpominds are given in Table L Alliough
e speetra of OtShebp and Q2 AsLe at 1962 appear
charieteristic of radicals with sl symmneiry, 1he specini
canunl be accurately simubared unless three inlependent ¢
factors are msed. The experimentitl and compuial speetrn of
Qo Asle meslowain bipnie b The spectinnn of O tB1

T T T S TR TV L I B B B

Jed W

I =]

1, 5,
7

Fagure 1. Faspechmm of dinaygeny ] hesatbuoroaisenale ar - MG
Usolid Taep and compruter simulatinm usang the paoameten g, 2o,
Ay 1930, W2 and 3, SO G ibasken liney
r S D | T e iy LR [aliel] oy 2 == 1 Tl
o
/ -
J T
LR e T
- = — ! !
Mcasd
Y A |
- |
._I.___E.._L _J__:-- | LIS B b e e e . . k...
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Figure 2, st spectra ol diaxyge nyl Muotaniimonates at - 196"

fireyqueney 331761 1)y somple of composition 0,51
0.065b1 ¢, th) sample o compasition O, *Shl- " 0.7535b17,

is similar 1o 1hi described in the lileralure. )Y We observe
an asymmietrie line with a peak-to-peak width of 430 G,
Parameters shown in Table | were determined assumimg
srthorhombic symmietry. Due 1o 1he low resolution ol 1his
specirnn, those paramelers are nol parheularly accurate, The
speciram of O2+8bly at 1962 appears isotrapic with a g
Taeror of abont £.75 and & line width of 2200 G, This spectrum
and the spectrum of O2+5bFe 0.73SbFs are shown in Figure
2. Lines due 1o puseous molecular axygen are identified by
s asterisk, The spectrum of O218bFa -0.735b1%s exhibits twn
components: one compuonuent s very broad, and the second
compunenl is simibir t the spectra of O2*8bheFy and O
AslFy . The broad eomponent in the spectrum i Ot
SbFa +0.735b1%s is consideribly different Trom the specituin
of 02*SbF, . These samples were prepared in Monel which
exhibils magnetic behuvior, Esrospectra of serapings Trom
different parts of 1lie bemb were reenrded and the spectra
slhinwed considerable varimmm. The line widihs vanied leiwesn
700 and 1100 G and the fickt corresponding 1o 1he mean
amphitude between niximum and minimnm: peaks ol the
denvative varied between 2100 aml 2500 G, 1 is therelre
likely thar the hiw-hield compuonent in Pigire 2b is tdue 1
Monel. Apparently the Monelk coutribules itle jothe spectram
shown in Figure 2a,

The line widths of the specire of Q20 5k, Ot ASEy | il
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196" hiuken
207 gyalid hinep o O S, prepared i quaite, Sienad
Wt 2asdue 1o yn undeterined mapnnty.

Fignre 4.
Iy and

Cotagartson al ¢stspearg teeorded at

O:*8b2Fii and the narrow componen) of the spectrum of
Ot Sbbe 0. 7ISbF < increase rapidly ut temperatures greater
than - 170%. The line widih of Ot AsEs exinbils an expo-
nentin) dependence on 1/ 7T between - 160 and - 70 us shown
in Figure 3. The spectrum of O2*BFa appears 10 behave in
4 simtlar way; however within a few degrees of  130° the
spectrum disappears when warmed ane pennneres when sosded,
This supgests thut a crystal modification aceurs at this
temperiture,

The compounds Oz*Sbal O 5bly | and QS -
0.735bk s exhila duteren teinperature dependenees. At 165°
the apectrum of OptShaFiy s hroadened and a low-Tield
shoulder beeins to uppear. As the temperature is increased,
the vriginal componeat browdens vut, and an asymmeiric hne
with an apparent g fuctor of 2.3 emerges Nom the shoulder.
Above 100°, onty the g = 25" line can be detecled as shown
in Figure 4, This suniple was not prepared 1n Monel.

The spectrum of Or*Sbls at 196% 1x very braad with 3y
about 230G and aoe factor o7 TR AT Tughor tempiatures
s abwattier e 4 wel

(I

S v e
oo} e

~

LTS NN TP ¢ AN wWogn o et ow
Aot ¢ ety o e aub D rorthe wow figld afmorpiions
and apprexanately 05 tor the high-tield absarpuion The
high-tieid absurption ¢on be asenibed 1o the O inwhich the
angular momentum s virtually ungueniched  The shsorption
at g = 283 15 probably due to Monel, The absurptiun of ¢

Guldberg, L hnste, and Wotsun

2po*

lpnh =

2pn

(a] (b) (c)

igure 5. Fuvigy Jeseldagram ol the dioxypenyl on <howig the
o gl mbondmg 2p arbitgds. tag cnengy leveb i the absenee of
spusv =t bt congingg and crysial feld etlecis, b eneipy Jevels witl
span=orbit splibmg, (chenesgy levels with spi—orbin and vsphio ban-
hie 1eld ~plitiags.

= 4.69 broadens with temperature. The spectrum of O2*-
SbFe «0.73SbEs (lgure 2b) exlnbits two componemts. At
temperatures above -196° the sharper compenent is agyin
bryadered. A1 20° only an 800 G wide absorptionat g = 2,80
cin be seen which 1s probebly due o Muonel. All specira
deseribed here are reversible as the temperature is increased
ot decressed,

¢ Tensor. Inthe absence of spin- orbit coupling and erystal
field eifects, the dioxygenyl jon would be in a degenerate stale,
and the energy level diugram winuld be given by Fignre Sa.
Spin orbit coupling splits the energy levels of the 2pr and 2pre
states {1igure 5b). The application of an orthorhembic ¢rysial
field further sepurates the energy levels and quenches the
angular momentum (Figure Sc}). Crystal field calculaiions
were carried out in @ manner similar to that described by
Mergerian and Marshall ¥ The matng clements of the erystaf
fictld potential operator Vo are given by eq | where Dirac

(M, M P I ALY = Sbay g, arge oy (h

notation is used, My und M; are the azimuthal yuantum
tiumbers lor the angular momentum and spin, & is the Dirae
& funciion, and A is the mugmtede of the erystal field energy.
The 7 and =* levels consist of vilues of A which are cqual
o+l or 1. The spiy-orbit conpling operator only has dr-
agonal elements eqnal to AMM

*he solution of the secular determinant gives the energics
of either the 2pr or 2pr* stales relutive Lo the enerey of the
wsplit levels. Bach of the two siates which resuit are de-
generiiz in spin, and the energies are given 1 ey 2

I-'I :ljzl-AI +P\;\I =
Fys YA 4 Ay

{2

(2b)

The wave functions which correspond Lo these energies are
. A
LI ('!.‘/e) { 5~ 13}

: Ei(g)]]m}u-l.'n})

st BB
I
‘I'.u":a‘ﬁ(_fl.' ',":)"{'*iln‘("\‘)-‘]l:}i 1. 'J'.'f) (i)

Y S

i)

b

where N1 and N7 are normalization constanis given by
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The 02 ion behaves oa sinilur way il exhibits the same
crystal leld sphittings. The dilference between Or and O2¢
1s that the unpaired electzon ol O iy considered to be in the
stiate correspanding (o energy &1, while the unpairad electron
of Ot is considered (o be in the siate corresponding, W energy
k.

The ¢ teusar lor the dnocypens ] on ny be calealated hy
the miethod of Randg, er 2077 An alditional tcrm which
contributes 1o the 2pa* levels arises Irom interaction with the
2pa fevels, This resnlts i o sinalladmiatnre of 42 spin ta
watve Mnctions which e pralominantly of +1/2 spin, and a
snall adminture of +17 ¢ spin to the wasve Tnnctions which are
predominantly L2 spin. The additional tena wdded ey 3¢
1s ol the fuem (A/E)|0, -1/ 55, and the term added (o eq 3
is of the farm {3/ £)0. 1723 Using seennd-order perturbistion
theory, the additional werms sndded to the basis wave Tunetions
are shown in eq 5.

0_.'A.{3+ [I 1 (1)]. ..}, .

ok l;'": ;\-"]'n-':' — 0. (Sa)
S

\pu' Wy }'j"' +
A !

e e . | Ih)

O e

The ¢ factors can now be calewtuted using the magnetic
Hamiltonian. Fields are independently assumed atong the x,
¥, or 7 axes of the dioxygenyl iwon.

In the absence of the Afr = O funetions, only the wave
functions are coupled thiough S+ and S . The addition of the
M = 0 functions alluws ceupling through £y and £ . The g
factors are obtained Ly diagonabizing the 2 X 2 nutrices formed
by application nf Huse. This procedune is autline] in more
detail by Wertz and Bolton. ™

The results of these caleulations are given in oy & which

Foar Ve
Er 78 -'\7\_.'| A {6}
SR L Y A S S
|
- TUARS b AS FEA Al
AZ 12
(F ,_'Si) * l] fuh)
Moo ( Aoy
r EEN L B R I . - -
By "“(?\’ ¥ .-lz) ):'[ Nt A-‘)
A'Z [
()

shows thut the g tensor should be caanprised of three different
principal vitlues provided that £ sutliciently simall.
Crystal FieVd Effects, The esr parameters detenmined Trom
the simulatinns, swhich are given in Table 1, can be nsal 1w
caleulate the parameters X and £ shown in fipure 5. The g
factoss of Ot AsFe and O 5bolyy ure believed accuraie
w 20.002, and that ol Ozt Bl s Seheved accnate to 2002
There is some doubt of the spm et coapling aomstant A af
O ina anstad lattiee. The valines al Aare 195 i o the
free on ™ and 131 emy ? lor ataniee ovygen. Smee the coystal

q’h' = ‘l‘

G-4
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lield probably reduces the value of A from the free jon, the
vorrect vilue is ptobably between 151 and 195 em ! I
principle, the vilne of A can also be determined from the
salutions of the sitltaneous cquativns (6a)-(oc), bul the
precision of the g fuctors is not sufficiently accurate fur this
purpuse. Acbitrarily, the ree-ion value of h was nsed. The
valies of X and E which are given in Table | must therelore
be considered as upper limits of these eaergics,

These witlues can be cannpared with those determined frimm
spectra of Oz and the isoclectrunic NO. The comparisun ul
the erystal lield parameters 1l O2* and Oz 15 valjd sinee a
sinnar mxing of arbitals tikes place 1o give sinfis ol the ¢
factor fram ge. In Nal where Large negative jons and spial)
pusitive wons surcannd the O2 an, the angular momentim s
unquenched.? Tlawever, inother halides™ values of 3 range
fram 650 10 1200 cm ' and values ol K range Irom e X 19
w5 X 10 emn ' The precise values depended upon the sizes
ol the ions and the symmetry al the lattice sites. The asym-
metry was attributed 1o covalent interaction between the O
and 1he alkali metal ons sinee the site of the Q2 don algns
in the 10 dicection suc’: that the crystal jons sire anially
symmetric withrespect «c be O2 inlernuclear axes. 1o uther
studies, alkali metal Q2 compaumds were trapped 1w an arpon
matrix at 4°K,247 50 that e principal mteraction is witls vac
alkuli metal jon Inthese cuses A Tor O was coansideridbly
lurger than in alkali metal hatides.

Vulues of A and £ obtained lor NO adsorbed on various
zeolites agree more closely with the valies obtained here lor
02 Values of X cange from 1050 to FT00 em 1 aand values
of £ range between 1.2 X 104 und 37 X 104 and are consistent
with a small interaction with the suiface.? NO adsorbal un
MgO and generated in various erystuls exhibits Lirger values
of Xand £, und rhus the elements ol the ¢ wensor are mmch
closer to ge.®Y Similarly, the N2> generated in KN3% is alsa
in sites with greater asyminetry and exhibits g faetors closer
10 ge.

The dutis of Table | sugpest that in O Bls , O2FAsF.
and O2*SbzF1, the Ozt cation is in the site of a smali wi -
thorhombic field. The origin ol the fivld ¢an be due either
to covalent interaetion with the fluoring in the complex anjon,
s suggested Trom neutron dilTraction studies on ot M, ™
O1 10 4n asymnmelric arrangement ol antons around )4,
Vilues of A were also estimated from niagaetic susceptibility
measurements.d 10 value Jor A of 195 ¢m 1 is assured, thien
A would be ubout 1400 em 1.

Measurements of the spechum of O:*8bF. wl 250°n
indicate that the specteum is sharpened considenably when the
lemperatine s belaw - 193°, amd the G2 F joa may alsa be i
an urtherhambic ¢nvironment.

Temperature Dependence. The spectra of eachd the O
compounds exhibil 3 strong lemperature dependence. | all
samples studied, us *he temperatnre is incresed, the lines
briaden. Ouly O2*AsFy exhibited a specirum with a smgle
component over g strfficiently Llarpe temperature range so 1hat
the line wirlth can be mvestigated as o Tunction ol teanperanat,
O:NBF was assumed 10 be lingir over o narrow cange of
temperature. 10 the slopes of In (A Al s |/ 7 i
O Aslo and QO BFs are considered to he related 1w ue-
tivisbian eneigies in an Arrhenius plat, the energy for the
relaxation of the spectrum of O ASFE, s 1T kaal {690 em 1)
and that of O2*BlYs w L keal (470 em 1), These values are
considerably smaller than the erystal Behlenergies calenlaed
Toim the g Tactors and sipgest that there may be severad mades
spueraling ta ciuse relantion.

Sinee crovs relaxation isnd exchange interactions are possible
nudes of relixations in concentrated parasmapnetic sampl.s,
tremnpls were nuade Lo Torm dilute G salls man NOY A
.:zllucc. The simuhameans forasition o NOUAS w0 was




Inh l'rlllf'g.HIl. th.-'mulr). bl 14, Na [, 100

unsuccessind since the reaction of NO 4+ 12 4+ Aslsis much
faster than thar of Oz 4 T2 4+ Asls The displaceent of O
by NO* by exposing O:*Asla to FNO at -77° did nol
produce the desired cation distribution,

The mechanism of the relacation process cannot be de-
termined from line width measnrements alone since the
componenis of spin lattice and spm-spin relaxation tinnes
cannot be separated. Al line widths in the order of 100 (3 an
tneident microwave power lir in exeess ol The Klysiron autpnt
would be reguired in order 10 use Progressive saturation
techniques. Bused on other measnrements we can specukate
on the relaxation mechanisin,

Caleulinions of the dipelar broadenmg based on the pub-
lished crystal sirnetnre of the diaxygenyl componnds!.29.30
were carried out avearding to the model of ¥au Vieck.'! In
atl rases the second mament was abont 15 G2, 1 this is the
dominant broadening mechanism, the pasder specirum shouhd
be simulated by convoluling the powder spectrum antg a
gaussian line shape with a width of more than 100 G
peak-ta-peak. Mowever, for O:AsFe and O2+5b:1F1 lor-
entzian lines were required, This resnlt indicates that at Jeast
some of the dipelir meractions are partially averaged m the
lattice even at  196°,

Recent V1¥ nnvr studies of O Asly indicate substantial
cation mation in the lattice at lemperatures above -240°.8 A
simikar conclusion was derived from cleetron diffraction studies
of O2tP1Fs - 2% These results suggest that modutation of the
crystal field energy?? 1» indeed one reasonable mechanism for
relaxation of the eleciron spin. Atthongh the spectrum of
02+8hFe is extrenely brond at - 1962, cooling further
sharpens the line.® This furiper snggests thal in this tattice
there is inure room for nution ol the G2* ion. Qx4 By is abso
somewhal broader than O Aste and O:t5baFa although
the crystal field is stronger. to the O2*BEy dattice, the 024
o0y are choser, and il s mare Ihely that exchange processes
are more sigmificant than in (he ather materils us a mcans
of rekixztion. This wonld alsa ¢xplain the apparently smaller
ACTIVALIGIL energy,

In the three dioxygenyl antimonate compounds studied,
different low-ficld absorptions appeir at temperalures greater
than -130° This may bz the resnli ol siroug excliange in-
teractions between neghboring O2F jons. “This exchenge
process niy also account for part of the more rapid relaxalion
ol Ozt at - 196°, Une mechanisi which may uccaunt for the
enhanced exchange in the anlimonites would be one wherein
the Sbls fon acts 25 a bridge between O3t jons, This s nore
likely .o untimonates than in any of the vther nalerials studied
since the anlimonates are more putarizable, Figure 4 shows
vhe spectrum of Or*SbeF e ar - 202 An asymimeine Hne with
an appatent g tactor of 2.3 cun be scen.

Although these processes are nol conipletely understood, the
different spectra of O Sbaln and O2¢Shly al 196° appear
to be a simple, nondesiructive qualitative method ta deteet The
presence of Sbal'ir funned in O:4Sbly during synthesis
Figure 2a demunsirates that muonnts al Sbeb as low as
about 5% can be readily detected by es,

Conclusiony

. glactors of O2tAste , OrtSbaly , and O:tBFy in-
dicate strong onthorhombic symenetey asound the O * ionin
the latrice,

2. Vilues for the orthorhambie crystat fivld and for the
energy separalion belween o and r® states are i agrecinent
wilh values of € aml NOY o single erystals ard NO adsorbed
on zeolites.

3. Several different velaxation provesses toaccount Tor the
tenperitinre depemdcuce of the line widiliof the ese speetra
weie profesed. Muodulition ot Hie crystal fiekl by im motion

Galitberg, Chnste, and Wilson

appeiirs 10 be o dominant mechanism.  The spectrum of
O tSbhle undergans Lister relinaiton at -196° than ¢ach of
the orher salls,

4. Anomalous spectra Tor dioxygenyl antimonates above
1407 were observed  Absorptions where g > 2 inay indicate
conpling belween dioxypenyl ions.

5. Because of the dilTerence between speetra of O2tSbly
and Q248baF 1 or QSble .73SEEs at - 196°%, esr can b
sed 1o demonstrate the abisence of excess Sbls in O:48bly
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Introduction

- + - i
The syntheses of ”rF6+ASFG and HrFﬁ Sb“Fll from BrF5 and the corresponding
Kry, ' lewis acid sdducts have recently been rcported by Gillespie and

“ 0 4

Schrobilgcn.l’" These BrFG+ salts were characterized by lJF nwr and Raman
r)

spectroscopy.” Since complete vibrational spectra and modified valence

+ 3 + 4-6
6 and IF(j s

HrFﬁ+ was desirable Lo obiain more quantitutive data on the bonding in these

force fields arc known for CIF gimilar information on

unusual high oxidation state cations.
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Experimental Section

Apparulus and Materialg., The masterials used in this work were manipulated in

o well-passivated (with ClFU and BrFs) 304 stainless steel vacuum line equipped
with Teflon FEP U traps and 410 stainless steel bellows-seal valves (Hoke, Inc¢.,
425) FIY). Pressures were measured with a lieisc Bourdon tubc type gage (0-1500m
+ 0.1%). Because of the rapid hydrolytic interaction with wmoisture, all materials
were handled cutside of the vacnum system in the dry nitrogen atmosphere of a

glove box.

The infrared speetra were recorded on a Perkin-Elmer Modcl 457 spectrophotometer.
The speetra of solids at room temperature were obtained by pressing two small
single-crystal platelets of either AgCl or AgBr to a disk in a Wilks minipellet
press. The powdered sample was plaeced between the platelets before starting the
pressing upcration. The low-temperature spectra were recorded at -196° using

a cell and transfer tecqr.ique similar Lo one previously described.7 The inner
windows of the eecll were AgCl, the outer ones CsIl disks. The instrument was

calibrated by comparison with standard calibration points.8

The Raman spectra werc recorded on a Cary Model 83 speetrophotometer using the
4880 4 exciting line and a Claassen i‘ilter9 for the elimination of plasma lincs.
For low-temperature work a Miller Harney device.10 wag used. Passivated quartz,
Teflon FEP, or Kel-F capillaries were used as sample tubes in the transverse-

viewing-transverse-excit:..ion teehnique.

Dehye-Scherrer powder patterns were taken using a G.E. Model XRD -6 diffractometor
with copper Ky radiation and a nickel filter. Samples were sealed in quertz

capillaries {~ 0.5m o d.).

The purification of BrFSITnd AsF5 and the preparation of BrFS-ESbF5 have pre-
viously been described. Krypton difluoride was prepared from Kr (Mﬂtheson,
99.995%) and F,, using glow-discharge at -183°., (Qur method was similar to that!?
of Schreiner e; al., except for the elimination of the gas cireulation system.

The ked, was collected atl the end of 4 run in a tared Teflon FEP U trup maintained
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at -78°. The only detectable impurity in the KrF, was a small amount of NQO5
which could be removed by treatment of the crude KrF, with BF3 at -78% and -10°,
which converted the NQO5 to nonvolatile NOQ+BF4—. 18 Pure KrF2 was obtained

by pumping off the volatile material and trapping the KrF, at -78°.

Prepuration of BrFﬁ+ Salis. Tihe anU+AsFU_ salt was prepared by the method of

2}
Gillespie and Schrohilgen™ using a Kan:AsF5 mole ratio of 2:1 and a large excess
of BrFﬁ. Complete material balances were obtained for the experiments. The
. + - .
yields of BrFlj AsFU were found to range from 5.3 to 7.0 mol% based on Kz‘F2 and

the correct amounts ol Kr and F, were evolved.

For the synthesis of the ¢ salt, weighed amounts of BrF4+Sb2Fll_ were disg-
solved in IlrF5 and KrF2 was . led at -196°. The mixture was kept at 25° until
no further gas evolution was obgerved. Volatile materials wer2 removed at room
temperature. The Raman spectrum of the solid residue was identical to that
previously reported. 2 Since in a separate experiment we had demonstrated that
BrF4+Sb2F11— can he removed in a dynamic vacuum at 50°, this residue waes warmed
to 50° for one week in a dynamic vacuum. Starting originally with 1.02 mmol

of BrF,sb,F),” and 7.63 waol of KrF,, 23.2 mg of a white solid residue was
obtained which sceording to its infrared and Raman spectra was - nly

BrF,'SHE,"*xSHF, with x being less than 1.

Results and Discusgsion

Synthesis and Propertieg. The gynthesis data are in exeellent agreement with

the reporty 2 of Gillespie and Schrobilgen. The following observations
deserve some comment. 1n the previous study 2 no material balances were
obtained. [n our study the yield of BrFU+AsFU- was found to be about G mol%
based on the assumption that 1 mol of KirF,, could produce 1 mol of BrFﬁ+ gsalt.
In addition, it waos established that BrFU;SbFﬁ-'xSth can be geparated from

BrF4+ShnFll- by vacuum sublimation. However, the resulting product wus not
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of gufficicnt quantity and purity to allow further charaeterization and to
determine whether the anion was mainly ‘.:‘»hZE‘[i or Sb F11 . When samples of
BlF qaltq were placed in passivated guartz capillaries and flume sealed,
Raman speetroscopy showed that at ambicnt temperature the Ber salts
atta.ked the yuartz with formation of the eorreaponding 02+ salts. Similar-
ly, the BrF,+ salts interacted at ambient temperature with ApCl. The attack
of ApCl by BrF AqF was mueh faster than thnt by the eorresponding 5bF
salt and prvemptcd the recording of BrF AsF infrared spectra at room
temperature. In Teflon FEP containers thu BrFﬁ+ salts werc stored at room-

temperature for prolonged periods without noticeable decomposition.

X~Ray Powder Data. The observed and calculated X-ray powder diffraction data

for BrF6+AsF6" are listed in Table I. The pattern was corrected for lines14 due

to N02+A5F6- resulting from the interactionl> between AsF, and some N,0,

which was present as an impurity in the KrF2 starting material. Tbe powder
pattern of BrF6+AsF6- very clogely rescmbles thnt 4,18 of IFb+AsFG-

cating that the twe compounds are isomorphous. By analogy with IFGfAsFG-,

indi-

it was indexed in tbe face-centered cuhic gystem with a = 9.304%. As
expceted the unit cell of BrFfi ASF is slightly smaller than that of

AsF T(v.494). 415 nis relatlvely sme i1 change in the unit cell
dlmenslons is not surprising beeause tbe small radii of the +V1I halogen
ions allow them to oceupy interstiees in the fluoride packing. Assmming four
molecules per unit cell and neglecting contributions to the volume from the
highly charged central atoms, a plausible average volume 16,17 of 17.274 3

per F and a calculated density of 3.068 g/cm3 are obtained.

Wecaker lines were observed having mixed, even and odd Miller indices. These
are not expected for a simple NaCl structure, but enn readily be explaincd gL
by scattcring from the fluorine atoms grouped around tbe Br and As atoms with
these central atoms occupylng the positions of Na and Cl in the NaCl lattice.

By analogy with IFg As}G s L the gpace group of Bth AsF ig Pad.

. . + -
Vibrational Spectra. Tbe infrared spectra of BrFﬁ AsF " and of BrFy Sbl'-‘(i beF5

after the rcmoval of BrF bbqpll- are ghown in Figure l The Haman spectra of
BrFs AsF " and of the 5hF adduct before the removal of UrF bb F " were
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Table T

X-Ray Powder Data for BrFG+AsE6-

d d Intens
(ovsd) (calcd)
i A
4.69 4,69 Vs
3.32 3.32 )
2.712 2,712 ms
2.509 2,511 w
2,102 2.100
2.002 2,003
1.916 1.918 ms
1.661 1.661 m
1.565 1. 066 ns
1.486 1.486 mw
1.417 1.416 mw
1.356 1.356
1.302 1.303
1.278 1.279 vw
1.256 1.255 m
1.153 1.193 w
1.171 1.174
1.140 1.141 mw
1.107 1.107 W
1.077 1.078
1.0561 1.050
1.925 1.025 w
.940 939 w
L9292 921 W
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n
identical to tbose previously reported. “ The Raman spectrum of the ShF

adduct after the removal of BrF Sb F ~ had its most intense band nt

5

660 cm (Vl of SbF ) with two pronounced shoulders on its high frequency
side. 1In addition to wenk bands attributable to SbF 1_ stretching modes
and to the SbF deformational modes in the 300-220 cm ~ fregquency range, the

+ . -
BrF. deformetion v, (F, ) was observed at . ¢m |
6 5 V2

In addition to the three previously reported 2 Raman active modes, octahedral
BrFG+ is expectcd to exhibit twe infrared active fupdamentals. These are the
antisymmetric stretch, \b(Flu)’ and the antisymmetric dcformation, \h(Flu).
3y comparison with the known frequencies of the closely related ClF6+,

IF6+’ SFG’ SeFﬁ, and TcF6 gpecica, \b and \h of BrFﬁf are expected to

occur between 760-800 and 400450 cm_l, respectively. Inspection of

Figure 1 revcals that in both the AsF5 and the SbF, adduct bands were

observed at 775 and 430 cm L. Furthermore, these bands disappeared when

the BrF6+AsF6“IR sample was allowed to warm to ambient temperature or when

the IR sample o. the SbF5 adduct was kept at ambient temperature for several
bours. The remaining bands in the infrared spectra cbanged only little, thus
supporting the assignment of the 775 and 430 cm bands to Vg and Vy» respec—
tively, of the powerful oxidizing species BrF6 + The ready interaction between
BrFﬁ+ and the silver halide :indow material can also account for the weakening
of the intensgity of the BrF6 infrared bands in the room temperature spectrum

of the SbF5 adduct.

In BTF6+A5F6_, the 430 cm'_1 band shows a splitting of 6 cm-l. Since the two
componcnts are of similar intensgity, splitting due to the 79 Br 81 Br isotopes
must be considered. The following argum;nts augur against the splitting being
caused by the bromine isotopes and favors its attribution to crystal field or
site gymmetry effects. (i) The SbF, adduct does not show a comparable
xplitting. (ii) The observed splitting of & om ! s much larger than that
(~2 cmﬂl) predicted for the Br isotopes. (iii) The N0, * deformation in the
same spectrum shows a comparable splitting. (iv) The s1te gymunctry of BrFG

in spacc group Pald is only Cai'

Force Coastanty. Since both the infrared and the Raman active fundamentals

arc now known, it was intercsting to compute a force field for BrFﬁ+. This

R-9662
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allows n more quntitative comparison of the velative bond strenplh of BrF6+

willh those of related sprcies.

Excepl for the Flu block, all Lhe symmetlry forcer constanls of anﬁ+ are miigue.
The Flu bloek ig widerdetermined since only twa frequeney values are available
for the delermination ol three foree constants. Conscequenlly, the ugefulness
of mithemabical constraints, such s minimizirg or maximizing the value of one
of Lhe symmelry force coustluntis l8, wis Lested for the isocleclronic series
SFH. ScFﬁ,lggngvFﬁ,

L]
reported. As can be seen from Table TI, the coudilion I"44 = minGrum

very closcely duplicates the GVFE values for the two heavier moleculeg Sef

for which gencral valence foree lields have heen

6
il Tth. Therelore, it is also expected to be a very good approximilion for

the force ficld of BrFG+. The values so obtained for BrF“+ are listed in
Table II and correlate well with the remaining species of Table II. The
modified valence foree fieclds, listed for the lightest isocleetronic series,
i.e., PFG_, SFG’ ClF6+, are less reliable since the lighter eentral atoms

cause stronger coupling of the stretehing and bending mode.

The force coustimt of grealest interest is the stretching foree constant fr'
Fov BrFr+ its valne of 4.9 mdyn/i is the highest found to date for any BrF
hond. 2d-25 Thisg is nol surprising since the covalency and therefore also the
force constant of sueli a Lond tends Lo increase with increasing oxidation
state of the central atow and a formal positive charge. ‘i Since the Br-F
bonds in BPFG+ are stronger than those in other bromine f{luorides, the re-

activity of {hese salls nust be due to the high oxidizing power of DPFG+.
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helplful discusstons.  This work wis supported by the 0ffice of Naval RBesearch,

Power Branch.

R-9062
H-7




F
1 L4 -
L - ’ . . -
L]

3 L4
1 :
3
M ]

: 29964
w‘ .
3 !

; *(OL6T)IVE *EC C-shiy cmay) p Pprag o)) pue ‘Anaegiof -0 op ‘wmEpood ] -0 ‘massTmi) i !l wody sayIuanbaiy weeey Jurem ()

- 0g 2 (P

; H 1w P (3

: - 6l "1 (a
4 1

9 9 “ote ‘rie ‘oal ..vmn... ‘ROl .+.....ﬁ FE0T TOEF *Sii ‘a0 ‘g0 ....,...—5 Y10 et

g ‘ot ‘0£9 ‘6L9 ..Jbu MIE CGU02C (TSI CCUOLY 1U260 CTJL tOL SASK SUtRIL CLTRGY CGUOOL U338 1OTE COURLN CRUARG C1UI10,fUIELL CU4ETIEIT COST flue

T
i
i

‘195 ‘099 *_ NS 4OC ‘ST 940 ‘RIS TRY ‘_TISV fuib L4y CLIR 106 *DEL ‘_"Al :ewerivindmud ProTy 233e) sof pam A=W o (;-5°) eorousnbarg (<)

[ - Ad
610 C e 0~ o 10 600  trp R L at-o to o B
- 44
) 20°0- £o-0- 1o 2070 grn ceo 150 L3 $1-0 5
- , F i
- or'e [11-5 154 4 21 B 90°S 20°¢ A6 60° 1 € ¢ /5°C (1.7 fg* ¢ [l o ¥
N -
i
i oo on _© } A
. zte0 r0 20 JRT°0 S9%0 120 1270 g0 £0-0 s e L S
o0 o0 A&ty
o0 90 ta 0 %0 1570 oto o o St 0T or0 uen ra-0 anb Saae £ Rt T AN
. G1_ &2 N
. a 10 96°0 tL'0 61°0 120 TH0 tep  al'1 aRea ri-o o0 w0 (St
Y . hhc 4 £E ny
, tze Tere %5 83y oo gtk Rl RRV RS ang eeg e gt R A F!
! P = 3
| 009 zo's vy JE0°E SN RN see ta‘e e I T e S
i L 2
19°¢ ey IR ST et 0s0 e 17w £ R R e S B {
wePs e aneree s et cane M e My e s ae's snea
. e} )
Jar S L4 101 M gou N o ey Paa

Ioo....-twv T2APOYRII0 PIGuisii JO I50UL 63 Padenine) +"-.+_._ o ﬂ..—..__..:.z..__& FIUNIFLG ) Jad0f Jrulejul puw sajoumag

: Tt ownl

oy




TR T —— LT TR v

(1)

(2)
(3)
(4)
(5)
(6)
(7)

(8)

(9)

(10)
(1)
(12)

(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)

(25)

References

R. J. Gillespie and G. J. Schrobilgen, J. Chem. Soc., Chem. Commun.,
90(1974).

R. J. Gi'llespie and G. J. Schrobilgen, Inorg. Chem., 13, i230(1974).

K. 0. Christe, Inorg. Chem., 12, 1580(1273).

K. 0. Christe and W. Sawodny, Inorg. Chem., 6, 1783(1967).

K. 0. Christe and W. Sawodny, Inorg. Chem., T, 1685(1968).

K. 0. Christe, Inorg. Chem., 9, 2801 (1970).

K. R. Loos, V. A. Campanile, and C. Y. Goetschel, Spectrochim. Acta, 20A,
365(1970).

E. K. Plyler, A. Danti, L. R. Blaine, and E. D. Tidwell, J. Res. Natl.
Bar. Std., 64, 841(1960).

. H. Claassen, H. Selig, and J. Shamir, Appl. Spectrosc., 23, 8(1969).
. A. Miller and B. M. Harney, Appl. Spectrosc., 24, 291 (1970).

. 0. Christe and W. Sawodny, Inorg. Chem., 12, 2879(1973).

. Schreiner, J. G. Malm, and J. C. Hindman, J. Amer. Chem. Soc.,

7, 25(1965).

. B. Ray, Inorg. Chem., ¢, 110(1967).

. Moy and A. R. Young, J. Amer. Chem. Soc., 87, 13889(1965).

. P. Beaton, Ph.D. Thesis, University of British Columbia, Canada (1966).
W. H. Zachariasen, J. Amer. Chem. Soc., 70, 2147(1948).

F. H. Ellinger and W. H. Zachariasen, J. Phys. Chem., 58, 405(1954).

¥W. Sawodny, J. Mol. Spectrosc., 30, 56(1969).

A. Ruoff, J. Mol. Struct., 4, 332(1969).

S. Abramowitz and I. W. Levin, J. Chem. Phys., 44, 3353(1966).

S. Abramowitz and I. W. Levin, Inorg. Chem., 6, 538(1967}.

K. 0. Christe, Pure and Appl. Chem., in preas.

K. 0. Christe and C. J. Schack, Inorg. Chem., 9, 2296(1970).

K. 0. Christe, E. C. Curtis, and D. Pilipovich, Spectrochim. Acta, 274,
631(1971).

K. 0. Christe, E. C. Curtis, C. J. Schack, and D. Pilipovich, Inorg. Chem.,
11, 1679(1972).

=om

lm"ﬂ'ﬁ:

2B — -

R-9662




Diagram Caption

+ —
Figure 1. Infrared spectra of BrF“ ASFG recorded us a dry powder bhetween
+ -
ArCl plates at -196° and of llrF(j ShFﬁ 'xShF5 recorded as a Aghr disk at
26%,  The increase in background at the low frequency end of the spectra is

due to absorpiion by the windows.
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Abstract

The novel oxonium salts 0H3+SbF6- and 0H3+A5F6' were isolated as well defined
crystalline solids.from the HZO-HF-SbF5 and the H20~HF-A5F5 system, respectively.
These salts are the most stable oxonium salts presently known. It was shown by

DSC studies that 0H3+SbF6' and OH3+A5F " decompose at about 357 and 193°, respec-

tively. Their ionic nature in both thg solid state and polar solvents was
established by vibrational and lgF and 11 nmr spectroscopy. The infrared spectra
of these adducts closely resemble those recently attributed to HZF+ salts,
suggesting that the latter may have been incorrectly identified. Furthermore,
the frequencies of the OHS+ fundamentals in these salts are very similar to those
of isoelectronic NHS’ but significantly different from those previously observed
for 0!1'3+ in mineral acid monohydrates. This indicates that in the MFa salts the
hydrogen bridges are considerably weaker, although similar phenomena are observed
for the low-temperature spectra suggesting rigidity of the lattice at low-temper-
ature. The assignments for 0H3+ were examined by force field computatiogs. Based
6 is cubic with a=8.015A, Z=4.
From the H O-HF-BF3 system a solid adduct was isuvlated at lo. temperature, but

2
was not further characterized owing to its thermal instability. A new method for

on its x-ray powder diffraction pattern, OHs*AsF

drying HF based on oxonium salts is proposed.

INTRODUCTION

+ -
During a study of the controlled hydrolysis of BTF4 szF11 in HF, a stable
white solid was obtained in high yields. Elemental analysis of this solid showed
that it did not contain detectable amounts of bromine. Its infrared spectrum

closely resembled that recently reported 1by Couzi et al. for H2F+. However,

R-9662
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attempts to prepare a stable product from HF and SbF5 alone failed. This

agrees with a DTA study of the HF-SbF. system which showed no evidence for

any high melting adduct. Surprisingly? the addition of small amounts of water

to HF- SbF mlxture.produced the same stable solid which, as shown in this paper,
was 1dent1f1ed as OH3 SbF6 .

A iiterature search did not reveal any reports on the isolation of 0H3+MF6' salts,
in spite of many papers dealing with the relatively unstable mineral acid mono-
hydrates and Commeyras and Olah's proton nmr (singlet at 0= 10.25) evidence 3
for the existence of the oxonium ion in SbF5 - HOS0.F solution. Recently, Bonnet

2

and coworkers studied4 solutions of SbF. in HZO and HF by DTA and identilicd the

crystalline phases SbF5 ZHZO 4SbF5 SH 0 SbF5 H20 SSbF 2H20, and SbFs'HF-ZHZO.

Surprisingly, no evidence for OH3 SbF6 was reported, although the infrared
spectra attributed to SbFs-HZO and 4SbF.-5H.0 closely resemble thos obtained

pr . 572
by us for OH3 SbF6 .

The general interest in oxonium salts and super acid systems, %6 in which, unless
rigorously dried, these salts are bound to be formed, prompted us to study these
simple oxonium salts in more detail. Their unexpected high thermal stability also
induced us to study the protonation of other compounds, such as HZS' HCR , Xe, HNFZ,
NFS’ etc. Details on novel salts contain, . the SH3+ and the NHZFZ+ cation will

be reported elsewhere.7

Eerrimental

Materials and Apparatus. Volatile materials used in this work were manipulated

in a well passivated (with CEFS and HF) Monel Teflon-FEP vacuum system, Nonvolatile
materials were handled in the dry nitrogen atmosphere of a glove box. Hydrogen
fluoride (The Matheson Co.) was first electrolytically dried8 followed by treat-
ment with either fluorine or SbFs. 1n the latter case, the HF was added to a+
Teflon-FEP ampoule containing SbFs. Any water present formed nonvolatile OHS

SbFG" and the anhydrous HF was pumped off at -40°. Antimony pentafluoride and

Ast (0zark Mahoning Co.) and BF3 (The Matheson Co.) were purified by distillation

and fractional condensation, respectively, prior to their use.

R-9662
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of all volatile material in vacuo at 25° resulted in 2.116g of a white solid
residue (weight calcd. for 8.30 mmol of OH;SbFG- = 2.115g). Anal. Calcd for

OHSSbF6:H29, 7.07; Sb, 47.8. Found: H20, 6.93; Sb, 48.0.

"
anhydrous HF (8ml liquid) were combined at -196° in a Teflon-FEP ampoule,

Preparation of OH:ASF In a typical experiment, HZO (5.421 mmé1) ard

followed by warm-up to 25°. Arsenic pentafluoride (5.427 mmol) was added to
this mixture at -196° and the contents of the ampoule were allowed to warm slowly

to room temperature. Removal of volatile material at 25° in vacuo resulted in
1.128g of a white solid residue (weight caled. for 5.421 mmol of 0}!3+ASF "=

6
1.127g). Anai. Calcd for OHSAsF d.,0, 8.66; As, 36.0. Found: H.0, 8.26; As, 35.7.

6 "2 2

The H,0-HF-BF, System. To a mixture of H20 (3.06 mmol} and anhydrous HF

{10 ml liquid), prepared as described above, BFS (7.4 mmol} was added at -196°
This mixture was kept at -78° for 10 minutes, then slowiy warmed until a

clear solution resulted. Removal of volatile material at -70° in vacuo ;
produced a white solid residue melting at around 0° to a colorless liquid having
a dissociation pressure of about 4mm at 22°, The weight of the adduct, after
being pumped on at 0° for several minutes, was 37¢ mg (calcd for 3.66 mmol
0H38F4 = 387 mg).

Results and Discussion

Syntheses. Addition of water to mixtures of HF with the strong Lewis acids
SbF5 and Ast produces stable 1:1:1 adducts in quantitative yield according to:

HE + HO0 + MF. —HE _yo'Me."
2 5 5P e

. . . i \ . . o 14
The formation of these adducts is not surprising in view of the previous evidence'?

showing that in HF solution the following equilibrium exists

— -
SbFs + ZHF-.—HZ
3,1

and that the stronger base HZO can displace ' HzF+ with formation of the 0H3+

+ -
F SbF6

cation

+ = + -
HZF + SbF6 + H20 —_— 0”3 + SbF6 + WF

However, in view of the several hundred recent publications dealing with super
acid chemistry, the well known difficulties in obtaining completely anhydrous
systems, and the general interest in oxonium salts, we were extremely surprised
to find that these stable adducts had not prev‘ously been isolated.
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It appears that the low-temperature infrared spectra of these adducts have
been observed : previously by Couzi and coworkers in the course of their
study of the binary HF-Lewis acid systems, but were mistaken for HZF+ salts.
Althuugh not impossible, it is highly unlikely that 0H3+ amd HZF+ wouid show
such similar vibrational spectra. Furthermore, comparison of the cobserved
frequencies and computed force constants of "H2F+" with those of isnlectronic
H20 s§o¥ poor agrecment (H20=fr=8.45, fa,=°'76; "H2F+": fr=5'71’ ﬂﬁ = 1.36
mdyn/A)".

The failure of Bonnet et al. to isolate 0H3+5bF6- from the SbFS-HZO-HF systetn4
may be explained by their unfortunate choice of reaction conditions. They

combined H20 with SbF5 in the absence of a solvent. This can result in partial
hydrolysis of SbF5

well defined products.

with HF formation, thus making ic very difficult to obtain

We have established the 1:1:1 composition of the HF:HZO'.SbFS and the HF=H20=

Ast adduct by the observed material balances, elemental analyses, and vibrational
and nmr spectroscopy. With the weaker Lewis acid BF3. an unstable 1:1:1 adduct

is formed at iower temperature. It melts at about 0° to a colorless liquid
having a dissociatien pressure of about 4 mm at 22°.

N N . + . d
The quantitative formation of a stable nonvolatile OH, salt 15 an effective

way to remove small amounts of water from HF by treatiig it with a strong Lewis
acid. Bismuth pentafluoride, although not used in this study, should be the
most convenient drying reagent, since it is nonvolatile at room temperature.
*BiF,” and the

3 6

excess of BiFs at ambient temperature. This method appears more convenient
than previously reported methods, such as pyrolysis of dried NaHleﬁ, electro-
17 Furthermore, the stable solid 0H3+MF6'

salts could find applications in systems vequiring catalytic amounts of strong

Thus, its use would permit the removal of the dry HF from OH

lytic drying, 8or fluorine treatment.

acids. Owing to their physical properties (see below), these solids should be
easier to store, ship, and handle rthen highly corrosive liquids.

Prope.ties. The 0H3+5bF6- and 0H3+A5F6' salts are white c¢crystalline solids.
They are higiily soluble in HF and moderately soluble in polar solvents, such
as 2:3802CH%. Lith stronger bases such as pyridine or acetonitrile, water is

evolved and the nitrogen atom is protonated. The quantitative displacement of

R-9662
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The infrared spectra were recorded in the range 4000-250 cnfl on a Perkin-
Elmer Model 457 infrared spectrophotometer. The spectra of gases were obtained
using Monel cells of 5-cm path length fitted with AgCE windows. Spectra of
dry powders at iuom temperature were recorded as pressed (Wilks minipellet
press) disks betweer AgCL windows. Low-temperature spectra were obtained as
dry powders between Csl plates using a technique similar to one previously
reported.g

The Raman spectra were recorded on a Cary Model 83 spectrophotometer using

the 4880A exciting line and a Claassen filter 10

for the elimination of plasma
lines. 5ealed quartz or Teflon-FEP tubes were used as sample containers in the
.ransverse-viewing transverse-excitation technique. The low-temperature spectra
were recovded using a previously described 1) jevice. Polarization measurements

were carried out according to method V111 listed by Claassen et al. 10

Debye-Scherrer - powder patterns were taken using a GE Model XRD-6 diffractometer.
Samples were sealed in quartz capillaries(v 0.5 mm o0.d.)

lgF and 1H nmr spectra were recorded at 56.4 and 60MHz, respectively, on a

The
Varian Model DA60 spectrometer equipped with a variable temperature probe. Chemical
shifts were determined by the side-band technique relative to external CFCZ3 and

TMS, respectively.

A Perkin-Elmer differential scanning calorimeter, Model D5C-1B, was used fcr the
determination of the thermal stability of the compounds. The samples were sealed
in aluminum pans, and heating rates of 2.5 and 10°/min 4n N2 were used.

The Hzo content in the 0H3+ salts was determined by di<solving a known amount of
sample in pyridineand titrating the evolved H20 with Karl Fischer reagent using’

a Labindustries Aquametry apparatus. Antimony and arsenic were determined by X-ray

fluorescence spectroscopy of basic aqueous solutions.

X + - . "
Preparation of OHS_SbF5 . 1r pical expcriment, SbFS (8.305 mmol) was placed

in a Teflon-FEP ampoule and & .k of liquid anhydrous HF was added at -196°. The

mixture was warmed to 25° to give a homogenous solution. Distilled water (8.30
mmol) was added to the ampoule at -196° and the mixture was warmed to 25°. Removal




+ , . . .
OH3 by pyridine was successfully used for the determination of the H20

content with Karl Fischer reagent. Evidence for the protonation of acetonitrile
was obtained by proton nmr spectroscopy (see below). The oxonium ion is
surprisingly inactive as a hydrolyzing agent. In addition to its ~ompatibility
with the SbF6- and A5F6- ions in HF solution, it does not hydrolyze to a

BrF * salts,7 and NF4+ salts.18

sipnificant extent BrFS, 4

The thermal stahility of 0H3+SbF6' and 0H3+A5F6' was determined by DSC. The

SbFﬁ- salt exhibited rcversible endotherms at 89 and 209 °(probably phase changes),

followed by some small irreproducible endotherms from about 230 to 357° and a large
irreversible endotherm at 357°. The occurrence of complete decomposition at 357°
was also confirmed by the observation of white fumes escaping from the sample cup
at this temperature. Heating the salt to 150° in a static vacuum resulted in

the build up of only a little pressure over a period of several hours. The OH.‘+
AsF6' salt exhibited no endo-or exotherms prior to the onset of its stvongly .
endothermic decomposition at 193° indicating the absence of any phase change

between 25 and 193°.

The thermal stability of 0H3+SbF6' and 0H3+A5F6- is unusually high, when compared

to the previously reported 0H3+ salts. Most of these salts are stable only at

low temperature, and the more stable OH, CF.80 OH, csw , and 0H3+CH3C3H4803'

Po-21 5

melt at 35, 50, and 105°, respectively.

X-Ray Powder Diffraction Data. The powder diffraction patterns of 0H3+A5F6'

and OHngFﬁ' are listec in Tables I and II, respectively. The 0H3+A5F6' salt

is cubic with a =8.015 A and Z=4. As previously pointed out,zit is very difficult
to distinguish from the powder pattern alone for this type of compound whether

it has the face centered cubic NaSbF6 or the primitive cubic GSPF6 structure.

The intensities observed for OH AsF seem to agree somewhat better with the
primitive cubic CsPF type Slnce the size of the OH3 cationzsis roughly
comparable to that of k* Ag , or NH4 R 1t is not surpr151ng that OH AsF

should be isotypic with Ag AsF (a=7.74 A) and NH PF {a=7.90 A}

R-9662
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The OH,'SbF,
8.78A, and Z=8., By comparison with the known

pattern was indexed for a tetragonal cell with a=11.48, ¢ =

22,24 N
structures of similar

MD(F6 compounds, it might be considered as a tetragonally distorted cubic

KSbFﬁstructure. Tetragonal unit cells with Z=8 have previously been reported25

for KReFG, KWF6, and KM0F6, although their deviat:on from a cubic cell is much

smaller. This might be explained by the fact that 0H3+ is not spherical.23 In

addition to the cubic phase (Z=8), a high-temperature tetragonal phase (2=2)

22,24

has been reported for AngF6 ano l(SbF6 containing one fourth of the cubic

superlattice.

6

for related MFG- salts. This comparisor also suggests the possibi-

lity of different phases as was indicated for 0H3+SbF6' by the DSC data (see above}.
'SbF, cubic OH,' AsF

In summary, the structures observed for the 0H3+MF salts agree well with those

e J
reportedz"’24

Contrary to OH did not exhibit a phase change between Toom

3 6
. . Py - - . +
temperature and its decomposition point. This is not surprising since OH3 AsF

6
appears to be isotypic with KPF, which has a rhombohedral low-temperature and a

265

cubic high-temperature phase.

-

Nuclear Magnetic Resonance Spectra. The nmr spectra of 0H3+SbF " and 0H3+A5F6

1§

were recorded in CD3 SOZCD CH3CN, and CDscN solutions. The "“F nmr spectra

of 0H3+A5F6' in C03802C03 :nd CH3CN solution showed a quartet of equal inten-
sity at ¢=60.9 and 65.4 with JAsF v t
with the values previously reported ', for octahedral AsF6 . Simila~ly, the OH3
=1946 Hz) and octet ( lessbr41053 Hz) of

27,28 ¢ octahedral SbFG'. In agree-

=915 and 930 Hz, respectively, in good agreement

SbF6 samples showed a sextet ( 3121SbF

equal intensities at ¢=120.1, characteristic
ment with the vibrational spectra (see below), no evidence was found for the

presence of MFS-0H229 or MFS-NCCHsso’Jlmolecular adducts in these systems.

The proton nmr spectra of 0H3+SbF6' and 0H3+A5F6' in CD,S0,CD, solution showed

only a singlet at 6= -9.49 and -10.58, respectively. These values agree well

with that of -10.2 previously attributed3 to CH3+ in super acid solutions., In

CHECN or CDSCN solutions, however, the spectra were more complex. The strongest
resonance for the SbFG' and AsFG“ salts were observed at 6= -10.92 and -11.34,
respectively. In addition, a very broad resonance at & -3.8 and a triplet of

equal intensity {J _=53.5Hz) at &= -6.3 were observed. The latter is charac-
+.3 The observation of NH4+ together with the fact that the

proton resonance in CHSCN solutions is significantly shifted to lower field, when

teristic for NH4

R-9662
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compared to C03502C03 solutions, indicate that this r<-onance is duve to
+

ajENH+ type species and not to OII3

peak at 6= -2.21 indicating rapid exchange between CH

The CH3 reconance consisted of a singie
3CN and ‘ts protonated

form. The recady protonation of CHSCN in IISOSF-SbFS-SO2 solution has previously
33

been established. The difference butween the reported” and our spectrum can

be explained by the fact thkat in one case small amounts of CH_CN were dissolved

3
in large amounts of acid, whereas in our case small amounts of 0H3+SbF6- were
added to large amounts of CH,CN. Since the nmr spectrum of OH3 in super acids
has previously been reported and agrces with our data for the CDSSOZCD3 solution

we have not studied super acid or HF solutions.

Vibrational Spectra. Figures 1 and 2 show the vibrational spectra of 0H3+5bF6-

and OH3+ASF6-, respectively. The observed frequencies are listed in Table Tll.

Whereas no difficulty was encountered in obtaining reproducibie infrared spectra

6
conditions were required. At Toom temperature, the band centered st ubout 900 em”

of 0H3+SbF6' as an AgCl disk at room temperature, for 0H3+AsF low-temperature
would rapidly become broad and shift to higher frequency (~ 1020cm'1). Similarly,
the broad band cent.red at about 3200 cm'1 became less symmetrir with its maximum
being shifted to 3500 cm'l, and the 1630 cm-l band was shifted to ahout 1680 cm
S’Sbrﬁ' in HF solution, the bands due

+ . o . 5
te OH3 were not observed owing to their very low intensity and broadness.

1

In the Raman spectra, except for that of OH

'The anion bands, both in HF and CDSSOZCD3 solution, were in excellent agreement
with those previously observed for octahedral A5F6'34'363nd SbF6'§5'371n the
rour. tomperature spectra of the solids, V (Eg) showed a splitting into two bands
g 35,37-40 e -
' For OH3 SbF6,

1varied from sample

which is not uncommon for octahledral MFG' jons in solids.

the intensities of the infrared bands at about 490 and 570 cm

to sample (see Traces A and B of Figure 1}, Although one might be tempted to

35,41-43
or

attribute the 490 cm”! band to the presence of some Sb " polyanion

F
2 11
to an 0H3+ libration mode (see below), we prefer to assign it to SbFG' for the

6

1] + - - -
following reasons. The Ol Ast spectra show similar bands and AsF
. . H .
to torm stable potvanions, the observed material balances and elemertal arzlyses

is unlikely
. - - - A . +* . . a -

pave meoandicatien of solvarion formation, andé an 0H3 libratiorn shouid he 2F vers

low Raman intensity. Fhereas in the room temperature spectra of the solids, '

(Flu] and vl (Alp) appear as single bands, these bands become doublets in the low-

temperature spectra, Furthermore, four relatively sharp bands were ohserved in

R-9662
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the low-temperature infrared spectrum of 0H3+A5F6'(Trace B, Figure 2) in the
region of v, (Eg) of A5F6-.

The most plausible explanation for these additional low-temperature splittings

. . +
is the assumption that at low tempcratu.> OH, and the lattice become rigid.

3
This should result in site symmetry splittings?Gand in a large distortion of

the MFG' octahedrons owing to cation-anion interaction (H...F bridging),
particularly, since the MF6' ions are in a field of forces of nonoctahedral
symmetry. Similar effects were observed for 0H3+C£04' by broad line proton nmr 45,46
and vibrational spectroscopy.47However, some of the bands observed in the region

of the MFG" fundamentals ceuld be of different origin, as was shown 47by Savoie

. + - + - +
and Giguere for OH3 N03, OH3 CP.O4 , and 0H3 HSO

and translation modes of polar 0H3+

. . . + . ’ .
intensity. Since the OH3 modes are only of very low intensity in the Raman

spectrum, the observed Raman bands are very likely due to the anion. However,

4"
are of relatively high frequency and infrared

They established that libration

some of the infrared bands, which have no Raman counterpart, could be due to 0H3+
libration or translation modes. Spectra of the deuterated species would be
helpful to distinguish between thzse possibilities. 1In addition, extensive low-
temperature vibrational and wide line nmr spectroscopic studies combined with
x-ray and DTA data are desirable to correlate all the observed phenomena. However,
this was beyonc the scope of the present study.

Assignments for the fundamentals of the 0H3+ cation were made by comparison with
iscelectronic NH3 (see Table III), Pyramidal XY3 of symmetry C3v has four
fundamentais which are classified as 2A; + 2E, all being active in both the in-
frared and Ramun spect.um. Of thesce, cach symmetry species contains one <tretching
and one bending mode. The frequencies of the two bending modes are sufficiently
separated and present no assignment problem. Of the two stretching modes, the
symmetric stretch Y1 (A;) is obviously represented by the polarized Raman band

at 3300 cm'l observed for 0H3+SbF6' in HF solution. This Raman band has an
intense counterpart in the infrared spectrum of the solid. Assuming that no
significant frequency shift occurred for v on going from the solution spectrum
to that of th» solid, the second intense infrared band in this region (~3150 cm—l)

should be due to the antisymmetric stretch v_ {E). These assignments are supported

3

by the low-temperaturc infrared spectrum of 0H3+A5F " which shows a strong band at

6

R-9€62
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about 3080 cm” ! with a strong shoulder at about 3250 c¢m in agreement with

the higher ir intensity expected 4§or Yy in an ideal, rather oblique XY3
pyramid. The agrecment betwcen the frequencies of isoelectronic NH3 and 0H3+
is excellent. The only difference in their assignments results from a reversal
of Vg and v, for 0H3+. Whereas force field arguments (see below) augur against
such a reversal, it must be kept in mind that we are comparing a free molecule

with a poorly understood solid exhibiting relatively strong anion-cation coupling.

In our spectra two relatively weak broad infrared bands were frequently observed
at about 1950 and 1350 cm-l, respectively. Their relative intensity varied and
they cannot readily be assigned tu an overtone or combination band. Their origin

is at the present not fully understood.

In summary, the vibrational spectra unambiguously establish ihat the HF-Hzo-MFS
adducts are ionic in both the solid state and solution, and contain octahedral

MF6' anions and pyramidal 0H3+ cations, although some of the details of the spectra
are still poorly understood. The fundamentals of OH; in its MF6' salts signifi-
cantly differ from those found for 0H3+ in mineral acid monohydrates,215uch as 0H3*
CEO&, and resemble more closely those of ispelectronic NH3. The fact that in
OH3+MF6' the Ol stretches have higher and the deformations have lower frequencies
than in the mineral acid hydrates, strongly indicates that the hydrogen bridging

in OH3+MF6' is significantly weaker, 1.e., that these compounds are more ionic.

Force Constants. To support the above assignments, force fields were computed

for 0d3+ (see Table IV) using the vibrational frequency values from this study and

the geometry { '}= 110°, r = 1.01 R) previously cstuhlishedzsfnr the 0H3+CH3C6H4SO3h
salt. The force constants werc computed by trial and error with the help of a
computer to obtain an exact fit between observed and calculated frequencies. Three
different force fields were computed to demonstrate that the choice of the force field

has little influence on its values for a vibratiumally weallly coupled species, such

+ g n . .
as OH3 » in which the central atem is much heavier than the ligands. To demonstrate
the small variation in the force constant values, fom decimi's are tisted in Tuble
1V, in spite of the ruther large uncertaintics iv. the given foroe constiant vilaes,
R-9662
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These are caused by the bmoadness of the bands and the unknown bond angle
of 0H3+ in its MF6' salts. Two of the three force fields used, the diagonal
force field and the force field requiring the deformation symmetry force
constants to have minimal values, were selected owing to their established49
usefulness for weakly coupled systems. For the third force field, the off-

Jiagonal symmetry force constants were borrowed from the knownsgeneral valence

force field of isoelectronic NHS‘ Since the antisymmetric 0H3+ stretch has a
significantly lower frequency than the symmetric one and since their frequency
separation is a function of the bond angle?l this might be taken as some evidence
for the OH bond angle being smaller than that in 1soe1ectron1c NH Consequently,
we have also computed the three force fields for OH assuming a bond angle of

100°. Whereas the stretching force constants show 11tt1e angle dependence, Fzz
becomes unreasonably small for X =100°, thus arguing against such a small bond
angle for 0H3+.
stretching and one deformation vibration of very different frequency in each

As expected for a weakly coupled species containing only one

symmetry block, the potential energy distribution showed all fundamentals to be

highly characteristic. The two high frequency fundamentals were in all cases nure
stretches and the two low frequency fundamentals were 95-100% deformation modes

depending upon the values of the chosen uvff-diagonal symmetry force constants.

Comparison of the OH force fields with that5 of isolectronic NH shows good
agreement. The only major divergence is found for the stretch- stretch inter-
action constant frr which is caused by vs(E] of OH3 having a lower frequency
value than vl(Al). This discrepancy could be eliminated either by reversing their

assigrient (see Table IV) or by assuming very similar frequency values for them
and ex;.laining the observed splitting of the broad band at 3300 c.m_1 in the in-
frared spectrum of 0H3+SbF6' by Fermi resonance between 2u4(A1 + E + F2) and

\ﬁ(Al) or v3 (E}. Clearly, the force field computations for 0H3+ and comparison

with those for NH 50 PH_, 50 and SH +7 favor v_>v

3’ 3 3 371
data (see above) seem to suggest V1>V3. Jbviously, additional experimental data

are required to resolve this remaining amoiguity.

However, the experimental

R-9662
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0.2
Several papers“0'~1»52.53

have previously been published dealing with

force fields of 0H3+. Owing to the great variance of the frequencies gsed,

E the values reported, for example, for fr range from .93 to 6.31 mdyn/A, The
variance of the frequencies is due partially to the different degree of hydrogen
bridging in the different 0H3+ salts studiedZIand partially to the broadness

of the bands rendering their assignments extremely difficult and uncertain.

6
and partially characterized. They possess unusual thermal stability, are easy

Conclusion. The novel oxonium salts 0H3+SbF6' and OH1+A5F were synthesized

to prepare, are well defined, appear to be highly ionic and, therefore, should
be ideall, suited for the study of the oxonium cation.
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a
Table I. X-Ray Powder Oata for OH,'AsF, ~
d obsd. d calcd. Int.
4.64 4.62 Vi
4,01 4,00 Vs
2.82 2.83 S
2.420 2.414 W
2.315 2.312 W
1.999 2.002 W
1.833 1.837 W
1.785 1.791 mw
1,636 1.634 m
1.542 1.541 mw
1.414 1.416 VW
1,355 1.353 W
1.336 1.335% W
1.267 1.266 vw
-] o 3
fa) cubic, as8.015 A, V=514, A, 2 = 4,
d_ = 2.890 g em™3, cu K, Tadiation Ni filter.
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a

Table II, X-Ray Powder Data for 0}{33:56:___
d obsd d calcd Int,
l 8.75 8.77 m
: 4.78 4.30 m
' 4.38 4.39 s
3.47 3.49 m
3.32 3.34 Vs
2.868 2.869 mw
2,785 2.784 m
2.241 2,251
2.199 2.194
2,053 2.049 mw
2.021 2.017 m
i 1.901 1,903 mw
- 1.877 1.877 m
: 1.779 1.777 mw
‘ 1.760 1.756 m
1.680 1.679 mw
1.663 m
1.595 mw
1.578 m
1.515 vw
1.505 w
1,401 mw
1,392 m
1.347 mw
1.341 m
1.258 mw
1.220 m
1.187 mw
1.155 mw
1.100 mw
1.075 mw
1.052 mw
1.030 mw
R-9662
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a Table II. X-Ray Powder Data for H30 Sbki__(COntlnued)

d

1

0.
0.
0.

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0

0

obsd

010

990

972

963

.937

.922

.9072
.8925
.8793
. 8663
. 8538
.8365
.8306
.8251
.8195
. 8144
.8091
. 8037
.7988
. 7890
.7880

0.7794

0

+ 7786

°3

¢ caled Int, h k R

=

=
=

aszzzazs§5555

g =

z

-]
(a) tetragonal, am=l11.48, c=8.78 A,

V=1157.1 A, 228, d_=2.93 g o >; Cu K Todiation, Ni filter.
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Diagram Captions

Figure 1. Vibrational spectrum of 0H3+SbF6 . Traces A and B:
Infrared spectra of two different samples as dry powder between
AgCR disks. Traces C and N: Raman spectra of the solid contained
in a quartz tube at 25 and -120°, respectively. Trace E: Raman

spectrum of a CDSSDZCD solution; the broken lines indicate regions

3
obscured by solvent bands. Traces F and G: Raman spectra of an HF
solution contained in a Teflon -FEP tube at two different recorder
voltages. P and dp indicate polarized and depolari:ed bands, respec-

tively, and 5 indicates the spectral slit width.

3+AsF6'. Trace A: Infrared

spectrum of the solid as a dry powder between AgCL disks at 25°,

Figure 2. Vibrational spectrum of OH

Trace B: Infrared spectrum of the solid as a dry powder between Csl
disks at -196°, Traces C and E: Raman spectra of the solid in a quartz
tube recorded at 25 and -120°, respectively. Trace D: Raman spectrum
of a CDSSOZCD3 solution; S indicates the spectral slit width,
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Novel Onium Salts. Synthesis and Characterization of SH3+SbFE;
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Abstract

The synthesis and properties of SH3+SbF6', the first known example
of a stable salt containing the sulfonium cation, are reported. The
SHS+ cation was characterized by vibraticnal spectroscopy and a
normal coordinate analysis was carried out. Attempts to prepare
SH3+A5F6' resulted in the formation of As,Sc. Protonation of HCl

in HF-SbF5 solution yields an unstable white selid, but no

evidence was obtained for adduct formation in the HF-SbFS—Xe system

at tempecratures as low as -78°.
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INTRODUCTION

Recent studies] in our laboratory showed that the protonation of
uzo in HF-MFS (M=Sb and As) solutions pr. "uces the surprisingly
stable oxonium salts 0H3+MF6-. This prompted us to investigate
the synthesis of other onium salts, In this paper we report on
the protonation of st, HC1l, and Xe. Results on the protonation
of HNF2 and NF3 will be given eIsewhere.2

Whereas a huge number of alkyl or aryl substituted sulfonium
salts are known, we could not find any literature reports on the
isolation of a salt containing the SHS' cation, although Olah

3

+
and coworkers had observed” the SH3 cation at low temperature in

HSOSF-Sb!‘S-SO2 solution by proton nmr spectroscopy {singlet at §
=-6.60). In addition, the {ormation of gaseous SHS' was studieds'7
in mass spectrometers (ion-molecule and electron impact studies).

F-SbF

Similarly, the protonation of HCl has been studied only in HSO, S

solution at Iow temperature by nmr spectroscopy, but no direct
evidence for the formation of a CIHz+ cation was reported.8

For xenon, protonation in HF-SbFS solution was postulated9 based
on its ability to suppress isotopic hydrogen-deuterium exchange;

protonation in ion-molecule reactions has been also reported.m’II

EXPER IMENTAL

The expcrimental techniques used in this study were essentially
the same as those previously described.1
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Preparation of SH3 SbFE . 1n a typical experiment, SbF5 (5.38 mmol)

and anhydrous HF (10 ml liquid} were combined at -196° in 2 Teflon

FEP ampoule. The mixture was warmed to 25° to give a homogenous
solution. Hydrogen sulfide (7.10 mmol) was added to the ampoule

at -196°. The mixture was warmed first to -780, then slowly to 25°,
During warm up a white solid formed, which was only partially
soluble in the excess of HF, Volatile products were removed at 25°
in vacuo, leaving behind 1.452g¢ of a white, stable solid (weight
calcd for 5.38 mmol of SH3+SbF6-=I.457g). Ana). Calcd for SH,SHF:
Sb, 44,95; S, 11.84. Found: Sb 44.8; S 11.8. The SH;SbF6 product
can be stored at 25° without noticeable decomposition in Teflon or

Kel-F containers, but it attacks quartz.

The HF-AsFS:ﬂﬂs System. Anhydrous HF (10 ml liquid) and Ast
(3.54 mmol) were combined at -196° in a Teflon FEP ampoule. The

mixture was warmed to 250, then recooled to -196°. Hydrogen sulfide
(3.54 mmol) was added to the ampoule at -196¢ ., During slow warm

up of the mixture to 0° a white to yellow sclid formed. The ampoule
was recooled to -78° and volatile material was pumped off during

watm up to 2s° leaving behind 221 mg of a stable yellow solid

weight calcd for 0.708 mmel ASZSS=220 mg)}. Vibrational spectroscopy

showed that the solid did not contain hands characteristic for

6 »
dissolved in boiling conc. HNOS. Anal. Calcd for Aszss: As, 48.3;
S, 51.7. Found: As, 48,5; S5, 51.6.

either SHS+ {see helow) or AsF i1t was insoluble in water, but slowly

R-9662
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The HF-SbF_-HC1 System. To a homogenized mixture (see above) of

SbFS (2,57 mmol) and anhydrous HF (5 ml liquid) in a Teflon FEP
ampoule, HC1 (6.81 mmol) was added at -1960. The mixture was warmed
to -780, then cycled several times between -78 and 0°. A white
solid was formed upon melting of the starting materials. Volatile
material was pumped off at —450, resulting in 711 mg of an unstable,
white solid melting below room temperature to a pale yellow, clear
liquid (weight caled for 2.57 mmol c1u2*5bF6'=702 mg). The vapor
phase above the liquid at 26° was shown by infrared spectroscopy

to consist essentially of HF and HCl, The Raman spectrum of the HF

solution showed the bands characteristic of SbFﬁ- (see below).

The HF-SbFs-Xe System. To a homogenized (see zbove) mixture of
SbFS (3.07 mmol) and anhydrous HF (10 ml liquid} in a Teflon FEP
ampoule,Xe (7.04 mmol) was added at -196°, The mixture was slowly
warmed to 0° and then kept at -78° for 16 hours. No evidence for
adduct formation between Xe and HF-SbFS at -78° was detected, and
the xenon starting material was quantitatively recovered from the

. : 0
reaction mixture at -78 .

RESULTS AND DISCUSSION

Synthesis and Properties of SH.,+ Salts. Protonation of HZS in

HF-SbFS solution produces the white, stable solid SH3+SbF6- in
quantitative yield according to:

H,S + HF + SbFS——S}l

+ 1
2 SbF6

3

To our knowledge this is the first reported example of a stahle salt

containing the sulfonium cation,

R-9662
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According to the DSC data, SH3+SbF&- starts to decompose at 90°
with the onset of an exotherm which rapidly changes into a large
endotherm. The salt is moderately soluble in ariydrous HF,
Attempts were unsuccessful to dissolve it in organic solvents, such
as CH,50,CH;, which were found! suitable for 0H3+SbF6_. When the
solvent was added, gas evolution and the formation of a cinnabar
solid (probably SbZSS) and a yellow solution were observed.

Attempts to dissolve the sulfonium salt in SbF_ caused oxidation

5
of SH3+ as indicated by gas evolution and the appearance of a strong
blue rclor, similar to that previously reported12 for polysulfur

i radical cations. When exposed to atmospheric moisture, the solid

turns yellow first, then cinnabar acrompanied by the evolution of

w2

HZS' Obviously, HZS is displaced from its salt by the more basic
water. This displacement reaction might be used as a convenient
*SbE, "

3 6’
by the simple addition of water. Vibrational spectroscopy (see

way to generate gaseous HZS from the storable solid, SH

below) showed that some samples contained some sulfur in the form

of SS’ as was also indicated by their faint yellow color.

3+SbF6- is listed in Table 1. The

tetragonal unit cell with a=11.89, ¢=10.51%, and Z=8 is in good
agreement with those found for OH:,""SbFﬁ'1 and the related M+XF6'
salts. 1371° 4 expected, SH3+SbF6l has a larger wnit cell and a

lower density than 0H3+SbF

The x-ray powder pattern of SH

6 * having a significantly

owing to SHS

larger radius than 0H3+.

R-9662
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Attempts to synthesize SH3+A5F6_ from the HF-AsFS-HZS system were

unsuccessful and resulted in the guantitative conversion of AsFS

to AsZS5 according to:

ZASFS + SHZS _—-ASZSS+ + 10 HF

This difference in behavior between SbFS and AsFS is rot surprising
since it is well known16 that in the presence of fluoride ions
H,5 will precipitate oni, . :nate, but not antimonate, as the

corresponding pentasulfide.

Protonation of HCl and Xe. Since the protonation of HZO and of
the more acidic HZS had resulted in the formation of novel stable

MF6' salts, we decided to examine the protonation of the even

more acidic species HC1 and of Xe. For both, previous studiesa'g

had indicated protonation in seclution.

The protonation of HC1 in HF-SbFS solution produced a white solid
product stable at -4S°, but melting below room temperature with
decomposition. From the observed material balance, the composition
of the adduct was found to be approximately 1:7:1 and the more
volatile decomposition products were shown to be HCl and HF, Ry
analogy with the OH3+ and SH3+ salts, and based on the Raman
spectrum of an HF solution showing the presence of SbF_ , this
adduct is likely to be ClH

6
2+SbF6 . For xenon, no evidence for the

formation of a stable adduct was found at temperatures as low as -78°,

R-9662
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OQur studies indicate that compounds less acidic than HCl stand

a good chance of forming a reasonably stable protonated SbF6' salt.
Nmr evidence for the existence of such protonated species in

super acid solutions at low temperature has already been reported17
for several species, and the isolation of these and other novel
simple protonated cations in form of their stable MF6- salts can

be predicted, Obviously, the parent species are not limited to
nonmetal hydrides, but can include many other moieties.

Vibrational Spectrum of SH,+SbF5__ Since SH3+SbF6- decomposes in

organic solvents, such as CH,SO CHS’ and its proton nmr spectrum

3772
in HSO3F-SbFS—SO solution {singlet até§ = 6.60)5 yields little

2
structural information, we have used vihrational spectroscopy to

+ - » . .
characterize the SH3 cation. The vibrational spectrum of solid

SH3*5bF6_ is shown in Figure 1. Attempts to record the Raman
spectrum of an HF solution were unsuccessful owing to the moderate
solubility of the salt in HF. When exposed to the blue 4880%

line of an Ar ion laser, the sample tended to rapidly decompose evern

at -120°, However, this problem could be overcome by defocusing

18,19
the laser beam. In gzneral, the Raman spectra showed bands ! due

to varying amounts of sulfur (58) as was also indicated by the
yellowish color of these samples. In addition, the spectra showed

a band at 760 c:m"1 (marked in Figure 1 by an asterisk) which

18,19

based on the literature data does not belong to § Decom»o-

8
sition studies showed that, contrary to the SH3+SbF6' bands, this

band was stable towards decomposition in the focused laser beam and,

therefore, cannot belong to SH3+SbF6' (see trace D, Figure 1).

R-9662




The Raman spectrum contains also a weak band at about 500 c:m'1

(marked by a diamond) which is definitely due to a deromposition
product. This band becomes the most intense band in the spectrum,
when most of the SH3+SbF6- has decomposed. The remainder of the
spectrum (see Table II) is in excellent agreement with our
expectations for ionic SH3+SbF6- and is discussed below.

The general appearance of the vibrational spectrum of SH SbF6_
(see Figure 1) strongly deviates from that of COH SbF6 rccorded
at room temperaturc, Contrary to OH3 SbF6 , the bands due to
SH3+SbF6* are sharp and narrgw and show little or no splittings
indicating for SbF6 and SH3 no appreciable deviaticn from
symmetry O, and CSV’ respectively., In particular, the Raman bands

due to SbFé' are very narrow and exhibit the frequencies and
20-2

relative intensities expected for octahedral SbF6'. This

indicates that, contrary to OH3 SbF6 , the cation-anion coupling
+ - +. -

in SH3 SbF6 is relatively weak. Since OH3 SbF6 and SH3 bbF6

have similar tetragonal unit cells with Z=8 (see above), it is
unlikely that crystal effects are thec main reason for this pro-
nounced difference. A better cxplanation for the observed
difference is the lower electronegativity of sulfur when compared
to oxygen. This should markedly decrease the polarity of the X-H
bond uand thereby decrease the positive charge on the hydrogen
ligands. This in turn should result in a much weaker Coulombic
interaction between the positively polarized hydrogen ligands of
the cation and the negatively polarized fluorine ligands of the

anion, hence substantially reducing the cation-anion coupling.
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The assignments for the SH * cation in point group C3v were

made by comparison with those 2 of iscelectronic PH3 (see Table I1).
Pyramidal XY3 of symretry CSV hus four fundamentals which are
classified as 2A1 + 2E, all being active in both the infrared

and the Raman spectrum. Of these, each symmetry species contains
one stretching and one bending mode. By comparison with PHS' the
two stretching modes of SHS+ are expected to have very similar
frequencies and indeed, only one intense band is observed in the

S-H stretching region at 2520 cm™ ', Since the symmetric SH,
stretch should be of much higher Raman intensity than the anti-
symmetric one, the maximum of the Raman band at 2520 must be due
to vl(Al). This band shows a shoulder at 2490 cm-l, wiiich might
represent the antisymmetric stretch vs(E). However, we prefer to
assume a complete coincidence of v

and Ve since v, should be more

1 3
intense in the infrared spectrum24 and the infrared band has its
maximum at about 2520 cm-l. The weak shoulder observed at 2360 cm

in the infrared spectrum is due to the overtone 2\)4(A1 + E+F

1

2)
in Fermi resonance with ) and Vg

Of the two deformation modes of SH3+, one obviously is represented
by the 1028 crn"1 infrared tand. For the other deformation, we had
originally considered the 760 crn'1 infrared band. However, a
normal coordinate analysis, carried out with this assignment,
resulted in unreasonable force constants, Whereas the stretching
force constant in SH_ " was larger than in PH

3 3’
constant was significantly lower. This is not plausible since any

the deformation

H + *F bridging possible in such a solid should decreasz the value
of the stretching and increase the value of the deformation force
constant. A careful reexamination of the spectra established that

the 760 cm ' band is not part of the SH3+ShF6— spectrum and that the

R-9662
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Raman spectrum exhibits a band of moderate intensity at 1180 cm
a frequency value quite reasonable for the missing SH3+ defornation,
The assigrment of this band to v4(E) of SH3+ is further supportec

by the observation of its overtone in the infrared spectrum (see
above) and the results from a normal coordinat analysis (sze

below). Direct observation of vy in the infrared spectrum is
complicated by its relatively low infrared intensity and iiterference
by SbF6“ combination bands. This leaves the 1028 cm—l infrared

band for assignment to UE(AI)’ in excellent agreement with the
frequencieszs of PHB.

Normal Coordinate Analysis. To support the above assignments for

SH3+, a normal coordinate analysis was carried out, the res:lts

of which are given in Table 111. Since the neometr, of SHZ is
unknown, we have computed force fields for different bond angles
ranging from 90 to 110° (the bond angle in isoelectronic PH, is
93.3450)25. For the bond length in SH3+ an estimated value of

1.338 was used. The force constant: were corputed by trial and

error with tbe help of a computer to obtain an exact fit between
observed and calculated frequencies, Three different force fields
vere used to show that for a vibrationally weakly coupled (heavy
ventral atom, light ligands) species, such as SH +, the choice of

a particular fource field is less important than ot.iey variablcs, such
as the bond angle, To demonstrate the small variation in the computed
force fields, insignificant decimals are carried in Table 1I1I. Of

the three different force fields used, the diagonal force field (DFF)
and the forve field requiring the deformation symmetry force

constants to have minimal values, were selected for their established26

usefulness for vibrationally weakly coupied species. The third

R-9662
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forcefield (Pll3 tr) was computed hy using the general valence
force field (GVFF) off-diagonal symmetry force constants of iso-
electrnmic PH3 for SH3+. As can he seen from Table III, all

three force fields yield very similar force constants., Therefore,
the given force fields are likely to be good approximations of a
GVFF. By comparison with the known bond angles of HZO’ CH3+,

N“S’ HZS’ and EHS, u bonu angle of about g5° appears to be most
likely for SH3 , although the choice of the bond angle is not

very critical as can be seen from the small variation of the

force constants within the most probable bond angle range of 90-100°,
As expected for a vihrationally weakly coupled species containing

only one stretching and one deformation vibration of very different

"o
-

frequency in each symmetry hlock, the potential energy distribution

showed all fundamentals to be highly characteristic. Thus, v, and

1
v, were 100% pure stretching modes and v, and v, were 97-99% pure
deformations. Comparison of the force constants of SHS+ with
tihose 23 of PH3 shows excellent agreement thus supporting the above

+

given assignments for Sil3 .

Acknowledgement. The author thanks rs. L. Grant, C. Schack. and

R. Wilson for their help, Dr. E. C. Curtis for the use of hi:
computer program for the computation of force constants, and the

i Office of Naval Research, Power Brunch, for financial support.

R-9662
R-11




(1}

(2)
(3)

(4
(5)
(6)
(7)
(8)
(9)
(10)

(113

(12)

(13)

(14)
(15)
(16)

(17}).

(18)

REF ERENCES

K. 0. Christe, C. J. Schack, and R, D. Wilson, Inorg. Chenm.,
in press.
K. U. Christe, to be published.
G. A. Olah, D. I, O'Brien, and C. U. Pittman, Jr., J. Amer. Chen.
Soc,, 89, 2996, (1967).
J. L. Beauchamp and S. E. Butrill, Jr., J. Chem. Phys., 48,
1783 (1968).
A. G. Harrison and J. C. Thynne, Trans. Faraday Soc., 62,
3345 (1966}.
R. W, Kiser, "Introduction to Mass Spectroscopy and Applications",
Prentice-Hall, Inc., Princeton, J. J., 1965.
M. A. Hlaney and J. L. Franklin, J. Chem. Phys., 50, 2028 (1959).
A. Commeyras and G. A, Olah, J. Amer. Chem, Soc., 91, 2929 (1969}.
G. A, Olah and J. Shen, J. Arer. Chem. Soc., 95, 3582 (1973).
References 1-4 cited by D. ioltz and J. L. Beauchamp, Science,
173, 1237 (1971).
J. A, Burt, J. L, Dunn, J. J. McExen, M. M. Sutton, A. E. Roche,
and H. 1. Schiff, J. Chem. Phys., 52, 6062 (1970).
R. J. Gillespic and J. Passmore, Chem. in Britain, 8, 475
(1972); R. J. Gillespie, J. Passmore., P. K. Ummat, and 0. C. Vaidya,
ivuig. Chem., 10, 1327 (1971).
R. b. w. Kemmit, D. R. Russell, and D. W. A. Sharp, .. Cnem,
Soc., 4408 (1963;.
C. Hebecker, Z. Anorg. Allgem. Chem., 334, 12 (1971),
(. B. Hargreaves and R. D. Peacock, J. Chem. So.., 4212 (1957).
G, Jander and 1I, Wendt, ''Lehrbuch der Anslytischen und P;Aparativen
Anorganischen Chemic," Hi¥zel Verlag, Stuttgart, Germany, 19%54.
G. A. 0lah, A. M. White, and D. 0O'Brien, Chem. Rev., 70, sel,
(1970},
A, I'. Ward, J. Phys. Chem., 72, 4133 (1968).

R-9662
R-1.




(19) A. Anderson and Y. T. Loh, Canad. J. Chem., 47, 879 (1969).

{20) K. 0. Christe and C. J. Schack, Inorg. Chen., 9, 2296 (1970).

(21} A. M. Qureshi and F. Aubke, Canad. J. Chem., 43,3117 (1970).
G
T

e,

(22) . M. Begun and A. C. Rutenberg, Inorg.Chem., 6, 2212 (1967).

(23) . Shimanouchi, I. Nakagawa, J. Hiraishi, and M. Ishii, J. Mol,
Spectrosc., 19, 78 (1966).

(24) Ww. M. A, Smit, J. Mcl. Structure, 19, 789 (1973).

(25) A. G. Maki, R. L. Sams, and W. 8. Olson, J. Chem. Phys., 58,
4502 (1973).

(26) W. Sawodny, J. Mol. Spectrosc., 30, 56 (1969).

Rk-9662
J-13




t
TABIE 1 - X-RAY POWLER DATA FOR H.S'"SbF, "%
d_obsd. d cairnd int. kil
5.9 5.94 v 260
5.2¢6 5.26 Vs 002
5.94 3.54 vs 202,300
3.56 3.54 Vs 311
3.16 3.16 m 302
2.619 2.623 i 303,004
2,456 2.471 W 332
2,257 2,265 m 403
f 2.176 2,165 ms 502
3 2,069 2.068 W 105
‘ 1.963 1.966 W 503,404
; 1.839 1,833 w 315
1.769 1.771 W 630
k 1.750 1.750 W 006
1.720 w
1.616 mw
1.572 W
1.535 W
1,184 mw
1.401 W
1.401 W
1.308 W
r 1.251 w
1,239 W
1.212 W

(a) tetragonal a = 11,89, c=10.51%, v =1484,08>
Z=8,dc=2.43 gcm Ty CuKa radiation, N filter,
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DIAGRAM CAPTION

Figure 1: Vibrational Spectrum of SH +SbF6'. For clarity, bands due to

sulfur (SS) were deleted. Trace A: ?nfrared spectra of the solid as
dry powders between AgBr disks at two different concentrations. Part
of the intensity of the 270 <:m’1 band is due to absorption by the thin
AgBr windows. Trace B: Spectrum of a different sample shown to
demonstrate the variable relative intensities of the impurity bands
marked by an asterisk and a diamond (see text}. Traces C: Kaman

spectra of solid SH +SbF6' recorded at two different recorder volatges

3
and a spectral slit widths of 4 {lower} and 8 cm-1 (upper traces).
Sample container was a quartz tube. Trace D: Background spectrum

recorded aftter complete decomposition of SH3+SbF6' had occurred.
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Contribution from Rocketdyne, a Nivision of Rockwell International,

Canoga Park, California 91304

Novel Onium Salts. Synthesis and Characterization of the

Diflurcammonium Cation, NH,,E_,+

Karl 0. Christe

Received ....

Abstract

The syntheses and properties of NH2F2+SbF6' and NH,F¢+A5F ", the first known

q . + .
examples of difluoroammonium salts, are reported. The NH,F = cation was

19

characterized by “°F and lH nmr and vibrational spectroscopy. At room

+
temperature the NHzF2 salts are metastable and undergo spontaneous exothermic
decomposition by HF elimination. Attempts were unsuccessful to prepare either

NHF3+ salts by protonation of NF, at temperatures as low as -78° or fluorine

substituted ammonium solts by direct fluorination of NH4+A5F6- in HF

solution in the temperature range -78 to 25°.




INTRODUCTION

Recent studies in our laboratory demonstrated that several novel onium salts
can be prepared by protonation of less acidic compcunds in HF-MF5 {4 = Sb and
As) solutions. Thus, protonation of H20 and HZS producedl’z the surprisingly
stable 0H3+MF6' and SH3+SbF6' salts, respectively. In this paper, we report
on the protonation of HNF2 and NFS'
Whereas salts containing the NH4+ ion have been described already in the early
part of the fourteenth centurys, fluorine substituted salts were unknown until
1965. Disproving earlier theoretical computationsd’S that NF4+ salts should
be thermodynamically unstable, these salts were synthesizedﬁ’7 in 1965 and
shown to be of gigh thermai stability. Since then, numerous papers dealing
-18

with NF4+ salts and the thermally unstable NF3+ radical cation17 have

appeared. Of the mixed NH F * cations, the NH F* cation has previocusly

19 .20 n 4-n 3
*”", but no data on the remaining two members in this series,

been described
i.e., NH2F2+ and NHF3+, have been published. This is not surprising, since
from compazison with the highly shock sensitive HNF2 molecule and its

CsF adduct“l, one might expect these more highly fluorinated mixed ammonium
salts to be very susceptible to HF elimination. The adduct formation of
HNF2 with the Lewis acids BF;: BC13, PFS, and SO2 has been studied22 at
-196° by infrared spectroscopy, but no evidence was found for ion formation.
The chermal stability of these adducts was rather low with (in some cases

irreversible) decomposition occurring at about -80°.

EXPERIMENTAL

Caution! Difluoramine is highly explosive21 and protective shielding should
be used during handiing operations. The compound was always condensed at
-142° and the use of a -196° bath chould be avoidedzs. In the course of the
present study five explosions of both NH2F2+A5F " and NH,F.'SbF,” in HF

6 22 6
solution occurred, when these solutions were kept between -SO and 25° for
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extended periods of time, However, the appearance of the ruptured Kel-F or
Teflon-FEP containers indicated pressure explosions (probably caused by HF
elimination with N, formation and by the small ullage above the liquid phase)
rather than rapid explosivc decomposition. The rate of decomposition of these
NHZFZ+ salt solutions varied strongly from sample to sample, indicating catalysis
by trace impurities. The exothermic irreversible decomposition of solid NHze+
salts appeared to proceed without explosion on a mmol scale, provided the
volume of the container was large enough to avoid overpressurization. Wwhen
working with such solutions in containers with small ullage, we, therefore,
recommend removing the volatile decomposition products by quick pumping at

-78° every time before handling the sample.

The experimental techniques used in this study have previously been describedl.
Difluoramine was prepared from difluorourea24. Nitrogen trifluoride (99.9%,
Rocketdyne) and NH4+HF2' {Braun Chemical Co.) were used without further puri-

] fication. Difluoramine was handled in a Pyrex, the other reactants in a

Monel Teflon-FEP, vacuum system.

Preparation of NHzfn+AsF5:;. In a typical experiment, dry HF (50 mmol) and
A5F5 (1.74 mmol) were combined at -196° in a passivated (with CIFS) thin

walled Kel-F capillary. The mixture was shortly warmed to room temperature

to obtain a homogenous solution. Difluoramine {2.0 mmol) was added to the
ampoule at -142°. The mixture was warmed to -78° and a white solid was formed

r ) which was completely soluble in the HF solvent at 20°. Unreacted NHF2 and HF

solvent were removed ‘n a dynamic vacuum between -78 and 0°, leaving behind

420 mg of a white solid, This weight is in excellent agreement with that

(423 mg) cxpeccted fer 1.74 mmol of NH F2+A5F )

2 6 °

For the preparation of the nmr samples, an excess of AsF_ was used and rot

5
pumped off to suppress exchange between the cation and the HF solvent.

o + - . : .
Decomposition of NHZEQ AsF5 . A sample of solid NH2F2+A5F6 , contained in a

Teflon-FEP ampoule, was allowed to slowly warm from -78 to 20°. After about

20 minutes at 20°, the solid started to melt and spontaneously decumposed with
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gas and heat evolution {caution!). The decomposition products were separated
by fractional condensation and identified by infrared spectroscopy or mass

spectroscopy. The main constituents were AsF_, HF, and N2, in addition to

5!
some NF3 and trans—Nze.

Preparation of NHqu+SbEL'. In a typical experiment, SbF5 (1.70 mmol) and dry
=L \

HF (150 mmol) were combined at -196° in a passivated Teflon-FEP ampoule. The
mixture was warmed to 25° to obtain a homogenous solution. Difluoramine

(2.02 mmol) was added to the ampoule at -142° and the mixture was warmed to
-78°. A white solid formed when the starting materials melted. On warm

up towards 0°, the solid completely dissolved in the excess HF. The unreacted
NHF, and the HF solvent werc pumped off between -45° and 0° leaving behind a
whiEe solid residue (499 mg). This weight agrees well with that (493 mg)

expected for 1.70 mmol of NH2F2+SbF6'.

Decomposition of NH252+SbF6:3 A sample of NH2F2+SbF6- (1.70 mmol), when kept
at 25° for about one hour, underwent spontaneous exothermic decomposition

with melting and gas evolution. The decomposition products, volatile at -78°,
consisted of N2 {0.56 mmol) and NF3

(0.58 mmol total). The residue (~410 mg; weight calcd. for 1.70 mmol of

containing a small amount of trans-N2F2
HF-SbF5 = 402 mg) was warmed to 25° in a dynamic vacuum. A small amount of
white solid, stable at 25° was obtained which, based on its infrared spectrum,

" + -
contained some N2F3 SbF6 .
The NF_-HF-SbF. System. To a homogenized (see above) mixture of SbF5 {1.93 mmol)
and HF (150 mmol) in a Teflon-FEP ampoule, NF, (3.52 mmol) was added at -196°.
The mixture was kept at -78° for 16 hours. No evidence for adduct formation

between NF, and HF-SbF_ at -78° was detected, and the NF, starting material

3 5
was recovered from the mixture at -78°.

The NH,,"AsF"-HF-F2
Teflon-FEP ampoule and 20 ml of liquid anhydrous HF was added at -78°. To

System. Ammonium bifluoride (2.79 mmol) was placed in a

the clear solution, Ast {3.0 mmol) was added resulting in the formation of

while solid NH4+A5F6'. This solid was only sparingly soluble in HF,
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even at 25°. The ampoule was pressurized with one atmosphere of F2 at -78°
and the contents of the ampoule were agitated for one hour at -78°. No
pressure decrease (expected for F2 consumption with HF formation) was
observed., The ampoule was kept at each of the fcllowing temperatures, -45,

-23, 0, 25°, for one hour with agitation, but again no F, uptake was observed.

RESULTS AND DISCUSSION

Synthesis and Properties. The observed material balances show that nroto-

nation of NHF2 in HF-MFS (M = As or Sb) solutions proceeds according to:

NHF, + HF + MF = NH,F,"MF,”

The resulting difluoroammonium salts are white crystalline solids. They are
stable at -50°, but at room tempcrature tend to undergo spontaneous exothermic
decomposition with melting and gas evolution. In our study, the longest time
period during which a solid NH2F2+ salt could be kept at room temperaturc
without decomposition was about half an hour. The HF solutions of these

salts appear to be rcasonably stable at room temperature; however, their
stability varied strongly from sample to sample indicating some catalytic
effect of by-products or impurities. Precautionary measures for handling
thesc compounds arc given in the first paragraph of the experimental section,

The main products in the decomposition of these NH2F2+MF " salts are N

6
NFS’ and some trans-Nze, in addition to the expected HF and MF

27
5 The fact
that trans-N:F2 shows little tendency to complex with MFS under the given
reaction conditions, agrees with previous25 studies. The obscrvation of only

small amounts of trans-Nze, Lot approximately equimolar amounts of Nz and

NF3 as main products, indicates the following principal decomposition mode:

INHF_YMF.” + 3MFg + SHF + N, + NF

20216 2 3

The formation of small amounts of trans-N,F. might indicate that N is an

F
22 22
intermediate in the above decomposition mode; however, previous decomposition

.21 . . . . . .
studies™ on thz gave no evidence for a disproportionation according to:
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3N2F2 > 2N2 + 2NF3

This difference in the decomposition products might be due to the

. + - - B ’ .
exothermicity of the NH2F2 MF_  decomposition causing the formation
S

6

{ of excited intermediates. The observed instability of NH2F2+ salts towards

and its CsF adduct are known4l

i'F elimination is not surprising. Thus, NHF?

to decompose explosively.

4 ;’fluornammonium cations decreases with
decreasing n. Thus, NHSF is relatively stable 19,20

marginal stability, and no evid:ence was found in this study for the existence

The stability of the mixed NHnF
+ .
, NH2F2 is of very

of a NHF3+SbF6' salt at temperatures as low as -78°. Since the NH3F+ and

NHZF,+ cations are reasonably stable, particularly in HF solution at low

&

. . ; + - . ;
temperatures, the direct fluorination of NH4 AsF6 by F2 in HF solution was
studied over the temperature range -78 to 25°. However, no fluorination of

+ - .. o . . . . pus . .
NH4 AsF6 was observed under these conditions indicating a significant activation

energy for this reaccion.

Nuclear Magnetic Resonance Spectra. The 19? and 1H nmr spectra of NH2F2+A5F6'

were recorded for HF solutions acidified by AsF_. to suppress exchange between

the cation and the HF solvent. The results aressummarized in Table 1 and
compared to the data previously reported for the related species NH4+1’2ﬁH3F+19
NF4+10’1%nd NHFZ?7 As can be seen, the observed chemical shifts and the hydrogen-
fluorine spin-spin coupling constant of NH2F2+ are in excellent agreement with
those known for the closely related species. Furthermore, the observed multi-
plicities (1:2:1 triplets) in both the 1H and the 19F spectrum confirm that

the species centains two hydrogen and two fluorine atnms. The components of
the triplets were relatively broad and their line width did not signiricantly
decrease with decreasing tem—eratnure in the range -30 to -60°. This indicates
that the line broadening is due to 14N quadrupole relaxation and not to an
exchange process. In addition to the NH2F2+ signal, the proton spectrum showed

a singlet at §=-8.6 due to HF and the fluorine spectrum exhibited a singlet at

¢ = 173 for rapidly exchanging HF, AsFG', und Ast. For a sample or NH2F2+SbF6

in unacidified HF, separate signals were observed for the SbFﬁ- anionl’28 angd
HF at ¢ = 126 and 194.5, respectively.

R-9662
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Vibrational Spectra. The low-temperature infrared and Raman spectra of the
solids and the Raman spectra of HF solutions have been recorded for both
NH2F2+ASF6- and NH:F2+SbF6'. The observed spectra are shown in Figures 1 and
2, and the observed frequencies and their assignment are listed in Table il.
The assignments were made by comparison with those29 of isocelectronic CHEFZ'

As can be seen rrom the Raman spectra of the HF solutions, the NHF,‘MF

2 5
adducts are ionic and exhibit the bands charactzristic for octahedral
AsF6'30ﬁ32 and SbF6‘31'33. In the solid state, site symmetcty and crystal

field effects, in addition to distortion due to anion-cation interactionsi,

cause a splitting of many bandsl’31’33-35.

In the absence of crystal
structural data, no attempt will be mzde in the following discussion to
thoroughly analyze these solid state cffects. An NH2F2+ cation of symmetry
CZV(see below) already possesses S fundamentals, the maximum number expected
for a five atomic species. Consequently, the cation bands should be affected
only hy crystal! field effects, but not by symmetry lowering. Since the
assipnment of the anion bands {see Table 11) is straightforward, we will

discuss only that of the cation bands.

An XHZF2 species of symmetry C2v possesses 9 fundamentals classified as

4A1 + A: + 251 * 2B2. All of these should be active in both the infrared
and Raman spectra, except for the A2 mode which should only be Raman active.
The Raman spectrum of NH2F2+A5F6' in HF solution (Figure 1, traces C,D,E)
readily permits the assignment of the three fundamentals inveolving mainly
motions of the NF2 group, since the relative Raman intensities of the NH2
modes are very low, After subtraction of the three anion bands, we are .efrt
with three reasonably intense bands at 1064, 1039, and 534 cm-l. Of these.
the ones at 1064 and 534 c:m"1 are polarized and, therefore, represent the
symmetric NF2 stretch and the NF2 scissoring mode of species Al' respectively.
The remaining depolarized Raman band at 1039 cm'l must then be due to the

antisymmetric NF, stretch, Vg (BZJ.

2
ldentification of the NH2 modes is possible from the infrared spectra where
these modes are expected to be appreciably intense. In the frequency region
of the M, stretching modes (2500-3500 cm™l), NH,F,"SbF,~ exhibits two mediun
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strong bands at 2790 and 2637 cm-1 which are assigned, by analogy with CH2F229,

to the antisymmetric and the symmetric NH2 stretch, respectively., In addition
to these bands, several weaker bands were observed, some of which can be
attributed to combination bands (see Table II), probably in Fermi resonance
with v and Vg In the infrared spectrum of NH2F2+A5F6',
bands is even more pronounced. Similar splittings have previously been

the splitting of these

observed29 for the CH2 stretching modes of ispelectronic CHZFZ' The assignment

of these infrared bands to the NH, stretching modes is confirmed by the obser-

2
vation of a broad Raman band of very low intensity at about 2800 cm 1 for the

HF solution of NH,F2+A5F6-.

In the region of the NH, deformation modes (1700-1100 cm'l) two intense sharp

2
infrared bands were observed at about 1550 and 1480 cm'l, respectively.

Based on a comparison of their absolute and relative frequencies with those

of CH2F229, SiHZHaIESG, and GeHZHa1237, they should represent the scissoring

and the wagging deformation, respectively, of the NH2 group. Comparison of

their relative intensiiies with those of the above dihalohydrides is ambiguous.
T

2F2 thie CH2

low intensity, in the remaining molecules its intensity is similar to that
1

Whereas in the infrared spectrum of CH scissoring mode is of very

of the wagging mode and very high. Assignment of the 1550 and 1480 cm
bands of NH,F * to the NH

2 2 2
of a weak infrared feature at 1655 c‘.m“1 to the NH

wagging and the rocking mode, respectively, and

2 scissoring mode, would

result in an unreasonably high frequency for the rocking mode and in a too
small frequency difference between the wagging and the rocking mode,

provided that the NH, modes in NH_F * are not strongly affected vy NH...FM

2 22
bridging between the cations and the anions. Adopting the above assignment

of 1550 and 1480 c:m_1 to the scissoring and wagging mode, respectively, we

still have to locate the NH, rocking mode. By comparison with the other

20,36,37  °

XH?_F2 molecules , we would expect this mode to have a frequency of

about 1200 cm'l. The infrared spectra of the NH2F2+ salts show indeed a
weak bhand at about 1180 cm-l which is tentatively assigned to the NH2 rocking
mode. However, its relative infrared intensity is unexpectedly low. An

alternate assignment for this mode exists by attributing one of the more intense
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components of the 1050 en”! band system to it. However, this alternative
seems to us less satisfactory for the following reasons. The Raman spectra
f of the solids show the same splittings. Since the NH2 modes are of very low
: intensity in the Raman spectrum (see above}, tiiese bands should belong to an
NF2 mode. Furthermore, by comparison with the frequencies of the scissoring
and the wagging mode, a frequency of 1070 to 1020 lr:m-1 for the NHZ rocking

mode appears unrcasonably low,

The torsion mode, Vg (Az), should only be Raman active and bc of low intensity.

This explains our failure to detect this mode for NH2F2+.

The spectra of the solid salts show, in addition to the splittings frequently
observed1’31‘33-35 for MFG' salts, bands in the region 100-300 en™l. These
bands were not observed for the Raman spectrum of NHzeﬂAsFG' in HF solution,
t and are rather broad. Therefore, they are attributed tc lattice modes or

1 cation-anion interaction through XH...FM bridges. Since the spectra of these
solids were recorded at temperatures where the lattice is likely to become

rigid, the observed phenomena are not surprising. A more detailed discussion

+ 1

of these effects has previously been given for OH, salts’.

3

The unknown frequency of Vg (Az), the tentative assignment for the NH2

deformation modes, the uncertainty in the frequencies of Vg (Bl) and 2} (Al),

and the importance of the off-diagonal terms in the F matrix of the CH2F2
1 “ gzneral valence force fieldzg, do not justify a normal coordinate anaiysis

i for NH2F2+ at the present time.

Summary. The existence of 1:1:1 cdducts bctween NHFZ, HF, and SbF5 or Asl-’5
was estaoplished by the observed material balances. The ionic structures,
NH2F2+MF6', were established for these adducts by 14 and lgF nmr and vibra-
tional spectroscopy. Seven or eight of the nine fundamentals, expected for a
NH2F2+ cation of symmetry CZv’ were observed. The nature of the products,
resulting from the decomposition of these adducts, was briefly studied.

With the exception of NHF3+, all of the fluorocammonium ions are now known,
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DIAGRAM CAPTIONS

Figure 1. Vibrational spectrum of NH2F2+A5F6-. Trace A: Infrared spectrum
of the solid as a dry powder between CsI disks, recorded at -196°, Trace B:
Raman spectrum of the solid suspended in HF at -70°. Traces C, D, and E:

Raman spectrum of an HF solution, recorded at 25° at three different recorder
voltages. Traces marked by an asterisk were recorded with the incident polari-
zation perpendicular. P, dp, and S indicate polarized and depolarized bands,
and spectral slit width, respectively. For the Raman spectra, -he 4880 A
exciting line of an Ar ion laser was used, the sample containers being Teflon-
FEP or Kel-F tubes.

Figure 2. Vibrational Spectrum of NH2F2+SbF6 . Trace A: Infrared spectrum;
bands due to impurities or decomposition products were deleted. Traces B and C:
Raman spectra. Recording conditions were identical to those of Figure 1.

. Trace C is incomplete owing to sudden self-destruction of ti.2 sample during

1 the recording of the spectrum.
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