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FOREWORD 

The research reported herein was supported by the Office of Naval Research, Power 

Branch, Code 173, with Lt. R. S. Miller as Scientific Officer. This report covers 

the period 1 January 1974 through 31 December 1974. The program has been directed 

by Dr. K. 0. Christe. The scientific effort was carried out by Drs. K. 0. Christe, 

C. J. Schack, and Mr. R. D. Wilson. The program was administered by Dr. L. Grant, 

Manager, Exploratory Chemistry, and Dr. B. Tuffly, Program Manager. 
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INTRODUCTION 

This report covers a 12-nonth period and describes Rocketdyne's efforts in the 

area of halogen chemistry. As in the past years, our research was kept diverse 

and covered areas ranging from the exploration of new synthetic methods and the 

syntheses of novel compounds to structural studies. As in the past (Ref. 1) we 

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

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 

Chemistry, Proceedings of XXIV11 Internat. Congress, £, 115 (1974). 

3. "Cesium Bis(perchlorato)bromate (I), Cs+[Br(0C10-)2]"," by K. 0. Christe and 

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

4. "Reactions of the (CF-KNO 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-Preparation and Properties," by C. J. Schack, 

L>. Pilipovich, and K. 0. Christe, Inorg. Nucl. Chem. Lett., 1£, 449 (1974). 

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

K. 0. Christe, Inorg. Chem., 131, 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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8. 

v. 

10. 

11. 

"Reactions of Ozone with Covalent Hypohalites," by C. J. Schack and K. 0. 

Christe, Inorg. Chem., 13, 2378 (1974). 

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

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

"An Improved Synthesis of FC1G,," by K. 0. Christe, R. D. Wilson, and C. J. 

Schack, Inorg. Nucl. Chem. Lett., JU, 161 (1975). 

"Hsr Study of 0 * Salts.  Influence or r- cal Field Effects and Relaxation," 

by I. B. Goldberg and K. 0. Christe, Inorg. Chem., 14, 152 (1975). 

Papers in Press 

12. "Vibrational Spectrum and Force Constants of the XeF  Cation," by K. 0. 

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

15. "Titanium Tetraperchlorate and Chromyl Perchlorate," by C. J. Schack, 

D. Pilipovich, and K. 0. Christe, J. Inorg. Nucl. Chem. 

14. "Chlorine Oxyfluorides," by K. 0. Christe and C. J. Schack, Advances Inorg. 

Chem. Radiochem. 

15. "The NF * Radical Cation. Esr Studies of Radiation Effects in NF„+ Salts," 
•> 4     ' 

by S. P. Mishra, M. C. R. Symons, K. 0. Christe, R. D. Wilson, and R. I. 

Wagner, Inorg. Chem. 

16. "The BrF. Cation.  Infrared Spectrum and Force Field," by K. 0. Christe 

and R. Ü. Wilson, Inorg. Chem. 

17. "The CF 0 Anion. Vibrational Spectrum of an Unusual CF_ Compound," by 

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

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

Allg. Chem. 
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Papers Presented at Meetings 

19. ''The CF.O" and BrF  Ions and Novel Onium Salts," by K. 0. Christe, C. J. 

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

Avie.nore, Scotland (September 1974) 

20. "New Energetic Halogen Compounds," by K. 0. Christe, Invited lectures at the 

University of Southern California and the California State University, Los 

Angeles (1974). 

I 
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DISCUSSION 

PROTONATION STUÜIES 

During studies of the controlled hydrolysis of BrF. MF*" (M » Sb or As) in HF solu- 

tions, stable white solids were obtained in high yields. It was shown that in- 

stead of the expected reaction 

BrF5 + 2H20 + MFg + Br02
+MF6" + 4HF 

the following reaction took place 

HF + H20 + r^P •* H30
+MF ' 

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 thermal stability of these oxonium salts suggested 

the possible existence of other onium salts previously believed not to be able to 

exist. Consequently, the protonation of the following molecules was studied: 

NF3, NHF2, HC1, H2S, and Xe. 

For H2S, the stable salt H3S SbF6" was isolated and characterized (see Appendix J), 

Although alkylsulfonium 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 useful chemical. For example, it can be 

used as an H2S generator according to: 

H3S
+Sbr6" + H20 +  H30

+SbF6" + H2S 

In the series of fluoroammonium cations of the composition NH F . , previously- 

only the NF4
+ (Ref. 2 through 11), NHjF* (Ref. 12 and 13), and NH4+ (^.ef. 14) 

R-9662 
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cations had been known. It was of great interest to establish the stability of 

the missing two cations, i„e6, of NHF3 and NH2F2 , because a reasonable stability 

of these ions would suggest that NF. salts might be synthesized by direct fluor- 

ination of NH/ salts. It 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» snite of numerous unpredictable explosions, we succeeded to 

characterize well the NH2F*SbF6~ and the NH2F2
+AsF6" salt. These results are 

summarized 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 NF-, no evidence for protonation was found at tempera- 

tures as low as -78 C. Furthermore, attempts to fluorinate NH. AsF. in HF solu- 

tion with F- in the temperature range -78 to 25 C did not produce any fluoroammonium 

cations (see Appendix K). A direct synthesis of fluoroammonium salts is extremely 

desirable for the following reason. The NF. 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-SbF5 solution produced the unstable salt H2C1 SbF ~ 

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 NF^ 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 fluorine atom gas generator, based on NF4 BF.", was 

developed at Rocketdyne (Ref. 16). Under this program (Ref. 7) a new synthesis 

for NF^ 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 BF^", we have explored under this program the synthesis 

of NH. AsF " and other novel NF. salts. 

R-9662 
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It was found that very pure NF4*AsF,- can be prepared by uv-photolysis at -196 C 

in a small quartz or steel-sapphire reactor at a rate of —1.3 g/hr. Since BF3 

might possibly behave as a deactivator in an HF laser, we have investigated the 

synthesis of novel NF4 «.alts containing other suitable anions. Using our low- 

temperature uv-technique, the new salt (NF4 )2 GeFg" was synthesized and identi- 

fied by vibrational spectroscopy. This salt is expected to be an ideal F atom 

generator candidate. Its full characterization will be carried out during the 

current year and complete data will be given in the next annual report in manu- 

script form. For the characterisation of (NF4 )JBG&*    , a better knowledge of the 

GeFö"" anion is required. For this purpose, the salts (NO )2GeF6 " and (0- )- 

GeF. ~ were synthesized and are also being studied, 
o 

The mechanism by which NF* salts are formed and decompose (Rcf. 7) are of great 

importance for our understanding and the development of improved NF. syntheses. 

Consequently, we have studied in collaboration with Prof. Symons of the University 

of Leicester, England, the decomposition of NF* AsF6" under the influence of y- 

lrradiation. It was shown by low-temperature esr spectroscopy that NF* AsF,~ 

decomposes to yield the NF- radical cation in addition to a second slightly less 

stable radical, which is believed to be AsF6*. 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 OXYFLUORIDES 

Sicre and Schumacher from Argentina have recently reported (Ref. 18) the existence 

of three novel nitrogen oxyfluorides (i.e., FONO, NF302, and an unknown). In view 

of their potential as oxidizers, we have examined Schumacher's claim. It was found 

that the reported compounds actually are the well-known HON02, FON02, and covalent 

N2O5. These results were summarized in manuscript form (see Appendix D). 

One more effort was made to synthesize the novel (CF3)2NO* cation according to: 

(CF3)2NO • 02
+AsF6" +  (CF3)2NO*AsF6" + c>2 

R-9662 
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A previous study of this system (Ref. 19), carried out in the absence of a sol- 

vent, produced the expected ö*» but no (CF3)2NO
+ seit. This salt would be of in- 

terest since it could readily be converted into a CF3 substituted NF3O derivative 

by the following displacement reaction: 

(CF3)2NO
+AsF6" + FNO + NO+AsF6" + (CF^FNO 

The 0.,+AsF ~-(CF,)2N0 system was re-examined in the presence of WF. as a solvent. 

The products (i.e., NO AsF ~ and 0~) were identical to those previously obtained 

by us for the neat 0^ AsF,~-(CF,)~N0 system (Ref. 19). No evidence was observed 

for the formation of the desired (CF^-NO AsF,".  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 \'F,0 is quite unusual. During work with Cs CF-0" we have also re- 

corded its vibrational spectrum. It was found that the spectr.,11 of CF~0~ closely 

resembled that of isoelectronic NF.O and that the literature assignment of two 

fundamentals in NF^O was probably incorrect. Consequently, the Raman spectra of 

liquid and gaseous N'F-0 were recorded and our suspicion was confirmed. After 

completion of our work, the Raman spectrum of gaseoui NF-0 was published by Selig 

and coworkers (Ref. 20) who reached the same conclusion. A normal coordinate 

analysis was carried out for CF-ß".  It was found that the bonding in CF30~ is 

very unusual and closely resembles that in NF,0. The results were summarized in 

manuscript form (see Appendix E). 

HALOGEN FLUORIDES 

The general usefulness of K-"F2-Lewis acid adducts as oxidative fluorinators for 

the synthesis of high oxidation state compounds was examined. Schrobilgen's 

work (Ref. 21) on BrF6 MF^" salts was confirmed. We have succeeded to character- 

ize better the BrF6 cation. The infrared spectra, force constants, and X-ray 

powder data were obtained, *•- '  e summarized in Appendix H. Attempts to prepare 

either BrF^ BF^ or CIF^ Air. by this technique were unsuccessful. As yet, we 
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have not had the time to re-examine Bartlett's suspect claim (Ref. 22) for the 

formation of XeOFr
+ from XeOF. and KrF*, although the necessary starting materials 

have already been prepared. 

19 The  F nmr spectrum reported in 1972 by Züchner and Glemser (Ref. 23) and attri- 

buted to the novel chlorine fluoride oxide ClFrQ, was duplicated by us using a 

mixture of C1F. and C1F-0 with HF added to enhance the exchange rate. This is 

further support that Zu'chner and Glemser's report is incorrect (see Appendix A). 

The literature method (Ref. 24) for preparing FCIO- was improved. Furthermore, 

Jache'i claim (Ref. 25) for a high yield synthesis of FC102 from C1F and 0- was 

examined and found to be incorrect. The results from this study are summarized 

in Appendix K. 

A structural study of CIF^O by microwave spectroscopy in collabroation with Dr. 

Lovas of NBS gavo 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 corrosive oxidizers. 

An extensive review was written on chlorine fluoride oxides for Advances in In- 

organic and Radiochemistry which was solicited by Prof. Emeleus. The writing of 

this review greatly benefits from our expertise in this field acquired under ONR 

sponsorship. The manuscript is giver, as Appendix A. 

In collaboration with Prof. Edwards of the University of Birmingham, England, an 

X-ray crystal structure determination of (BrF2 )2 
GeFA ~ has been completed. The 

data have been refined and are in the process of being written up in manuscript 

form. 

02   SALTS 

Dioxygenyl salts are of great potential for solid-propeilant 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 
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species with halogen fluorides (Ref. 1). Since for the latter study, esr spec- 

troscopy was used as a diagnostic tool, the esr spectra of O2 salts had to be 

investigated first. This work was done in collaboration with Dr. Goldberg fron 

the Rockwell International Science Center and produced interesting results con- 

cerning crystal 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 (bF,, which in turn had to be synthesized by low-temperature 

glow-discharge. IVe have now found that these salts can conveniently be prepared 

by uv photolysis of CH-Fi-hewis acid mixtures at -78 C.  B> this technique we have 

prepared the known 0^ BF4~ (see Appendix G) and the novel (0- )0GeF ~~ salt. 

INORGANIC PERHALATES 

Covalent metal perchlorates have potential as burning rate modifiers for solid 

propellants. In addition to 'FÜ^CIÖ^* and CrChtClO,}^ (Ref. 1), we have now syn- 

thesized VÖ(C1Ö4J3 according to: 

VOClj + 3C1,04 - 3C19 + V0(C104) 

This perchlorate is an orange-yellow, viscous liquid at room temperature. Its in- 

frared 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 for decomposition according to the equation: 

2VO(C104)3 -** V205 + 3C12 + 10.5 0 

The reaction of CoCl^ and C1,04 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 Cl_ by-product had formed. This is 
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indicative of a very slow reaction and perhaps also of only a surface reaction of 

the solid CoCl,. Similar results were obtained with CrClj and NiCl2 substrates, 

while MnF- did not react at all. Obviously, a common solvent is required to pro- 

mote these reactions. 

We have also examined the synthesis of fluorine perbromate according to: 

Cs*BrO." • F, + CsF • FOBrO. 
4    2 3 

Several reactions were carried out at temperatures ranging from -50 to -20 C, 

but no reaction occurred. 

FLUOROCARBON PERCHLORATES 

We have continued our studies (Ref. 1) of fluorocarbon perchlorates. These com- 

pounds hold promise as energetic plasticizers in solid-prope.llant formulations. 

Of particular interest was the reaction of C10C10., with aromatic fluorocarbons. 

The reaction of C^Fj-Cl and chlorine perchlorate was examined aid found to parallel 

that of C6F6. Thus a bis-Cl-0. adduct was obtained. 

C6F5CI * 2c:2o4 * c6F5cij(cio4)2 

This reaction occurs by Cl and CIO. addition across two of the 'double bonds" of 

the aromatic ring. The third "double bond" remains unaffected and the product is 

thus a cyclohexene. In addition to the material balance of ehe synthetic reac- 

tion, the nature of the product was established by its infrared, mass, Raman, and 
19 19 

F nrnr spectra. In particular the  F nmr spectra show« that five different types 

of fluorine are present as expected for a single isomeric product. However, the 
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exact position of the various substituents is unknown. The two most likely iso- 

mers are: 

CIO, 

A sample ot the new perchlorate of the empirical fon.mla, CA:A (C10A^t  was pre- 

pared from uf-.I and Cl.,0.,  This solid was slightly yellow and sticky but ap- 

peared crystalline. As before (Rei. 1J, it proved difficult to handle; a few crys- 

tals detona'tfd under the action of a spatula. The rtaman spectrum of the compound 

has now been obtained on a freshly prepared sample using low-temperature conditions 

to preclude decomposition in the laser source. The spectrum clearly showed the 

presence of the I (CIO.) " anion. Thus this iodo bis-perchlorate should actually 

be formulated as [C.F-j^I I(CIO,J, ].  Similar spectral data were previously ob- 

tained for the alkyl analogues, [(i-C,r.)^I+I(CIO )4~] and [(n-C7F15)2I
+I(C104) "]. 

Therefore, all the iodo-perchlorate adducts isolated to date are in reality, salts 

of the I(CI01)1 anion. Detailed results will be given in the next annual report 

in manuscript form. 

DIFU.NCTIONAL FLUOROCARBOXS 

Di. functional fluorocarbons are important as cross-linking agents for polymers. We 

have now studied the usefulness of our previously discovered (R.ef, 1) chlorine 

fluorosulfate reaction chemistry for the synthesis of uifunctional fluorocarbons. 

The reaction of chlorine fluorosulfate and fluorocarbon bromides resulted in: 

BrCF2CF2CF2Br + 2C1S03F - FOjSCF^F.p^SOjF • 2BrCl 
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The fluorosulfate derivative was used in turn to prepare the acyl fluoride: 

0        0 

FO3SCF2CF2CP2S03P J£~   2S0J?2 ^CCFgC^ 

19 All materials were identified by infrared, mass and  F nmr spectra. Detailed re- 

sults will be given in the next annual report in manuscript form. 

MISCELLANEOUS STRUCTURAL STUDIES 

A structural study of the covalent halogen nitrates C10N02 and I (ONO-)- was car- 

ried out using vibrational spectroscopy.  It was shown that in C10NO-, contrary 

to general belief, the Cl atom is not ccplanar with the ONO. group. For compari- 

son, the Raman spectra of FNO- and C1NÖ- were also recorded. These results are 

summarized in Appendix C. 

We have thoroughly re-examined the vibrational spectra of SF. and SF.O. 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 of the gas, liquid, and solid phases, and h^ve de- 
32 34 termined  S- S 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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I.  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, 0-C10F, have not been included. Data on 0-C10F 

were summarized in a recent review on inorganic hypofluorites (180). 

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 chloryl fluoride, FCIO-, 

and perchloryl fluoride, FC10,. Since the writing of these reviews, three of 

the four possible remaining chlorine oxyfluorides, i.e., FC10, F-C10, and 

F-C102, have been characterized, and claims have been made for the synthesis of 

the fourth one, CIF-O. 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 Inorganic 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. In the Appendix, full tables of 

thermodynamic properties are given for each compound, where known. 
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II. General Aspects 

Since most of the physical and chemical properties of tho chlorine oxy- 

fluorides can be xeadily correlated with their molecular structure, we shall 

briefly discuss some of the more general aspects. 

A. Geometry 

As can be 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) by 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 unknown (68) 

C1F.02" anion. By comparison with the known structures of the pseudo- 

isoelectronic IF-O^" C45» 93)and TeF.02" (260), anions, the two oxygens in 

C1F.02" should also be in eis and not in trans position. In these and similar 

oxyfluoride anions, such as SFgO" (65) or CF-0" (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 XF^O", the fluorine trans to the less electronegative 

ligana appears to be more weakly bonded than the remaining fluorines. This 

is plausible from molecular orbital arguments. Therefore, for XF.O- the 

structure with two oxygen atoms trans to two fluorines and eis 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 oxygen > fluorine, the observed bond angles de- 

viate somewhat from those expected for the ideal geometries. Typical examples 

arc FC102 and FC10, (see Figure 1). 
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The structure of radicals and radical ions can also readily be 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 corresponding anion with identical fluorine and oxygen ligands 

(see Figure 2). Similarly, the structure of a radical cation should be analogous 

to that of the corresponding molecule having the same ligands. For a radical 

anion, however, the additional sterically active valence electron will increase 

the coordination number around the central atom by one.  This should result in 

a geometry resembling that of the anion containing one F ligandmore, but in 

which one F ligand is replaced by the sterically 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 structures are simple and can be 

logically predicted if one keeps in mind that free valence electron pairs on 

the central atom are sterically active and behave as a ligand. For 3, 4, 5, 

and 6 ligands always the sterically most favorable 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.  In a trigonal bipyramid 

the two axial positions are occupied by the most electronegative ligands, i. e., 

F atoms. In octahedrons of the type XFgA only one arrangement is possible. 

For XF.AB 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 0 atoms,  the eis arrangement appears more favorable  (see above).    The 

case of the pentagonal bipyramid is not of practical interest since it appears 

tr.'C the coordination number around a high oxidation state chlorine central atom 

is limited to a maximum of six. 

C.    Relative Bond Strengths 

Unfortunately,  exact bond lengths are known only for FCIO^  (220)  and 

FC10- (72).    However, complete vibrational ipectra have been published for 

essentially all of the chlorine oxyfluorides.    These can be used for the eval- 

uation of the corresponding force constants.    Since the latter are a good measure 

for the relative strengths of these bonds,  their comparison is interesting.    As 

can be seen from Table I, the CIO bonds all possess more or less double bond 

character.    The variation in the values of the CIO stretching force constants 

is mainly due to th^ 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 number of fluorine ligands tend to increase the CIO stretching force 

constant (57).    In contrast to the CIO bonds, the C1F bond strengths are subject 

to much larger changes.    These strong variations cannot be explained anymore by 

such effects as listed above for the CIO bonds or by the Gillespie-Nyholm valence 

shell electron pair repulsion  (VSEPR) theory  (118) alone.    By analogy with the 

halogen fluorides  (49)  it is necessary to assume contributions from two different 

kiiulb of bonding.    In addition to the normal  covalent bonds possessing a bond 

order of about one, the occurrence of semi-ionic 3 center - 4 electron bonds 

(130,   232,  243) must be invoked.    The principle of a semi-ionic 3c-4e bond    is 

demonstrated in Figure 3.    For simplicity, CIF2"  (63) was chosen as an example. 

Ideally, the two F-ligands form two semi-ionic 3c-4e [p-p] a" bonds with on» p 

electron pair of the chlorine central atom,  while the free Cl valence electron 

pairs  form an sp   hybrid. 
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Instead of using this semi-empirical molecular orbital model, the bonding 

in C1F2~ can also adequately be described in the valence-bond representation (76) 

as a resonance hybrid of the following canonical forms:  (F-Cl) F~ and F(Cl-F). 

This results in the same average charge distribution as in the molecular orbital 

-1/2    -1/2 
model, i.e.,    F-Cl-F   . A third and the most simple bond model, proposed 

by Bilham and Linnett (29) for XeF- which is pseudo-isoelectronic with CIF-', 

assumes single electron bonds for each X-F bond.  It is relatively immaterial, 

which of these three descriptions is preferred since all of them result in the 

same charge distribution and a Cl-F bond order of about 0.5. 

As can be seen from Table I, these weak C1F bonds occur 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 VSHPR 

theory, the following general rule has been proposed by Christe (49), which 

permits the prediction of whether, and how many, semi-ionic bonds r^re to be 

formed: 

"The free valence electron pairs on the central atom seek high s-character; 

i. e., sp hybridization. If the number of ligands is larger than 4 and one or 

more of them are free valence electron pairs, then as many F ligands form linear 

semi-ionic 3 center -4 electran bonds as are required to allow the free electron 

pairs to form an sp hybrid wit*? the remaining F ligands.  These semi-üo"ic 

3c-4e bonds are considerably weaker and longer than the mainly "covalent" .->p 

hybrid bonds." 

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 I reveals that the C1F 

stretching force constants of FCIO« and FC10 are significantly lower than ex- 

pected from the above discussion. In particular, if the known C1F stretching 
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force constants and bond distances within the pseudo-tetrahedral series FC1, 

FC10, FC10.,, FC107 are compared (see Figure 1 and Table II), it becomes obvious 

that the C1F bonds in FC10 and FCIOL are abnormally long and weak. Application 

of the rules discussed above is of no help in explaining the observed trend. 

However, if a simple molecular orbital description, similar to that proposed by 

°-^atley and Pimentel (274) for FNO and F202, is used, the data can be rational- 

ised. The molecules FC1, FC10, FC102, and FC103 can be thought of as being 

derived from the combination of an F atom with the Cl, CIO, CICU, ard ClO^ 

radicals, respectively. This hypothetical bond formation involves a 2p electron 

of the fluorine atom and the unpaired electron of the Cl containing radical. If 

according to the example of (NO)- and (CN)2, given by Sprat ley and Pimentel (274), 

the unpaired electron occupies an antibonding (IT*) 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 r.l  and 

CIO- occupies a bonding orbital, the resulting Cl-F bond in FC1 and FCIO-, 

respectively, should be strong, whereas those in FC10 and FC10-,, derived from 

CIO and C102, respectively, with an antibonding (IT*) electron (193), should be 

weak. These predictions are in excellent agreement with the d3t.a of Table II* 

As a consequence of the high electronegativity of fluorine, most of the electron 

density in the antibonding (ir*) orbital of CIO or C102 is transferred to the 

F atom. For FC10 and FC102, this results in a long and highly polar C1F bond 

with a significant negative charge located on P. Since at the same time electron 

density is removed from an antibonding orbital of the  CIO part of the molecule, 

the bond strength of these CIO bonds is increased. As pointed out by Chi and 

Andrews (47) for C1C10, there is a marked difference in behavior between 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 XY stretching frequencies usually 

increase upon combination of XY with a halogen radical. For first row element 

central atoms, the corresponding frequencies usually show a slight decrease. It 

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

s- «+ 
of the type F-XY results provided the unpaired electron in the XY parent 

radical occupies an antibonding orbital. Supporting evidence for the above pos- 

tulated charge transfer from XY to F was recently given by Parent and Gerry 

(220) for FC102. 

In summary, three types of bonding are invoked to rationalize the remarkable 

differences in Cl-F bonds encountered for chlorine fluoride oxides. These are: 

(i) conventional mainly covalent bonds, (ii) weak semi-ionic three center- 

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

in mind, however, that all these bond descriptions are idealized extremes, used 

mainly for didactic reasons. The actual bonds can contain significant contri- 

butions from more than one kind of bonding and as a consequence, there is little 

black and white, but many shades of grey. Obviously, other bond models can also 

be used, as long as they adequately account for the experimental data. The steady 

increase in our knowledge about these compounds is bound to result in significant 

improvements of these rather empirical and intuitive bond models. 

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

In many respects the chlorine oxyfluorides resemble 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 be so much a function of the relative acidity of 

the parent chlorine oxyfluoride, but rather depends on the structure of the 

amphoteric molecule and of that of the 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 C1F-0 (64), exhibits a pronounced 

tendency to form either a stable pseudo-tetrahedral cation or a pseudo-octahedral 

anion according to: 

-, + 

I 

w P 

-F F 

I 
Cl 

I 

•F 

F "*„  •" F *cir 
F^ |j ^F 

0 

On the other hand, tetrahedral  FC10, does not form any adduct with either 

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

0 

vC1 

-F" F 
I 
Cl 

0 

^ 

• F" 

0= Cl 
I 
F 

v** 

Similarly, the chemical reactivity of these two chlorine oxyfluorides differs 

vastly. Whereas C1F-0 is extremely reactive and cannot be handled even in a well 

dried glass va „uum system, FC10_ reacts only slow.1y with water. 

III. Particular Compounds 

A. Chlorine Monoxide Mono'/luoride, FC10 

According to Ruff and Krug (242) FC10 is formed during hydrolysis of C1F_ 

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. 

Herab and coworkers (137) have proposed the formation of FC10 as an intermediate 

in the thermal decomposition of FC10-. More recent studies by Bougon and 
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coworkers on the hydrolysis of C1F_  (9,  36),  by Christ« on the reaction of C1F- 

with HQNO-  (53) and on the reaction of C1F-0 with SF.   (60),  by Pilipovich et al. 

on the photo-chemical  synthesis of C1F-0   (228), and by Schack et  al.on the re- 

action chemistry of C1F-0    (246).   all pointed to the  formation of FC10 as  an 

intermediate, unstable with rcspc.t  to disproportionate according to: 

2FC10  • FC1()2 • C1F 

Attempts to stabilize the intermediately formed FC10 by complexing with a strong 

Lewis acid, such as AsF,. to give CIO AsF ~ were also unsuccessful. Thus the 

controlled hydrolysis of C1F- AsF," with stoichiometric amounts of Ho0 in HF 

solution resulted only in the formation of CIO- AsF," (53). This is not sur- 

prising since Lewis acids are known to catalize such disproportionation 

reactions. 

Recently, Cooper and coworkers succeeded in obtaining direct evidence for 

the existence of free FC10 in the gas phase (74). During a study of the hydro- 

lysis of excess C1F_ in a flow reactor, a novel species was observed in the 

infrared spectrum showing a PQR band centered at 1032 cm" . The species causing 

this band was found to decompose at ambient temperature with a half life of 

about 25 seconds into FC102 and C1F.  If an excess of H^O was used in the hydro- 

lysis, no FC10 but the expected (9, 36) CIO- 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 (2200-3600Ä) of argon matrix isolated C1F and 0, in the 

temperature range 4-i5°K. All three fundamentals expected for a bent FC10 

molecuJe were observed and their assignment to FC10 was confirmed by the 

18      3"' 
measurement of the  0 and * 'Cl isotopic shifts (see Table III) 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- 

pect this angle to be less than the tetrahedral angle of 109°, but larger than 

that found for C1F2
+ (103.17° in ClF2

+AsF6" (181) and 95.9° in C1F2* SbF " (88))/ 

The small size of the molecule, its high dipole moment, the naturally occurring 

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

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

The force field reported (5) for FC10 allows some conclusions concerning 

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

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

in Table I makes the FC10 value appear surprisingly low. However, when com- 

pared to species of similar oxidation state and geometry (see Table V), FC10 

exhibits a value very much in line with our expectations for a CIO double bond. 

The C1F bond is relatively weak indicating that contributions from resonance 

structures such as II are significant as is also the case in the related FC10? 

molecule. 

81 If] 

15* 

I II 

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

discussed above (Section II, C) in terms of a (p-ir*)o bond. 

B. Chlorine Trifluoride Oxide, CIF^O 

F 

I— cu 

p 

Chlorine trifluoride oxide was discovered in 1965 at Rocketdyne by Pilipovich 

st al.   (226,  231).    However,  these results were not published until  1972 owing 
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to classification. The same compound was independently discovered in 1970 by 

Bougon and coworkcrs (37, 39). A minor modification of Bougon's synthesis by 

Ziichner and Glcmser also produced (300) C1F-0. All the data on C1F_0, except 

for the short note by Zuchner et al., were obtained either at Rocketdyne or at 

the Centre '''Etudes Nuc lea ires  de Saclay. 

Owing to its pseudo-trigonal bipyramidal  structure with two highly polar 

Cl-F bonds,  C1F-0 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 mutes to C1F,0 were developed at Rocketdyne  (226,  228- 

231,  240).    One of these involves the fluorination of Cl-0 at  -78° according to: 

2F2 + C120  C1F30 • C1F 

3F2 + C120   ~   C1F30 +  C1F3 

When no catalyst  is used or if KF and NaF are present  as catalysts,   C1F is the 

main by-product.    When the more basic alkali metal  fluorides,  RbF and CsF,  are 

used,  ClFj is the favored coproduct.    The formation of C1F- rather than C1F is 

presumably associated with the more ready formation of C1F2" intermediates with 

RbF and CsF.    Yields of C1F_0 from Cl-0 are rather variable and may be affected 

by the particular alkali  fluoride present.    Yields of over 40% have been con- 

sistently obtained and have reached over 80% using either NaF or CsF.    Since 

NaF does not  form  (64)  an adduct with C1F-0,  stabilization of the product by 

comple:: formation does not  seem to strongly influence the C1F_0 yields. 

Owing to unpredictable explosions experienced with liquid Cl-O»  attempts 

were made to circumvent the Cl-0 isolation step.    For this purpose,  the crude 

Cl-0,  still absorbed on the mercuric salts,  was directly fluorinated.    Again, 

ClF.,0 was forced,  but its yield    was too low to make this synthetic route 

attractive. 
R-9662 
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The fluorination of solid Cl-0 to C1F-0 proceeded at 

temperatures as low as -196° provided the fluorine was suitably 

activated by methods such as glow discharge. Unactivated fluorine 

did not interact with C120 at -196°. The relatively low yield of 

C1F-0 (1 to 2%) makes this modification impractical. 

The low-temperature fluorination of NaCIO- produced 

C1F,0 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 C1F..0 on a larger scale involves the fluorination of chlorine 

nitrate at -35° according to: 

2F2 • C10N02  C1F30 + FN02 

The main advantages of this process are:  (1) less fluorine is re- 

quired than in the fluorination reactions of O20 yielding CIF^ as 

a coproduct, (2) the great difference in the volatilities of the 

products FN02 and C1F,0(AT,  * 100°) permits an easy separation by 

fractional condensation and (3) chlorine nitrate can be made more 

conveniently and, most importantly, does not appear to be hazardous 

in its handling.  The yields of C1F-0 using C10N02 as a starting 

material are somewhat higher than those from C1~0. 

*. f 
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In the fluorination of both Cl-O and ClONO-, side reactions 

compete with the actual fluorination step. These 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 appears to be favored and little 

or no CIF^O is formed, resulting in rapid, rather uncontrolled 

reactions. Apparently, thermal decomposition preceding the 

fluorination step yields only intermediates incapable of pro- 

ducing CIF^O. Thus, in order to maximize the desired fluorination 

reaction, long reaction times at low temperature (T<0°) are 

indicated. 

A conxenient laboratory method for the synthesis of C1F-0 

involves the uv photolysis of systems containing Cl, F, and oxygen 

containing starting materials.  At Rocketdyne (228, 230, 240) 

C1F-0 was prepared from seven different systems, including a direct 

synthesis from the elements Cl-, F2, and 0?. Bougon et al. 

(37, 39) obtained CIF^O in high yield from C1F, + 0Fo. The 

latter synthesis was modified by Zuchner et al. (300) by 

replacing C1F> with C1F-, 
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In small scale operations, C1F.0 can conveniently be purified by complex- 

ing it with KF at room temperature. Impurities such as FCIO-, which do not form 

an adduct under these conditions can be pumped off. Pure C1F,0 can be obtained 

by vacuum pyrolysis at 50-70Q, whereas compounds, such as ClFj, which form a 

more stable KF adduct remain complexed (226). 

A detailed kinetic study of the photolyses of the C]Fj-02 and of the 

Cl2-F2-02 system was carried out by Axworthy et al. (10). Contrary to the ori- 

ginal report (228), the rate of C1F-0 formation wi <? demonstrated to be the same 

for both systems, to increase with 0„ concentration.and to be independent of the 

irradiation time (see Figure 4). Furthermore, the rate of C1F-0 formation was 

shown to be proportional to the intensity of the 1847Ä band of the Hg spectrum 

indicating that the dissociation of CL to two ground-stPte, p, oxygen atoms 

is the primary photochemical process. The following mechanism was proposed which 

requires the photochemical dissociation of CIF^ as well: 

o2        
h^1847*>.    0*0 

C1F        hv(2000-3500Ä\   C1F- + F 

0 + C1F2    C1F2C 

C1F20 + F2    "C1F3° + F 

The photolysis of CIF, was investigated under similar conditions. A photo- 

chemical steady state was quickly achieved whe'.fc [F-] -  [C1F] = ct[ClF-] 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 0F2 (113) explain why 

CIF^O can be readily generated by the photolysis of so many different starting 

materials. 

2. Molecular Structure 

Although the exact geometry of C1F-0 has not yet been established, its 

19 
approximate structure is known from vibrational and  F nmr spectroscopy. 
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Its uv spectrum has also been reported (228). 

19 
The  F nmr spectrum of C1FT0 was studied by several groups.  A single 

signal at • - -202 (220) or -253 (300) ppm was reported for liquid ClFjO.  For 

the gas, a singlet at <t> = -327 ppm was observed (226). From nuclear relaxation 

time measurements Alexandre and Rigny (3) were able to determine the chemical 

shift difference between the equatorial and the two axial fluorine atoms as 

50*2 ppm. They also obtained a value of 195 Hz for the mean Cl-F coupling 

constant and values for the exchange time between the fluorine atoms. 

Vibrational spectroscopy (39, 55, 300) provided the best evidence for 

C1F-0 possessing a pseudo-trigonal bipyramidal structure of symmetry C , in 

which tvo fluorines occupy the axial and one fluorine, one oxygen, and a 

sterically active free valence electron pair occupy the equatorial 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 C1F-0 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 C1F-0 and a modified valence force field was computed (55) 

35    37 
using the observed  Cl -  Cl isotopic shifts. Table VII summarizes the in- 

tf»rna1 force constants thus obtained. The geometry of ClF.,0 assumed for this 

computation was D(C10) = 1.42, R(C1F ) = 1.62, and r(ClF ) = 1.72Ä based on 

the known geometry of C1F- 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: a (0C1F ) = 120 and 

ß (OOF) = Y(PCIF') = 90°. However, increased repulsion from the free valence 

electron pair on chlorine and the double bonded oxygen should cause some de- 

viations from this ideal structure (see Section II, A). 
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The force constants of greatest interest are the stretching force con- 

stants. The value of 9.37 mdyn/Ä obtained for fcl_0 is similar to those 

computed for FC102 and C102* (see Table I) indicating double bond character. 

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

f is almost identical with that of 2.34 mdyn/*, previously calculated (o3) for 

C1F-*. The corresponding interaction constant, f . is also very similar for 

both species. The relatively low value of f in C1F2~ has previously been 

interpreted (63) in terms of semiionic three-center four-electron bonds. The 

same reasoning holds for the axial C1F bonds of C1F„0.  It should be pointed 

out, however, that in C1F-0, enhancement of the ionic character of the axial 

C1F 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 

C1F bond of C1F.0 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 II, C and suggest that the 

overall bonding in C1F-0 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 C1=0 double bond) is 

2 
mainly due to a sp hybrid, whereas the bonding of the two axial Cir bonds in- 

volves mainly one delocalized p-electron pair of the chlorine atom for the 

formation of a semiionic three-center four-electron pa bond. 

3. Physical Properties 

Chlorine trifluoride oxide is colorless as a gas or liquid and white in 

the solid state. Some of its properties are summarized in Table VIII. The 

vapor pressure of the liquid can be described according to the Rocketdyne 

study (226) by the equation. 

log ?{m)  - 8.433 - ^~ 
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or according to Bougon et al. (39) by the equation 

lo* P(n11») • 8-394 - S% 

Vapor density measurements (39, 226) and mass spectroscopy (226, 300) 

were used to show that C1F-0 is monomeric in the gas phase. The relatively 

high boiling point and Trouton constant of C1F-0 imply its association in the 

liquid phase. More specific evidence about the nature of this association 

was obtained from the vibrat^onal spectra recorded for the liquid and the 

solid and from a controlled diffusion experiment carried out for matrix 

isolated C1F-0.  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 SF. and C1F-. 

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 ambient 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 C1F- and 

C1F_. When heated to 280-300° in a Monel cylinder (39, 226), or to 200° in a 

stainless steel cylinder, or to 350° in a flow system (226-, C1F_0 decomposes 

according to 

C1F30  ^ C1F3 + 1/2 02 

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 compounds 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 C1F-0 end chlorine, chlorine fluorides, chlorine 

oxyfluorides, and the nitrogen fluorides, FNG. FNO, WFj, and N2F4 (246). 

However, elevated temperatures 01 uv photolysis have resulted in appreciable 

reaction of all compounds examined. With Cl2 nc interaction was detected at 

25°, but at 2ö0° the following reaction occurred 

ClFjO + Cl2 - 3C1F + 0.502 

Chlorine monoxide and C1F,0 reacted slowly at room temperature (246) according 

to: 

C1F30 + C120  2C1F + FC1CL 

Similarly, C10SCLF interacts with C1F-0 (246) according to: 

C1F30 + 2C10S02F  «• S2°5F2 * FC102 * 2C1F 

and  C1F30 + ClOSCy  «• S02F2 + FC102 + C1F 

All these reactions can be rationalized in terms of a reduction of C1F,0 to the 

unstable FC10 (see Section III, A) which readily decomposes to FC102 and C1F. 

At elevated temperature FC102 can decompose further to C1F + 02 (24, 137, 183). 

Several reaction systems were discovered in which, in addition to fluori- 

nation, oxygenation also occurred. These include SF. (60); U^A* HNp2* and 

F2NCF0 (246, 248); and MoF- (35). In the following equations, the end products 

observed for the SF.-C1F-0 reaction are underlined: 

CsF 
r      ~'4   25' 

2FC10   -   FC102    • C1F 
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SF,  + C1F     ——-   SF-C1 4 5 

SF„ + C1F,0    SF„0 + C1F, 4 3 4 3 

SF4  + ClFj    -   SF6 + C1F 

In the MoFr-CiF-0 system, both MoF.  and MoF40 were formed followed by adduct 

formation.    With N2F*,  an appreciable reaction rate was observed only above 

100° according to: 

C1F_0 + 2N' F.  3NF, +  FNO + C1F 3 2   4 3 

In addition to these products, small amounts of NF-0 were obtained. The yield 

of NF.O from this reaction system could be increased to about 5% when uv irra- 

diation was used. Higher yields of NF^O (V70%) could be obtained at low 

temperature from HNF2 anc* ^1F3^ according to: 

C1F30 + 2HNF2 - [FC10] + 2HF • 2NF2' 

2NF2* + [FC10]  NF2C1 + NF30 

with the side reactions: 2NF2* •- N2F. 

2[FC10]  - C102F + C1F 

C1F + HNF2  HF + NF2C1 

The reaction between difluoraminocarbonyl fluoride, F2NCF0, and C1F-0 

yielded again NF_0 and C1NF2 in nearly equimolar amounts. However, the yields 

were much lower (20% based on C1F-0 consumed) with NLF. being the main N-F 

containing product. 

One reaction was discovered (246) in which C1F-0 did not act as an 

oxidizing but as a reducing agent. With the powerful oxidizer PtF6 it reacted 

according to 

C1F30 + PtF6  ClF20
+PtF6" + 0.5F2 

The interaction of CIF^O with HF, resulting in a fluoride ion abstraction to 
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give the ClF.,0 cation (38) will be discussed below. With H90 an excess of 

chlorine trifluoride oxide hydrolyzes (226) according to: 

ClFjO + H20  —- FCi02 + 2HF 

Mixtures of C1F.0 and C1F5 (225) hold promise as an oxidizer in rocket propulsion. 

As discussed in Section II, D, C1F-0 has an energetically unfavorable 

pseudo-trigonal bipyramidal structure. Consequently, it exhibits a pronounced 

tendency to form adducts with bot'.i 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: BiF5, SbF5, AsF5, PF5, 

TaF5, NbF5, VFg, PtF$, UF5, MoF40, SiF4, BF3, and HF. With WF40 and UF40, 

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

a stronger Lewis acid than MoF.O. This is caused by the increased tendency of 

WF.O to enter the following oxygen-fluorine exchange reaction: 

C1F 0 + MF.O  FC102 + MF (M=W or U) 

Adducts containing the C1F-0" anion (see Section III, D) were prepared (56, 64, 

300) by reaction of C1F.0 with the Lewis bases CsF, RbF and KF. With the 

weaker bases FNO and FN02 it does not interact even at -95° (64). 

C. The Difluorooxychloronium (V) Cation, C1F20* 

Compounds containing the C1F20 cation with the following counterions are 

known: BiF ~, SbF "» Sb^F. " AsF ", PF6", TaF ~ Nt>F6~, 
VF6~* PtF6~* UF^"> 

SiF6"", BF4", HF2", MoF$0",  and Mo2Fg02"    (33^35, 38, 59, 64, 246, 300). 

1. Synthesis 

With the exception of the PtFfi salt which was prepared from C1F.0 and 

PtF, (246 and Section III, B, 4), all the other salts were prepared by direct 

combination of C1F-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 
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a large excess of C1F.0 or anhydrous HF as a solvent to avoid polyanion for- 

mation (33-35, 64). 

2. Molecular Structure 

The ionic nature of C1F-0*Lewis acid adducts was established by vibra- 

19 
tional (35-35, 38, 59, 300) and  F nmr (61) spectroscopy. 

The nmr spectrum of C1F-0 AsF," in anhydrous HF showed (61) the 

characteristic quadruplet of AsF." at $ = 67.5 ppm in addition to a single 

signal due to rapidly exchanging HF and ClF.,0 . Upon acidification of the HF 

solvent with AsF5, a separate signal at <£ = -272 ppm was observed for C1F20 

in addition to a single signal due to HF,AsF ~, and AsF_. For C1F-0 PtF " 

in HF the C1F90 signal was also found at <j> = -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 intensities 

similar to those shown in Table IX. These are characteristic for the CIF-O 

cation. The vibrational spectrum of C1F20 closely resembles thai 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  region.  Recent Raman polarization measurements (34) have shown 

that the 400 cm  band belongs most likely to v (A') and the 380 cm" band to 

v6 (A"). 

The spectroscopic evidence is consistent with the following structure of 

symmetry C for C1F'20 

Cl 

F 

V 
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A normal coordinate analysis was carried out (59) for CIF^O assuming the 

following geometry: RclQ = 1.41Ä, rclp = 1.62Ä, ß(OClF) -  108°, and 

a(FClF) = 93°. A modified valence force field was computed and the results 

are given in Table X. As can be seen from Table I, the CIO stretching force 

constant of C1F20 exhibits a high value, implying that the positive charge 

in C1F-0 is partially located on the oxygen atom and that contributions from 

resonance structures such as (II) are significant. 

Cl 

*7 V 
F F 

(I) (TI) 

The C1F stretching force constant of C1F-0 is within the range expected for 

a predominantly covalent C1F bond (see Table I and discussion in Section II, C). 

3. Properties 

Except for the following salts, the above listed C1F20 salts are stable, 

white, crystalline solids. The UF " salt is b?ue green and of marginal stability 

at ambient temperature. In HF solution or during exposure of the solid to a 

'»ser beam the UF/ anion is slowly oxidized by C1F20* to UF& (33). For MoF5 

tiiis instability of the pentavalent metal towards oxidation to the hexavalent 

state is even more pronounced. When C1F,0 and MoF<. are combined no stable 

MoF ~ salt is formed, but MoF, and MoF.O are the products with the latter being 

capable of forming stable adducts (35). The C1F-0 PtF ~ salt is a canary yellow 

solid (246). The VF^ and PFr adducts exhibit dissociation pressures of 2.5 and 

3.5 mm, respectively, at room temperature (33, 34). The (CIF-O*). SiF ~" salt 
i.       2   o 

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

at 51° and its dissociation pressure can be represented (64) by the equation 
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2712 3 log pmm = 11.8018 -     £;:J 

mm T(  KJ 
0 -1 From these data,  the heat  of dissociation,  AH, = 37.24 kcal mo!     ,   and the 

0 -1 heat of formation of the solid adduct,  AH- 2Q~ =  -495.7 Kcal  mol      were ob- 

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

precise value of -35.9 kcal mol       for the heat of formation of gaseous 

C1F-0  (see Table VIII).     The adduct melts under its own vapor pressure at 

50.5°   (300). 

The Raman spectrum of a solution of C1F-0 in anhydrous HF shows no bands 

due to C1F 0 but only those of C1F?0    in agreement  with the  following ioni- 

zation scheme   (38): 

C1F30 + HF     C1F20* + 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:    SbFt.>AsFc;
> 

BF3>VF5>PF5>SiF4>HF  (33-35,  38,  64).    The ClF20+MoF50" salt,  when heated in 

vacuum to 75-80° or when dissolved in anhydrous HF,  is converted to C1F90 

Mo2F„0 ~ and C1F.0.     It was  shown by Raman spectroscopy that this reaction is 

reversible.     Heating of these compounds to higher temperatures  results  in 

decomposition to MoF.O and C10*  salts of MoF.O  (35). 

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

and the BF-"   (64) adduct and were tentatively indexed in the orthorhombic 

system. 

P.     The Tctrafluorooxychlorate   (V)   Anion,   CIF^O" 

The existence of adducts betwcn C1F-0 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 C1F.0 anion. 

1. Synthesis and Properties 

Chlorine trifluoride oxide was found (64) to readily combine with the 

alkali metal fluorides, CsF, RbF or KF, at room temperature to form w'dte stable 

adducts. High conversion to the 1:1 adduct appears to be easiest for CsF. The 

use of a large excess of C1F,0, agitation, and extended contact times are con- 

ducive to near complete conversions. These alkali metal C1F.0" salts have 

found use in the purification of C1F.0 (226). The thermal stability of the 

adducts decreases in the order CsF>RbF>KF. For example, the KC1F.0 salt can be 

decomposed by vacuum pyrolysis at 50-70° (226), whereas a much higher temperature 

is required for the pyrolysis of CsClq.O. 

2. Molecular Structure 

The ionic nature of these adducts and the structure of the C1F.0" anion 

were established by vibrational spectroscopy (56, 300).  It was shown (56) that 

the observed vibrational spectrum (see Table XI) is consistent with the following 

structure of symmetry C. : 

Cl^ 

0 

A normal coordinate analysis was carried out (56) for C1F.0" assuming the follow- 

ing geometry: D(C10) = 1.42ft, r(ClF) = 1.75ft, and all bond angles being 90°. 

The internal force constants obtained are listed in Table XII. Comparison with 

the stretching force constants of other chlorine fluorides oxides (see Table I) 
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shows that the CIO bond in C1F.0    has   full  double bond character,  but  that the 

C1F bond is a rather weak semi-ionic  3 center-4 electron bond.    This implies 

that  the  formal  negative charge in C1F.0"  is distributed almost exclusively 

over the four fluorine ligands.    Resonance structures of the following type 

can be used to describe this effect: 

F I        F 

IFJ      IN 
""        0 

Cl' 

II 
0 

I-l {-) etc 

E. Chlorine Pentafluoride Oxide, CIF^O 

The synthesis of CIF^O was claimed in 1972 by Zuchncr and Glemser (300) 

by uv-photolysis of a mixture of C1F5 and 0F2 in a nickel vessel fitted with 

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

they "identified" C1F-0 in the product mixture by negative ion mass spectros- 

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

to CIF-O do not agree with the general trends observed for the remaining 

chlorine fluorides and oxyfluorides:  (i) low volatility at -78°C, (ii) a 

19 
F nmr resonance between -146 and -103 ppm relative to CFC1-, and (lii) 

exchange broadening in the nmr spectrum even at -76°C. For C1F-0, we would 

expect (i) a volatility comparable to those of C1F_ (227) or SF, (279), (ii) 
i> o 

19 
an averaged  F nmr chemical shitt 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 Züchner and Glemser's experiment (300) at 

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

evidence for ClFr0.  In the Rocketdyne study, the progress of the C1FQ-0F9 
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photolysis in the temperature 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 products 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 C1F5-0F2 system, when 

exposed to unfiltered uv radiation, ClFj. rapidly decomposes to C1F- and F« 

and, therefore, yields only the same products obtainable from the photolysis 

of C1F--0F2 mixtures, i.e., mainly C1F-0. 

19 ti 
The  F nmr spectrum observed by Zuchner and Glemser (300) might be 

rationalized in terms of a rapidly exchanging mixture of C1F- and C1F-0 as 

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

nmr spectra of C1F--C1F-0 mixtures over the temperature range 40 to -102°. 

It was found that mixtures of pure OF, and C1F.0 yield separate signals for 

C1F. (at about $ = -118 and -10 ppm) and C1F-0 (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, 

became narrower with decreasing temperature, but broadened below -60° and 

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

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 

presence of a low intensity fragment due to C1F.0" in the negative ion mass 

spectrum of the er»de reaction product. However, this fragment might be 

attributed to a recombination process in the mass spectrometer since a 52% 
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peak was also reported for F " which can form only by recombination. Furthermore, 

negative ion spectra frequently show species of higher mass than that of the 

parent molecule due to attachment of other atoms or groups (28) as was recently 

also demonstrated for BrF,, the negative ion spectrum of which shows a rather 

intense BrF " fragment (194).  In agreement with the above nmr interpretation, 

the observed (300) negative ion mass spectrum is best ascribed to a mixture of 

CIF-O, C1F-, FC10_, and some CIF^ with several higher mass peaks and F2 being 

due to recombination in the spectrometer. 

Based on the cited evidence it appears unlikely that Zuchner and Glemser 

(300) had indeed observed ClFrO. 

F. Chloryl Fluoride, FC10o 

Cl 

o- // N 
0 

Chloryl fluoride was first obtained in 1942 by Schmitz and Schumacher (256) by 

the low-temperature fluorination of C1CL 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.  Its structure can be derived from 

a tetrahedron with a free valence electron pair of chlorine occupying one of 

the four corners. Compared to FC10,, this structure is less symmetric, 

kinetically less stable, and contains a highly polar, long (p-ir*)o (sec 

Section II, C) bond. Therefore at moderate temperatures, FC10~ is far more 

reactive than FC10, in spite of its lower oxidation stat°. 

1.  Synthesis 

In our experience (70), FC10-, is most conveniently prepared by combining 
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NaCIO- with an about equimolar amount of OF- 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 02, CK (bp=-33.8°) and unreacted C1F3 (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 C1F_ reacts with KC10- to give FC10- in 

high yield. The substitution of KC10 by NaCIO- is significant since the pro- 

duct NaF does not form an adduct with C1F-, whereas KF does. Tnis decreases 

the amount of C1F- required for the reaction by 60 percent. By analogy with 

the known KClOj+BrF, reaction (296) the idealized stoichiometry of the above 

reaction is: 

6NaC103 + 4C1F3  6NaF + 2C12 + 302 + 6FC102 

The use of larger than stoichiometric amounts of C1F_ is advisable to avoid 

the possible formation of shock sensitive chlorine oxides. 

Woolf's original method (296) involved the use of KC10- and BrF- 

according to: 

6KC103 + 10BrF3  6KBrF4 • 2Br2 + 302 + 6FC102 

Although the yield of FC1CL is high, it is very difficult to obtain pure color- 

less FC1CL by this method. When KC103 is replaced by KC10- (285), FC102 was 

obtained in 97% yield according to: 

3KC104 + 5BrF3  5KBrF4 + Br2 + 302 + 3FC102 

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

tered for the KC103-BrF3 system. The direct fluorination of KC103 with F2 

(30, 90, 92, 264) is not synthetically useful for preparing FC102, since the 
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main product is always FC10_. The interaction of HOSO^F with KC10- was reported 

(99) to produce I'C107 in 30%  yield. However, a study of this system carried out 

at Monsanto (198) failed to produce FC102, probably owing to formation of chloryl 

fluorosulfate. 

An alternate route to FC10? involves the fluorination of chlorine oxides. 

The resulting FC10, 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 FC10- by 

Schmitz and Schumacher in 1942 (256) involved the direct fluorination of C1CL. 

When F., was added at -80° to a quartz vessel containing C10?, followed by slow 

warm up to 20°, FC10o was formed in a moderate reaction. The most favorable 

conditions were a reaction time of two minutes, a reaction temperature of 0°, 

and the use of a mixture consisting of 25.6 mm CIO-, 54.0 mm F~, and 540.7 mm 

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

tions of this reaction involve passing gaseous F- through liquid CIO- at -50 

to -55° (265) or, preferably, using CFC1- as a solvent at -78° (162, 254). 

Chlorine dioxide can also be fluorinated to FCIO^ by passing CIO- diluted with 

N- at room temperature over AgF or CoF_ or by passing CIO- through liquid 

BrF5 at 50° (255). 

The fluorination of chlorine oxides other than ClO^ also produces FCIO,. 

Thus, FC10-, was obtained in yields of up to 75% by fluorination of Cl-0, with f--, 

between 22 and 48° (7, 8). The high yield of FC102 coupled with the absence of 

FCIO^ indicates that the primary step is the decomposition of CKO, t0 ^ClO^+O^ 

followed by the fluorination of CIO., to FC102.  Similarly, the reaction between 

Ci-,0. and FNO.,, when carried out in CFC1, solution at 0°, produces FCIO^ in ad- 

dition to NO- CIO.  (255).  FC102 is also formed during the fluorination of Cl«,().. 

at -40° with BrF, or BrF. (294) or with HF (252). During the thermal decomposition 

of C170_ in the presence of F» at 100-120° in quartz or Pyrex, FCTG, if formed 
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in addition to FC1CL and C1F  (98).    The risk of explosions is somewhat reduced 

when in the ClCL-AgF2 reaction the C1CL  is replaced by the less dangerous CXJ). 

The yield of FC102 was 35% (117,   182).    Similarly, CKO can be fluorinated at 

-78° with either C1F   (53) 

or C1F30 (246) 

2C120 + C1F  FC102 + 2C12 

C120 + ClFjO  - FC102 • 2C1F 

Oxygenation of a chlorine fluoride, if possible, would be more attractive 

than fluorination of the shock sensitive chlorine oxides. A process for FC1CL 

has been claimed by Faust et al. (97) furnishing FC102 in about 50% yield by 

simply heating a mixture of C1F and 0- to 80-90°. However, attempts in our 

laboratory (70) to verify this synthesis failed. It appears, that the FC10? 

observed by F?ust et al. (97) in their experiments was due to hydrolysis of 

C1F (9, 36, 70). 

Numerous reactions have been reported in which FC1CL 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 +1, +III, and +V compounds all yield FC102 

owing to the tendency of the lower oxyfluorides, such as FCIO, to dispro- 

portionate. The presence of excess chlorine fluoride is important to avoid 

formation of chlorine oxides. The following equations are typical examples for 

these types of reactions: 

5C1F + 2H20  - 4HF + FC102 + 2C12 (9, 36) 

2C1F3 + 2H20  4HF + FC102 + C1F (9, 36) 

C1F5 + 2H20  4HF + FC102 (227) 
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ClF-0 + H20 — 

2C1F, + 2IKJN0, 

CIF^ +  2H0NO-, - 

2HF  +  FC10, 

~ 2HF + FC10- +  C1F +  2FNO., 

— 2IIF +  FC102 +   2FNCL, 

C1F30 +  2C10S02F  S205F2 +  FC102 +  2C1F 

 - S07F2 +  FCltV • GIF CIF^O + ClOSO^f 

2C1F3 + 3COF2 - — 2CF4  +  PC109 + CF-OCI 

2C1F3 + U02F2 — UF6 +  FC10, +  C1F 

6C1F + TeO. — TeFsCl  + FC109 + 2C1 

(226) 

(53) 

(53) 

(246) 

(288) 

(178,   179,   263) 

(168) 

2.    Molecular Structure 

The exact  structure of FC10, was determined by Parent  and Gerry  (219,   220) 

using microwave spectroscopy.    The molecule was  shown to have C    symmetry with 

the following internuclear parameters: 

r(Cl-O) 

1.418+0.002Ä 

Cl      r(Cl-F) 

1.697+0.003Ä 

2£     (0C10) 2$L     (FC10) 

115.23+0.05° 101.72+0.03° 

Values were also reported for the  rotational  constants,   centrifugal  distortion 

constants,  and the chlorine nuclear quadrupole coupling constants of the three 

•   «• «„•       19c 35r1   16n      19r 37ri   16n , 19r 35r1   16„ 18n      T, isotopic species      F      Cl      O F      Cl      0?,  and      F      Cl      O      0.     The 

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

The pyramidal  structure or symmetry C,  for FC102 was also confirmed by 

vibrational   spectroscopy.     F..  A.  Smith,  et al.   (271)  and Arvia and Aymoninc 

(6)  reported the infrared spectrum of the gas.     D.  F.  Smith,  et al.   (270) 

studied the infrared spectrum of the gar-,   measured the    "Cl-'   Cl   and      0-     0 
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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 XIII. 

Andrews and coworkers have recently reported (5)  Cl- Cl and  0- 0 

isotopic shifts for the infrared spectrum of argon matrix isolated FC10,,. 

Tantot has studied in his thesis work (2821 the infrared and Raman spectra 

of the gas, the Raman spectrum of the neat liquid and of HF solutions, and 

the infrared and Raman spectra of the solid. 

Force fields for FCICL were computed by D. F. Smith et al. (270), 

Robinson et al. (238), So and Chau (272), and Tantot (282). The force 

fields computed by Smith et al. (270), So and Chau (272), and Tantot (292) 

agree relatively well for the two stretching force constants suggesting 

values of about 9.0 and 2.5 mdyn/Ä for f-.- and frlP, respectively. Except 

for Tantot's computation (282) which did not give plausible values for the 

deformation constants (f >fß)» estimates were used for the geometry of 

FC102 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 up^n the frequencies and estimated geometry reported by Smith et al. 

(270). The uv absorption spectrum of FCi02 was studied by Sicre and 

Schumacher (265) and Pilipovich et al. (228). From a mass spectrcscopic 

study of FC10. (82) and using a value of S7 kcal mol  for the Cl-0 bond 

energy, the electron affinity of PC102 was estimated to be ^2.7 ev. 

The  F nmr spectrum of liquid FC102 at -80° was recorded by Carter 

et al. (43) and Christe et al. (61) and consisted of a single peak at 
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«fi -   -52$ or  -315  ppiu,   respect i vcly.     A signal   at   ;.  -   -332 ppm was  tentatively 

assigned by Alexakos and Cornwcll   (2) tc  gaseous FCKb,. 

The weak and highly  polar Cl-F bond   in 1-C10 can lie rational i zed   in  terms 

of cither a   If-ii*}-1  bond   (sec Section   II, ('J  or a   simple  valence bond mode! 

(ot>)   result hi)*   in a   resonance hybrid  of the   following canonical   forms 

I'L'IO-, — I      +  CIO,   .      It   has  been discussed   in  detail   by  Parent   and  Cerry 

(22d),   by Carter et   al.   (43),   and   in  Section   II,   <   of this   review. 

3. Phy s i c a 1   IV opt rt i es 

Chloryl   fluoride   is  colorless  as a   gas and   liquid,   and white as  a   solid. 

It.   is  Stable  under normal   conditions  and  some  of   it?-:   physical   properties  an 

summarized   in Table XIV.     Although precise measurements of some of  its 

spectroscopic  properties have  recently been  undertaken   (220,   282),   most   of its 

physical  properties arc either  still   unknown or were determined  (25(0  at  a  time 

when corrosion resistant  metal   - Heflcn  vacuum systems were not  yet  available. 

It was  shown Ivy  vihrational  spurt roscopy   (282)   that  solid I (.10., between  -2(>3° 

and   its  melting  point   exists  only   in  one  phase.     Neutron  diffraction   data   ob- 

tained  for  this  phase  at   -19(>°   (282),   were  tentatively   indexed  ha sad on  n 

mnnaclinie   unit   cell   with a  =  8.7,   h -  0.2,   c  ~  4.75.,   -.-   =  W<°,   and   "  -   1, 

similar to that   o\' ("1!-...     Tante*   et   al.   also  studied   U'.'O,   282,   2831   as-'-oci 

..... . . I'1 

at ion  effects   in  the   liquid phase  using  vihrational   speetroscopy,   pulse       I   nmr 

spoctroscopy,   and  conduct ou'etri c measurements.     Tb.ey  suggest  a  u. polar dynamic 

interaction   resulting   in short-lived associated  forms,   and possibly  a  short - 

ranged  local  order observable on a  vihrational,   hut   not  on  an nur time  scale. 

The  specific  conductivity  of ((.1(1-,   in the temperature   range   -12P to  2~°i:  var:e: 

-1 .(•, -1        - ] 
according to Martin and  Tautot   (190)   from  1.2  to  3.12uS cm       (•-   \t)       <-hv:   '   e::.     i. 

The observed conductivity was  l.ib'n as evidence   \'vv  self  Ionisation  accordin.; to: 

2I-C10,   3=z==rr    Clo/  *  CIO,?'," 

However,  more conclusive evidence   is   required   in  view of the   reluctance  of 

K-%62 
A-35 

riMMHIIMIiaMliHMMil 



W^^WP^W» *jjyww^-i'i-' ' 

FCICL to form C10,,F ~ anioni, (see Section III, F, 4) and of its known reactivity 

which renders the preparation and handling of very pure FC102 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 

1412 
the equation log P, -. = 8.23 - fTHö •  Several thermodynamic properties of FC102 

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 

FCIO2 was use<1» 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 300°. The decompo- 

sition reaction is monomolecular and its rate is pressure dependent. The 

activation energy was calculated to be ',5 +. 2 kcal mol  and tie rate constant 

13    - 45000    _i 
was determined as kw = 2.3 x 10  x 10 4,ST     sec • The following decompo- 

sition mechanism was proposed: 

FC102  FC10 + 0 

0 + FC102 - FC10 + CL 

2FC10  2C1F + 02 

However, based on our present knowledge about FC10 (see Section III, A), a more 

likely decomposition mode for FC10 in the above mechanism would be: 

2FC10 - C1F + FC102 

The thermal decomposition of FC1CL in Monel was studied (183) by Macheteau and 

Gillardeau. Decomposition to C1F and 0~ was observed at 100° (2.5% in 144h) 

and 200° (10% in 235h), but temperature >250° was required for rate measurements. 
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It   was   found that  tlic  decomposition  is of  first   order and monomolccula r at 

temperatures  up  to 285°.     At   300° the reaction becomes  second  order.     Tie 

calculated rate constants  and half life times  a: J summarized  in  Table XVI. 

The average activation energy between  250 and 2K5° was  founi to be  23,7 kcal 

mal     .      The   results  at   temperatures  >300°  agree with  t.iose  reported  hy 

Schumacher et   al.   (.137)   for  the quartz   reactor.     Glass   is  only  slowly  attacked 

by rciO-, at   room temperature,   but   traces of III- or II.,0 catalyze the   reaction 

(,2(i5,   90).     Chloryl   fluoride reacts with water   fi>,   36)   and anhydrous  nitric 

acid   (55)  according to: 

2FC10, + mo  2iir + 2aa, + i/20o 

and 

2FCl0o +  2H0N0-,    2111   + 2CKS + *4\ +   1/200 

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

at room temperature   (9,   36,   S3).     In addition,   some of the CIO-,  formed can de- 

compose  to Cl? and f\ and  the nascent   oxygen can  oxidize  FC 10.,  to FC10- which 

is   resistant   to hydrolysis: 

K:IO- + 0 «-   ICH), 

These results differ from the previous report by Schmeisser and I ink (233) that 

the reaction between FC 10'-, and II0NO-, proceeds at -30c according to (46); 

2F(T10 + 2ÜONU "• NO. CIO * C!fV * \'(  + 2!!! 

The statement made in Uuclin (122) and attributed to Kode and Klesper (30) that 

FC10, hydrolyr.es to FC10., and If.,, is obviously incorrect.  Hydrolysis oi'   FCiO, 

with base (255, 2b5, 296) proceeds according to: 

FCIO- + 201!"  - CIO." + F~ + 11,0 
2 .•> 2 

Traces of 11,0   in  FCIO,  generaie  a   red  brown color   (256)   which   ) s  probably  dui   to 

(In,.     Kith  Ml.,   it    ignites  .it   -78°  and the  end products   arc  Mf.Cl   and  Ml,I 

I'.bM.      live  observation et' a   weak  band  at   1052  cm       in  the   iaran  sfuttra  of 
R-9662 
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FC10? in diljte HF solutions in addition to strong bands due to FC102, was 

interpreted (283) in terms of the equilibrium: 

HF + FCIO, S       C102
+ + HF " 

With HC1, chloryl fluoride reacts (255) at -110° according to: 

HC1 * FC102  HF + C10o + 1/2C12 

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

With H0S02F, it forms at -78° (99) the stable ClO^OSC^F 

FC102 + HOSOjF  - HF + C100OS02F 

but with liOS02Cl at -90° only the decomposition products of the analogous 

C1020SC,C1, i.e., SO.,, C1C2, and Cl2, are obtained. With anhydrous HOCIO^, 

the following reaction occurr. (87, 252): 

FC102 + H0C103  HF • C102OC10 

Sulfur trioxide undergoes at -10° in CFC1, solution an insertion reaction to 

yield the orange solid (mp 27°) ClO^OSO^F (254). The same compound was also 

obtained (29o) in the absence of a solvent: 

FC1CL + SO.  ClO-OSO^F 

With the strong reducing agent SO-,, chloryl fluoride reacts explosively at 

-40° (99). When FOG- and I90s are combined at -196°, then warmed to -50 to 

-20°, I~0r is dissolved with formation of CL, TFC, CIO,. Cl-CL, and C1,0, 
Z    b £ J Z Z    O C     I 

(294). 

Chloryl  fluoride is a  fluorinating agent  and a moderately strong oxidfzer. 

Thus  it  can fluorinatc AsF, to the pentafluoride   (294) according to: 

3FC102 + AsF3    C102
+AsF6" + 2C102 

Sulfur tetrafluoride  is oxidized by FCIO-, at  50 to 300°  to yield a mixture of 

Rf-      SI^P.  am  Sr .,0.   {£;.    5 intiloj U    >.J:
L   j:   ttuu ri nuti*d t*.i   51.1* t.v gin  v. 
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mixture of NF , FN02, and FNO (223). Uranium tetrafluoride can be oxidized by 

FC102 to UFr and UF., the latter step requiring a reaction temperature between 

50 and 150° (27). Metal chlorides are converted by FC102 into metal fluorides, 

most of which can form CIO,, containing salts when an excess of FC10, is used. 

Typical examples are SbClc, SnCl., and TiCl. which are converted to C102*SbF6~, 

(C102 KSnF ~~, and (CICL )2TiF ~", respectively. Aluminum trichloride is 

coverted to A1F_ (99, 255). Oxides, such as UQ- (see above), Si02, Sb205, and 

B203 can be converted by FC102 at -10° to SiF4, C102
+SbF6~, and C102

+BF4~, 

respectively (87). At 50-100°, U02F reacts only slowly with FC102, but at 

150° with contact times of 30 min, UF,, Cl7, and 02 are formed (178, 179) 

according to: 

4FC102 + >J02F2 - -   UF6 + 2C12 + 502 

Only one reaction was reported in which FC10- was oxidized from the penta- 

to the heptavalent state  (50,  51,  69).    The powerful oxidizer PtF, was required 

to obtain the following reaction: 

2FC102 + 2PtF6   *  ClF^02'*PtF6" + C102*PtF6~ 

Chloryl  fluoride was converted to C1F-0 by uv-photolysis of systems containing 

mixtures such as FC102-F2,  FC102-C1F,  FC102-C1F3,  and FC10 -ClFg   (228,  240). 

These reactions probably do not  involve a direct oxygen-fluorine exchange in 

FC102,  since C1F,0 can be synthesized by the same technique either directly from 

the three elements or from C1F- 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-iT*)a Cl-F bond  (see Section  II,  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 C10?    cations,  and those with bases result in 
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C10-F-"  salts.     Both   ions are discussed in detail   in Section G and H,   respec- 

tively,   of this  review. 

G.     The Chloryl  Cation,   CIO,/ 

Although the chloryl cation does not  contain a C1F 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 FC10-. 

Thi existence of FC10o adducts with BF.,,  AsF5,   PF5,   SbFr,  SiF.,  SO-, 

and TaFr was first reported in  1954 by Schmeisser and EbenhBch   (87,   254)  and 

Woolf  (296).     In  1957 Schmeisser and Fink obtained  (99,   255)  adducts with 

TiF,   and StfF..     In  1958 Clark and Lnclcus described   (73)  the existence of a 

VF5 adduct,   and more recently Christe   (50)  obtained a PtFr and IrFj. adduct. 

In a previous review  (253) the adducts of FC102 with the  stronger Lewis 

acids,   such as AsF<- or SbF-,  were considered to be  ionic  and to contain C10- 

cations.     However,  the corresponding BF, and PFv  adducts were assumed to be 

molecular adducts.     In  1968 Carter et al.   (44)   reported evidence  for the 

existence of «-olvated CIO-     ions in HSO.F  solution.     Since then,  vibrational 

spectroscopy has  successfully been used to establish the  ionic nature of 

solid C102 AsF  "   (43,  66),   CM/BF  '   (66,   155,   157),  ClO^ SbF6"-xSbF 

(42,   43,   155,   157),  C10„+C104~   (221),  C102
+PtF6~,   and C102*IrF6~   (50). 

1.     Syntheses  and Properties 

Salts containing the CIO-    cation can be prepared either by direct 

combination of FC10- with the corresponding perfluorinated Lewis acid with 

(254) or without a solvent   (43,   66,  73,  155,   209,   296),   by the interaction 

of FC10    with oxides   (87),   chlorides   (99,  255),  and lower  (294) or higher  (50) 

oxidation state  fluorides,  ^r by interaction of the perfluorinated Lewis acid 

with chlorine oxides   (210,   247).     Hie  latter reactions,  however,  produce non- 

volatile XF.O as a by-product  according to: 
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:,i:i ,o • sxi  jcio/xi- " + xiy> + 4i:i, (X = As, si.) 

SC1,() +   7Sl.|-r     - JlMn/sh. I-     "   +   Shi _(> +  4C1 , 
2 5 2       .•>   1 6 .•> J 

Rl.'lO,   *   («Shi.    ~ 4i:id/sbl;   "   +   2Shl „0  •  n.r.Cl , 
5 2 () ."> J 

Sl'10,  *   14sMr ~    -li:io, + .sl) J",   '   +   2Sbl J>  +  (1,5(1, 

I ,0    •   J: 
.   () 

—-*- i:io, shi  " + sbi'-ü • it;io.. 

Of the aho\c approaches,   the direct  cuiibinat i on of ICln,, with the  correspond im; 

Lewis acid   is  generally the  must  convenient.     It yields well   defined products, 

except   for cases,   such  as  Shi r   (210)   or Tal >   (296),   where polyanion   formation 

is  possible.     Irom the  Idle,-Sbl:
r   system,   depending or.   the   ratio of the  starting 

materials and the  reaction conditions,  only Clo_ Shi•  ",   1.10    Sb-J*,   ",  or a 
2 o _        .">]() 

mixture of the two hot  no GO,, Sh.»Fti"i  were obtained   (210). 

The F-'CIO-,  adducts are generally white  solids,   except   for the  yellow 

Ptl;  "  and   Iri-      salts   (Si1)  and for f'CI0,»SO.. which was  reported  to be a  red-to- 

pale yellow   low-iie It i nj: solid   (296).     The properties of the   latter compound 

indicate that   in tin   liquid phase   it may exist,   by analogy with  Cl -.0,   (221), in 
_   6 

its   covulent   form,   i.e.,   O^t'IOSC^F.     The   ionicity of chloryl   fluorosul fate was 

also discussed   (2'.,7)   in a   paper dealing with  the  liquid range of fluorosul fates. 

The   literature   reports on  the thermal   stability of the filO-,     salts  are   rather 

sketch.)'.      In addition  to   the  data   given   in Table   IV   of Srhmei sser'«   rev lev:   (253), 

stability data were  published only   for the   14-  and the ShJ >  adducts.     The 

KUO-'BI'-  adduct   readies  a  dissociation pressure of  1  atm.  at 44.1°   (661,   where- 

as ClO-Zsbl-"(inp 220-225°)  and Cto/sb-T     "unp 50-53*)arc stable up to  300 and 

20i>°,   respectively   (209).     The  Ptl   "  and   lrV~   salts of CIO,*  are stable at   room 

temperature   (SO).      It  should  be  pointed out  that   Table   IV of   (253)   implies  that 

the  thermal   stability of the  IT       sait   is  higher than  that   of the  HI•'     .     However, 

for  related  cations  the   reverse   is  true  and  it   appears  that   the  data  cited 

might  be   inaccurate. 
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X-ray powder diffraction data have been reported for C102 AsF,  (66) 

and CIO *SbF ~ and CIO *Sb,F ~ (209). All the CIO* salts react violently 
I D -    6    It) £ 

with organic compounds and water. With stronger Lewis bases, such r*s NO, N02, 

C1N0-, (99, 255), FNO, and FN02 (53, 68) the following type of displacement 

reactions can be carried out: 

CIO *AsF/ + NO  NO *AsF/ * CIO. 
2   6     x x   6     2 

C10*AsF." + C1N0-  - N0/ASF ~ + CIO. + 1/2C!. 
J. D I O I I 

CIO *PtF ~ + FNO  NO +PtF" ~ + FC10» 
2   6      x x   6       2 

2. Molecular Structure 

The exact crystal structure of a C10? salt has as yet not been pub- 

lished.  However, the C10? cation has been well characterized by vibrational 

spectroscopy (42, 43, 66, 155, 157).  Characteristic frequencies and inten- 

sities for CIO., are summarized in Table XVII. The observed *C1- Cl 

isotopic shifts were used to calculate the bond angle of C10„ .  It 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 preferred set of constants is included in 

Table XVII.  The value of 8.96 mdyn/A obtained (66) for the CIO stretching 

foic constant of CIO,, demonstrates that the CIO bond has double bond 

character (see Table I). 

H. The Difluorochlorate (V) Anion, C1F 0 " 

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 subsequent paper (196), Mitra withdrew his claim. 

In 1969, Muggins and Fox reported (141, 142) the synthesis of CsClF202 from 

CsF *rd FCIO,, and a subsequent spectroscopic study by Christe and Curtis 
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showed (54) that the vibrational spectrum of the adduct is consistent with 

a C1F,0.,~ an ion of symmetry C, . 

1. Synthes i s and Propert ies 

'Die synthesis of CsCIF,!)., can he readily achieved by the interaction of 

dry CsF with excess l-'CMl., at room temperature (141, 142J.  In the original work 

(141, 142), activated CsF was used which was obtained by vacuum pyrolysis of 

the Csl;- lu-xafluoroacetone complex. The conversion of CsP to CsClf-.,09 wr.s 87*. 

When ordinary ('si' (dried by fusion in a platinum crucible and powdered) was used 

(54) the conversion of CsF to CsClF.,0., was 73%. 

The CsClF-,0, adduct is a white solid, stable at 25°. Vacuum pyrolysis 

at 80-100° yields CsF and I-'CIO., (141) demonstrating that the formation reaction 

is reversible. It fumes in moist air and reacts explosively with water (141). 

Controlled hydrolysis (54) proceeds according to: 

C1F20/ • 11,0 — 

2. Structure 

— C103" + 2HF 

The nature of the CsClF-O^ adduct was established (54) by vibrational 

spectroscopy. The observed spectra were consistent with a C1F0CL anion 

possessing the foil wing structure of symmetry C 
2v 

Cl 

[• 

0 

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

normal coordinate analysis was carried out (54) for C1F-CL" assuming the 

following geometry:  R(C10) = 1.45Ä, r(ClF) = 1.79Ä, a(<0Cl()) = 120°, 

ß(<0ClF) = 90°, and (<FC1F) - 180°. The actual bond angles are expected to 

deviate slightly from this ideal geometry owing to increased repulsion from 
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the free valence electron pair on Cl (see Section II, A). The internal force 

constants of C1F20 ~ are summarized in Table XIX. As can be seen from Table I 

and the general discussion in Section II, C, the CIO bonds in CIF-O^' have 

double bond character and the C1F 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 C1F bond. As demonstrated for several other oxy- 

fluoride anions (see Section III, D), the negative charge in CIF-O-" resides 

mainly on the ligands having the highest electronegativity, i.e., on the 

fluorine, and not on the oxygen atoms. 

I. Chlorine Trifluoride Dioxide, C1F,0 

A compound having the empirical composition (ClF-02) was reported in 

1962 by Streng and Grosse (128, 277, 278).  It was obtained by the inter- 

action of either Cl2, C1F, or HOL with 0?F2 between -154° and -143° or by 

uv photolysis of C1F_ and CL 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 ClF-02 

and showing no resemblance to Streng and Grosse's violet compound, was reported 

in 1972 by Christe (52). This work is an excellent exaaplc for  tbt perfection» 

ot* handling techniques for extremely reactive oxidizers. Thus the ohysical, 
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chemical, and spectroscopic properties of CIF-O- and of its C1F-0- adducts 

were determined from a total of 2.2 mmol of material. The fact that C1F_02 

as a powerful oxidizer is readily reduced to FC102 which cannot be removed 

from C1F-0-, by simple fractionation (see below), rendered the handling of this 

compound particularly difficult. 

1. Synthesis and Properties 

The synthesis of C1F,02 is best described by the following reaction 

sequence: 

2FC102 • 2PtF6  ^ ClF202
+PtF6~ • C102

+PtF6" 

Several side reactions compete with this reaction and the yield of C1F202 

varies greatly with slight changes in the reaction conditions (50, 68). The 

C1F_02 is then displaced from its C1F-0,, salt according to- 

ClF202*PtF6" + C102
+PtF6" + 2FN02 - 2N02

+PtF6" + CIF^ + FC102 

Chloryl fluoride is slightly less volatile than C1F.02. Therefore, most of it 

can be removed from C1F_02 by fractional condensation in a -112° trap. The 

remaining FC102, however, has to be removed by complexing with BF»: 

C1F302 + FC102 + 2BF3  C1F202
+BF4' + C102

+BF4" 

Since C1F 0 +BF" is stable (69) at 20°, whereas C102*BF~ is not (66) the 

latter can be pumped away at 20°. The resulting pure C1F20? BF." is then 

treated with an excess of FNCL and the evolved CIF-O» and unreacted FNCL are 

readily separated by fractional condensation through a series of -126 and 

-196° traps: 

ClFo02
+BF4~ • FN02  - N02*BF4" + 

c^2°2 

The overall yield of pure ClF-02 based on the PtF, used in step 1 was found 

to be about 10 mol %. 
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Pure C1F-0- 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 CIF-O« was found to be repro- 

ducibly lower than expected from the vapor pressure curve given in Table AX. 

This indicates that close to the melting point some ordering effect occurs in 

the liquid. 

The measured vapor density of CIF^O- 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 

C1F- (102) and C1F-0 (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. It must be handled in systems con- 

sisting of corrosion resistant metals, Teflon, or sapphire. It appears to be 

marginally stable 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 FCICL formation. It reacts explosively with 

organic materials and care must be taken to avoid such combinations. The 

hydrolysis of C1F«02 was not quantitatively studied; however, on one occasion 
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a slight leak in an infrared gas cell containing ClF-02 resulted in the for- 

mation of FC10, and HF indicating the following reaction. 

C1F302 + H20 FC103 + 2HF 

Chlorine trifluoride dioxide forms stable adducts with strong Lewis acids, 

such as BF-, AsFg, or PtFr (51, 68, 69). These adducts have ionic structures 

+ 
containing the C1F202 cation (see Section III, I, 2). The high stability of 

these adducts can be explained by the change from the energetically unfavorable 

trigonal-bipyramidal structure of C1F_02 to the more favorable tetrahedral 

C1F202* configuration (see Section II, D). Contrary to C1F- (295), but by 

analogy with C1F.0 (64),it does not form stable adducts with FNO or FNO_ at 

temperatures as low as -78°. This was demonstrated by the various displace- 

ment reactions where C1F~02 and unreacted FNO or FNCL 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 F2. However, only relatively small amounts 

of C1F,02 were available for the complex formation study with CsF and the 

possibility of preparing salts such as Cs C1F.02 under more favorable reaction 

conditions cannot entirely be ruled out. 

2. Molecular Structure 

19 
Vibrational (57) and  F nmr (68) spectroscopy were used to establish 

for ClF-02 the following structure of symmetry c, , which according to semi- 

empirical LCAO MO SCF calculations (239) is most stable: 

F— Cl 
I 
F 

F 

V 
o 

19, 
The  F nmr spectrum of liquid CIF^O- was measured in the temperature 

range -20 to -80c. It showed at all temperatures one partially resolved 

R-9662 

A-47 

•—•••--—• • ---•- 



mmmm ivmm)*m»m 

signal centered at -413 ppm below the external standard CFClj. The observed 

signal is in excellent agreement with an AB- pattern with J/v 6 = 1,0 and 

J  a 443 Hz. The low chemical shift of -413 ppm for C1F_0„ is in excellent 
rr i>  i 

agreement with a heptavalent chlorine fluoride and the fluorine-fluorine 

coupling constant of 443 Hz observed for C1F.,02 is similar to that of 421 Hz 

observed for the structurally related C1F- (61). Additional support for the 

above structure was derived from the fact that the B0 part of the AB0 pattern 

occurs downfield from the A part as expected for the axial fluorine atoms in 

a trigonal-bipyramidal arrangement (120, 203). 

The infrared spectra of gaseous, solid, and matrix-isolated C1F-0« and 

the Raman spectra of gaseous and liquid ClF-02 were reported (57) and are 

summarized in Table XXI. The observed data are in excellent agreement with 

the above mooel of symmetry C„ . A normal coordinate analysis was carried out 

for ClF-0o assuming the following geometry: D(C10) = 1.40 A, R(C1F J - o z eq 

1.62 A, r(ClF 1 = 1.72 Ä, a(0C10) = 130°, ß(F C1F ' = $(0C1F ) * 90°, and ax eq  ax       ax 

Y(0C1F ) = 115°, based on the observed geometries of C1F« and FC10- and a 
CO o o 

correlation between C10 bond length and stretching frequency. The deviation 

of the 0C10 bond angle from the ideal 120° was estimated by comparison with 

the known geometries of SF.O and FC10-. The force constants thus obtained are 

summarized in Table XXII. Th* value of the CIO stretching force constant 

(9.23 mdyn/Ä) i in excellent agreement with that of 9.37 mdyn/A found for 

C1F-0 (55) and the general valence force field values of 9.07 and 8.96 mdyn/Ä 

reported fo^ FC102 (270) and TIO,*, (66) respectively. The values of the C1F 

stretching force constants are comparable to those previously reported for 

the related pseudo-trigonal-bipyramidal molecules C1F, (102) and CIF.O (55) 

and are summarized in Table XXIII. In all three molecules, the stretching 

force constant of the equatorial C1F bond is significantly higher than that 
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of the two axial bonds, although their relative difference decreases with in- 

creasing 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 GIF bonds. This bonding 

scheme has been discussed in detail for the related pseudo-trigonal-bipyramidal 

C1F- anion in Section II, C. 

Inspection of Table XXIII also reveals that the value of f does not 

depend exclusively on the oxidation state of the central atom. Obviously, 

formal negative charges (as in the anions) and increasing oxygen substitution 

facilitate the formation of semi-ionic bonds and, hence, counteract the influence 

of the oxidation 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 

C1F bonds [=(fR - fr)/fR3 decreases from C1F3 to C1F 0 and C1F 02 (see 

Table XXJTI). This can be attributed to the decreasing electron density around 

the central atom with increasing oxidation state, thus making it more difficult 

to release electron dens:ty to the axial fluorine ligands as required for the 

formation of semi-ionic bonds. 

The bonding in CIF.O. might be described by the following approximation 

(49). The bonding of the three equatorial ligands, ignoring the second bond of 

2 
the C1=0 double bond, is mainly due to an sp hybrid, whereas the bonding of 

the two axial C1F bonds involves one delocalized p-electron pair of the chlorine 

atom for the formation ot  a semi-ionic 3-center 4-electron po bond. 

J. The Difluoroperchloryl Cation, ClO^F^ 

The existence of the C102F2 cation in the form of its PtF," salt was 

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

was given of the synthesis and properties of the PtF,", AsF ~, and BF ~ salts 

of C102F2
+. 
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1. Synthesis and Properties 

It was found (50) that PtF. and FCIO-, when combined at -196° and allowed 
6        £ 

to warm up slowly to 25°, interacted according to 

2FC10- + 2PtF.  » C100F 
+PtF," + CIO *PtF," 2 6 2  2° 26 

The yield of C102F2    was not ^J% as expected from the above equation, but 

generally about 25% owing to the competing reaction 

2FC102 + 2PtF6 - 2C102+ PtF6~ + F2 

In some of the experiments,  small amounts of C1F6 PtF ~ or ClFr and FC10, were 

observed,  depending on the exact reaction conditions.    The formation of some 

FC10- is not surprising since it is known that FC102 readily interacts with 

nascent oxygen to yield FC10-  (9,   36,  53). 

Atter.pts to suppress the competing reaction by changing the reaccion con- 

ditions  (rapid warm-up from -196 to -78° and completion of the reaction at 

-78°) resulted on one occasion in an entirely different course for the reaction 

6FC1CL + 6PtF, - 5C10*PtF,~ + ClF,+PtF." • CL 
2 6 2 6 6 6 2 

Further modification of the reaction conditions  (rapid warm-up of the FC102- 

PtF, mixture from -196 to either -78 or 25° and completion of the reaction at 

25°)  did not produce detectable amounts of either C102F2    or C1F, PtF6  , but 

only  CxG2 PtF." and ClFr,  F  ,  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 formation of ClO-Fj  , whereas rapid warm-up yields C1F, 

or C1F5 and F2  (50). 

The BF.~ and AsF ~ salts were prepared (69) according to: 

CIO *PtF,~ • C10.F *PtF ' • TNÖ-—- FC10- + C1F.0. • 2N0-*PtF  " 26 226 2 2 32 26 

Unreacted FN0o and some of the FC102 could be separated from C1F_02 by fractional 
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condensation. The remaining FC102 was separated from CIF-CL by complexing 

with BF-. Since the resulting CIO- BF ~ has a dissociation pressure (66) 

of 182 mm at 22.1° while CIC^F/BF ~ is stable, the former salt could be 

readily removed by pumping at 20°. Conversion of C102F? BF.~ to the cor- 

responding AsF, salt was accomplished through displacement of BF.~ by the 

stronger Lewis acid AsF-: 

C102F2
+BF4" + AsF5  C102F2'fAsF6" + BF3 

All three salts, C1CLF *PtF ' C1CLF *AsF ~ and C1CLF *BF ~ are 
22   6*   22   6*      224* 

solids, stable at 25°, and react violently with water or organic materials. 

The PtF, compound is canary yellow, while those of AsF," and BF. are white. 

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

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

and C102F2 AsF, have been reported (69).  rhe pattern of the former was tenta- 

tively indexed on the basis of an orthorhombic unit cell with a « 5.45, b = 7.23, 

and c = 13.00 Ä. 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 Ä per F or 0 atom was obtained. 

The thermal stability of C102F2
+BF ~ is higher than that of C102

+BF4" (66), 

C1F2
+BF ~ (259) or other similar salts. The pronounced tendency of ClF-02 to 

form stable adduct«; with lewis acid«; i«; 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 ClF-02. 

2. Molecular Structure. 

+ 19 
The structure of C102F2 salts was established by  F nmr and vibrational 

spcctroscopy (69). 
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In the  F nmr spectrum of C1F2°2 

PtF
6 *n anhydrous HF a broad singlet 

at -310 ppm relative to external CFC1- was tentatively assigned (61) to C1F202 . 

Subsequent studies (69) of C1F 02
+BF ~ and C1F-0 *AsF6" confirmed the original 

assignment. The spectrum of C1F?0? BF ~ in HF showed a strong temperature 

dependence. At 30° it consisted of a single peak at 185 ppm relative to 

external CFC1-. With decreasing temperature the peak at first became broader 

and then separated at about 0° into three signals at -301 (CICLF- ), 146 

(BF.), and 194 ppm (HF) which became narrower with further decrease in tem- 

perature. The observed peak area ratio of approximately 2:1 for the 146 and 

-301 ppm signals confirmed their assignment to BF." and C102F2 , respectively, 

and proved the ionic nature cf the C1F,02*BF_ adduct in HF solution. 

The spectrum of C1F209 AsF6~ in HF (which was acidified with AsFr) 

consisted of two resonances at -3U7 (ClO-jF^ ) and 105 ppm (HF, AsFr, AsF^ ), 

respectively. Rapid exchange among HF, AsF , and AsF ~ preempted the measure- 

ment of the C10?F2 to AsF," peak area ratio (69). 

The vibrational spectra of the BF.", AsF ~ and PtF, salts of C102F2 

were recorded for both the solids and HF solutions (69). It 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 

S02F2 indicating a pseudo-tetrahedral structure of symmetry C2 . 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 

CICLFj possesses the highest value known for a CIO stretching force constant. 

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

(+V7T), highly electronegative ligands, and a formal positive charge (cation).. 

?h* LttttueiKtf of th«se factors on t"Q has been discussed in Section ff, C. 
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By analogy with CIF-O (59), the only other known species exhibiting a fnn 

value of similar magnitude, contributions from the resonance structure 

• Oi o + 

K in cr        • ci 

*0#    I    IFI io/    I    |F| 
•f» IFI   " 

might be invoked to explain the high  frift value.    The value of the C1F stretch- 

ing force constant  (4.46 mdyn/Ä)  falls within the range expected for a predomi- 

nantly covalent C1F bond in a cation having a central atom with a +VII 

oxidation state. 

K.    Perchloryl Fluoride,  FC10- 

*>?**. 7 
Perchloryl fluoride, the acyl fluoride of perchloric acid, was first obtained 

(31) by Bode and Klesper in 1951 by the action of F- on KC1CL at -40°, but 

believed to be ClO-OF.  In 1952 it was prepared by Engelbrecht and Atzwanger 

(91) by electrolysis of NaClO. in anhydrous lip 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 remarkably low reactivity and high specific impulse 

(see Section III, 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. In 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 FC1CL. The inertness of FC10- is 

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

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

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

° -1 
stability in spite of its low thermodynamic stability (AH-2gg = -5.7 kcal mol ). 

1. Synthesis 

Perchloryl fluoride can be prepared by electrolysis of a saturated solution 

of NaClO. in anhydrous HF with a current efficiency of 10% (91, 92). 

Fluorination of solid KC103 by F2 (30, 31) produces FC10-, FC102, C1F, 

C1206, Cl2, and 02 (90, 92). The yields of FC103 were about 45% based on the 

F2 used (92). When the fluorination was carried out below -20°, yields of 

FC103 as high as 60% were obtained (264). The fluorination of NaCIO, with 

F2 can also be carried out in aqueous solution at 25 - 75* resulting in a 50% 

yield of FC10- (299, see also 125). Replacement of F2 by other fluorinating 

agents, such as CIF^, BrF_, or SbFr, gives mainly FCIO- and Cl2 and only low 

yields of FC10.. (92). Purification of crude FC10- by washing of the products 

condensible at -196° with an alkaline Na^S^O, solution produces material 

containing less than 1.5% of impurities (92). 

The thermal decomposition of Cl-Oy at 100° *n tne presence of F2 pro- 

duces a mixture of FCIO- and FC102 in a yield of about 75% (98). Similarly, 

the fluorination of either C1206 or CK0- with SbFr produces FC10_ in high 

yield (210) according to: 

C1206 + 2SbF$ • C102
4SbF6" • SbF30 *  FClOj 
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and 

Cl-O, + nSbF- - SbF,0*(SbFcl  . • 2FC10- 
2 7     5        3     5'n-l      3 

The fluorination of NCLC104 by C1F- at room temperature results in the formation 

of FCIO, and smaller amounts of FC102, C102 and C1N02 (25). Perchloryl fluoride 

is also formed by the interaction of FCIO« with nascent oxygen (9, 36, 53) and 

in the reaction of gaseous GIF- with U02, U30ft and U03 (149) and with U02F2 

(263), or by the reaction of C1F2 BiF6" with metal oxides (78). Xenon dioxide 

tetrafluoride, Xe02F., is capable of oxidizing either OF, or ClFr to FCIO^ 

(143). Almost quantitative yields of FCIO- and RfC^L can be obtained by 

the alkali metal fluoride catalyzed decomposition of the corresponding R^CF^jOClCL 

at slightly elevated temperatures (249). 

The most convenient and commercially attractive methods for preparing 

FCIO- involve the fluorination of perchlorates. Heating of KC10. to 70-120° in 

an excess of SbF5 produces FCIO- in 50% yield (89). The yield of FCIO- can be 

increased to 90% and the reaction temperature can be lowered to 20-50°, when 

a mixture of HF-SbF- is used (292, 293). Slightly lower yields were obtained 

when the HF solvent was replaced by AsF-, IF5, or BrF5< 

Most of the commercial processes are based on the use of H0S02F. This 

method was proposed in 1956 by Barth-Wehrenalp (21). Evolution of FCIO- starts 

at 50° and goes to completion at 85-110°. The yields of FCIO- vary from 50-80% 

(21, 22, 162, 163) and, if necessary, the H0S02F can be regenerateo (22). If 

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

certain additives on the yield of FCIO- was studied (81). The addition of 

5-25% of SbF_ to the H0S02F increases the yield of FClOj to 90% and higher, 

but hinders the regeneration of H0S02F. The addition of HF-BF, increases the 

FC10, yield to 85%, but requires elevated pressure. Zinc, aluminum, silver, 

and lead fluorides were found to decrease the yield of FC10-. 
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The highest yield of perchloryl fluoride (97%) was achieved with a mixture 

of fluorosulphonic acid and SbFr as fluorinating medium. Potassium, sodium, 

lithium, magnesium, barium, calcium, and silver perchlorates and perchloric acid 

itself undergo the reaction. 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 CIO." 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 (67, 119, 216) and of the complex formation of FC10, (see Section III, 

K, 4) a mechanism involving CIO, as an intermediate is very unlikely. Further- 

more, the high yields of FC10- (up to 97%) would be surprising in view of th* 

expectei instability of CIO, . In our opinion, other mechanisms, such as the 

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

2HF • 2SbF5  - 2H2F
+ + 2SbF6~ 

2H2F
+ + C104"  - H2OC103

+ + 2HF 

H2öClö3
+ + HF  FC103 + H30

+ 

C104" • 3HF + 2SbF5  - FC103 + H30
+ + 2SbF ~ 

2. Molecular Structure 

The structural parameters of FC10- were determined by Clark, Beagley, 

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

F  r(Cl-F) 

2(1 (0C1F)  J   1.610Ä 

103.0°/ Cl 

<2{1 (0C1O) 

115.1° 

Owing to its small dipole moment, FC10- exhibits only a very weak microwave 

spectrum (171, 173). Since only the J = 4 -> 5, K * 3 and the J - 6+7, K = 3 

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: 

J = 4— 5, K = 3 

j = 6-~ 7, K = 3 

J = 6— 7,   K = 6 

Bo 

DJ 

DJK 

eqQ 

F 35C103 

52585.97*0.05 

73619.40+0.05 

73618.72+0.05 

5258.68 2+0.005 

37 
F 'CIO. 

52560.4+0.3 

73583.94+0.05 

5256.149+0.005 

0.0014+0.0002 

0.0018+0.0003 

-19.2+0.5 -15.4+1.5 

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

from the high resolution infrared spectrum (184) of the 549 and 589 cm 

fundamentals. 

-1 
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The dipole moment of FC10- was determined by dielectric- 

relaxation measurements (192) as 0.023+0.003 D and from the J..  -2 

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 CIO- group are comparable, thus resulting in a high degree of 

covalency for the Cl-F bond. 

19 
The  F nmr spectrum of FC10-, according to Brownstein (41) 

consists of a partially resolved quartet (J^.p^lOHz) of equal intensity 

at <p -  -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 

19 
temperature dependence of the  F nmr spectrum of FC1CL was studied by 

Bacon et al. (13). An expression for the line broadening was derived, 

and a value of 1.0 kcal mol" was obtained for the activation energy of 

molecular reorientation. A value of 278+5 Hz was calculated for J35 
C1F* 

19, 
According to Agahigian et al. (1), the  F resonance of FC10- occurs at 

35     19 
$ = -287 ppm. The  Cl and  F nmr spin-lattice relaxation times and 

rotational diffusion in liquid FC10, were measured by Maryott et al. 

(96, 191) using pulse techniques. 

The mass spectrum of FC10- was measured (82, 138, 234). The 

vertical ionization potential and the F-C10- bond dissociation energy 

were found to be 13.6+0.2 eV and ^ 60 kcal mol" , respectively. The 

average CIO bond dissociation energy and the heat of formation were 

estimated (82) to be 60 and -5.3 kcal mol" , respectively. 
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The uv absorption spectrum of PC10. was reported by Siere and 

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

The vibrational spectrum of FC10- has been well characterized. 

The infrared spectrum was thoroughly analyzed by Lide and Mann (174) 

and two of the fundamentals (v_ and v,) were studied at high resolution 

by Madden and Bei ».diet (184). The Raman spectra of the liquid and of 

the gas were reported 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 C_ . The infrared spectrum 

of FC10_ has also been reported by Engelbrecht et al. (92), Pennsalt 

(224), Smith et al. (271), and Karelin et al. (154). A correlation of 

CIO stretching frequencies (236) and force constants with bond lengths 

and bond orders was given by Robinson (237), however his plots and 

assumptions must be thoroughly updated before being used. Absolute 

infrared intensities were reported for FC10, 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 FClOj, but 

owing to the lack of sufficient experimental data, no unique solution was ob- 

tained. Values of about 9.4 and 3.9 mdyn/Ä for the CIO and the C1F stretching 

force constant, respectively, appear to us most reasonable. Mean square ampli- 

tudes of vibration of FC10- were calculated by Muller et al. (200-202) and 

Nagarajan and Redmon (204). Müller et al. (200) have also computed the 

Coriolis zeta constants for FC10-, however their values differ significantly 

from those given by Hoskins (140). 

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

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 Ionov and Ionova (146). The latter authors 

calculated the electron density distribution in FC10- as (L,.  -  +0.83, O. * -0.23, 

and Qc - -0.14 using the geometry, the ionization potential of the molecule and r 

of the free atoms, and the orbital exponents of the Slater functions as input 

data. 

X-ray diffraction data were reported by Tallman et al. (280, 281) for solid 

FC10- at liquid air temperature. The data were indexed in terms of a tetragonal 

unit cell with a = 7.66 and c » 5.31Ä, Z = 4, and d * 2.18 g/cm . Barberi 

(16, 17) has shown that solid FC10, 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 0 atoms in crystallinic FC10-. 

3. Physical Properties 

Some of the physical properties of FC10, are summarized in Table XXVIII. 

In the Appendix the temperature dependence of seme of the thermodynamic 

properties is given (147). In addition to these data, the viscosity of gaseous 

FC10- between 50° and 150° was reported (218). Some thermodynamic properties 

of FC103 were calculated (235) using only the boiling point of the compound and 

correlation increments. 

FC10- is white as a solid and colorless as a liquid and gas. It possesses 

a characteristic sweetish odor (92). Its toxicity is moderate and comparable to 

that of CH-CHCN or Cl-. Tests on mice showed an acute vapor toxicity (LD/50) 

of 630 ppm at 4 hr exposure time. Exposure of monkeys to 40 ppm FC1CL 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 SF,. During irradiation with 

Co 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 (l-3g/l 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 solubilities are substantially (severalfold) 

P.-966: 

>u>riMMHUM 



^PWPWW^WP I», • IIII.I.U _I»JJ 
uniiiajim'iw.'ini"1 

higher. When working with larger amounts of FC10- 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 FC10, and aromatic 

hydro-and fluorocarbons. Several inorganic acid halides, HOSO^F, PCI-, P0C1-, 

S02C12, 60C12, TiCl4, and SiCl4 dissolve gaseous FC10- to the extent of 

2C-30g/l 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, chlorine, 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 homopeneous and 

stable. When these are used as storable liquid oxidizers for rocket propulsion, 

the halogen fluoride usually confers hypergolicity, increased density, 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 compatibility with container 

materials is determined mainly by the halogen fluoride. The density and vapor 

pressure of perchloryl ^uoride-chlorine trifluoride blends have been summarized 

in tables by Gall (105). The miscibility and compatibility of FC1CL at low 

temperatures w?jb studied by Streng (276) for 02, 03,02F   C1F, C1F-, SF4, SF6, 

CF3C1, and C^. 

4. Chemical Properties 

Ctoing to its pseudo-tetrahedral configuration, its highly covaient strong 
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Cl-F bond, and low dipole moment, FC10 possesses high kinetic stability in 
o o i 

spite of AH~ being only -5.7 and AGf being positive (11.5 kcal mol" ). This is 

reflected in its high thermal stability and its reluctance to hydrolyze. It is 

not shock sensitive and at room temperature is relatively inert. 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 FC10- in quartz at pressures between 5 and 930 mm and tem- 

peratures between 465 and 495° was studied by Gatti et al. (112). They found 

that the decomposition reaction 

2FC103  2C1F + 3C'2 

if unimolecular and homogeneous with an activation energy of 58.4+2 kcal mol" . 

o ..„_ *„. ._ ... ,. _ n  ^r .. 1rt-4 . -1 The rate constant at 495.4 was found to be k = 9.25 x 1C  sec  and the 

following decomposition mechanism was suggested: 

FC103  - FC102 + 0 

0 + FC10- - FC10o + 0- 

FC102  ~ C1F + 02 

The decomposition kinetics were also calculated by Usmanov and Magarra (287) 

using a dimensionless molecular transfer equation. Perchloryl fluoride can be 

heated almost to the softening point of glass without explosion (92). 

Hydrolysis o FC10- is very slow even at 250-300° (92). For quantitative 

hydrolysis, heating of FC1C wHh concentrated aqueous hydroxide solution to 

300° in a sealed tube is required. 

FC103 - 2NaOH  NaC104 • NaF + H20 

For quantitative analysis, FC10, can conveniently be reduced at 25° by an al- 

coholic solution of K0H resulting in dissolved KF and a precipitate of KC10, 

(224). 
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The reaction of FC10, with metallic sodium or potassium starts only at 

^300°, although it proceeds vigorously (92). At room temperature FC10, 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 FL, N20, H2S, SO-, 

SC12, PC13> CaC2, KCN, Nal, KSCN, CH2 = CC12, and hydrocarbons (122, 158, 224). 

Using dilute mixtures, the H.,S - FOCh. reaction can be controlled and the 

following products are obtained (224): 

3FC103 + 4H2S  4S02 + 3HF + 3HC1 + H20 

In the spectra of H2S - FC103 and H2 - FC103 flames, bands due to S2, SCL, OH 

and to CIO, OH, respectively, were observed (177). With HC1 at 200-300°, the 

following gas phase reaction occurs: 

FC103 + 7HC1  - liF + 4C12 + 3H20 

Many inorganic ions are oxidized by FC10- ^n 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): 

FC103 + 81" + 6H
+   - Cl" i r" + 4I2 + 3IL0 

Other ions oxidized by FC10, include NO- , SO "", and CN" which are converted 

to NO.', S04", and NCO", respectively (105, 122, 224). 

Whereas FC103 is rather inert towards most compounds, including gaseous 

NH,, at room temperature, it < acts (92, 1.86, 187) easily with liquid NH- at 

-78° or l^s aqueous solutions according to: 

FC103 • 3NH3  NH4F • Nf^NHClO. 
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The reaction is complete in several hours and in liquid N"H_ it is greatly 

accelerated by NaNFL (186, 187). From the ammonium perchloryl amide, which 

could not be isolated in pure form, the corresponding Ag , Cs , and K salts 

and K9NC10, and Cs2NC10, 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 S^02 or A1?0-, particularly in the 

presence of small amounts of ILO. With other surface acti.s  materials, such as 

charcoal, ignition may take place. However, there is no reaction at room tem- 

perature with synthetic zeolites.  It passes freely through a 4Ä molecular sieve, 

but is completely absorbed by a 5Ä molecular sieve (188). Most combustible 

substances in contact with liquid FC10- form shock sensitive explosive com- 

positions. Generally, metal oxides, fluorides, or chlorides do not react with 

FClOj at temperatures up to 400° (186). Lalande reported (164) that FC103 

oxidizes UF. to UF,. However, a subsequent study by Rude et al. (241) showed 

that an intermediate uranium oxyfluoride is formed which disproportionates to 

UF6 and U02F2. Photolysis of mixtures of FC103 with F2 or ClFg produces ClFjO 

(228, 240). 

Perchloryl fluoride shows no tendency to form adducts with either strong 

Lewis acids or bases. This behavior has been rationalized in Section II, D. 

The binary systems of FC10- with BF-, PF5, AsF5, SbF5, or S03 were studied by 

Lang (167), at Pennsalt (222), and by Nikitina and Rosolovskii (209). Similarly, 

at Pennsalt (222) no evidence was found for complexing of FC10- with either CsF 

or FN02. 

Anhydrous FC10- does not corrode most of 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 FC10.. and 

N-F. was studied by Green et al. (126) and Grigger et al. (127). 

In reactions with organic compounds, FC10« behaves as either an oxident 

or a one or two-centre electrophile which, depending on the reaction conditions, 

can be used fo/ the introduction of either fluorino, a CIO, group, or both 

fluorine 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 FC10, is highly susceptible to 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- 

molecular (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 bo.A  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 FC10- to give perchloryl-benzene, whereas 2 lithio- 

thiophene gives 2-fluorothiophene in high yield (257): 
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Compounds having a cyclic double bond conjugated with an aromatic ring are 

capable of reacting with FC10- to give a-fluoroketones. This type of reaction 

was named oxofluorination and in it FC1CL acts as a two-centre electrophile as 

shown for indene (207): 

+ FC10. + HC10, 

In the presence of Friedel Crafts catalysts, such as A1C17> FC10- can be used for 

introducing a C10_ group (perchlorylation) into an aromatic ring (145) according 

to: 

0 + FC10. 
A1C1 -0 -CIO. • HF 

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

thus confirming the presence of a C-Cl bond. Another useful reaction of FC10. 

involves the replacement of the activ hydrogens of methylene compounds by 

fluorine (144, 262, 284). A typical example is the fluorination of malonic esters 

A-6" 
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CH2(COOR)2  *FC103    CF2 (COOR)2 

Since FC1CL is a very mild fluorinating agent, it has found widespread use for 

the selective fluorination of compounds, such as steroids. 

The reaction of cyclic amines with FC10., is similar to that of FC10, with 

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

dine (110): 

/   .... +_- 2G NH + FC10 3  ^JC,03 +  ^»2 F 

For additional recent publications dealing with the use of FC10, 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 FC10, is its use as an oxidant. 

The spectra of fuel - FC10, flames were studied (177) and the flame speed in 

mixtures of CH. with air and FC1CL was measured (131). The rL - FCIO^ 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 FC10, 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 C1F- can be added to neat FC10- to provide self- 

ignition.  The performance of FC10- as an oxidizer is similar to that of N-,0. 

(105, 136) and the burning rate of solid propellants is increased by FC10- 

(267).  It has also been proposed to use an acetylene - FC10, torch for cutting 

and weldin0 of metals, in the Sterling cycle engine, in high-pressure gas 

generation for turbine drive, in fuel cells, and in explosives similar to 
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Sprengel liquid CL - 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 FC10. (see above). 

The use of FC10. as a chemical reagent for the introduction of fluorine 

or a CIO- group has been discussed in detail in Section III, K, 4 and is of 

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 FC10- has been patented (135). 

There are patents on the use of FC10- as a heat transfer medium in 

refrigeration (165) and as an insecticide-fungicide (123). Thanks to its 

ability to intensively absorb slow electrons (138), FC10- can be used as a 

gaseous insulator. Its dielectric properties are superior to those of SF, and 
6 

it hardly deteriorates on exposure to y-irradiation (104). 

General information on shipping, handling, safety, etc. of FC10- 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 FC10 ~ radical anion in the reaction of FC10- with nucleophilic 

agents has been postulated (286), it has not been isolated and characteiized. 

The only well known species is the FC10 radical cation. The esr spectrum 

of this species was first reported by Olah and Comisarow (-14, 215) for both the 

ClF^-SbF,. and the ClFr-SbFr 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 C1F (86). This conclusion 

was supported by Christe and Muirhead (62) who showed that in the pure ClF--SbFc 

and ClFr-SbFj. 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 CK-CIF with the superacid medium HSOjF-SbFg-SO.,. 

It was shown that the addition of H-0 t) solutions of C1F2 SbF." in SbFj. strongly 

enhanced the esr signal attributed by Olah and Comisarow to C1F . They sug- 

gested that the species was due either to FC10 or FC102 , although their attempts 

to detect  0 hyperfine splitting in a sample treated with enriched water were 

unsuccessful. The conclusive identification of this species was recently reported 

by Morton and Preston (199). Using  0 substitution techniques they succeeded in 

proving that the species contains one oxygen atom and is best described as FC10 . 

This radical cation is characterized by its g value of 2.0059 and the following 

hyperfine interactions a^- = 18.0, a,g  = 20.4, and a-5 = 12.9G. 

During a matrix isolation infrared study of the F.-C120 and C1F-0, systems, 

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

tively assigned to the CIF^O* radical. However, more data are needed for the 

positive identification of this species. 

M. Miscellaneous 

The C10-F-" anion has been reported by Mitra and Ray (197). However, in our 

opinion their claim is almost certainly incorrect. 

A compound of the empirical composition FCl90g was claimed by DeGuevara (79). 

The following self explanatory abstract of this patent was found in Chemical 

Abstracts und, we are confident, will be enjoyed by the more knowledgeable readers: 

"The title compd. which is claimed to be novel is prepd. by reacting in a 

hermetically sealed flask 500 ml. 55° Be H2S04, Ca(0Cl)2 5-10, KC102 9-20, 

KC10- 10-20, and Mg(C10 )2 IO-20g. Cl and a Cl oxide are given off, washed, and 

collected as a stabilized aq. soln. Simultaneously, F iz  produced from CaF~ and 

HoS0. and washed and dried. The F is passed into the stabilized aq. soln. of 
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FCKO,, which is suitable for use as an antiseptic, preservative, and purifier 

in the food, wine, perfume, and water industries and as a humectant and bleach 

for textiles." 
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Table I. Stretching Force Constants (mdyn/H) 

0 f Some Chi orine Oxyfluorides 

Oxidation 

State Compound fC10 

Ia 

f
ClF 

IIb   IIIC 

References 

+VII C1F2°2+ 
12.1 4.46 (69) 

+V C1F20+ 11.20 3.44 (59) 

+VII FCIO3 9.4 3.9 (174) 

+v CIF^O 9.37 3.16 2.34 (55) 

•VII C1F302 9.23 3.35 2.70 (57) 

+v C1F40" 9.13 1.79 (5C) 

+v FC102 9.07 2.5 (270) 

-V cio2
+ 

8.96 (66) 

+v C1F202- 8.3 1.6 (54) 

•III FC10 6.85 2.59 C5) 

(a) mainly covaler.t bonds 

(b) mainly semi-ionic 3c - 4e bonds 

(c) special case of highly polar (p-n*) a bonds 
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Table II. Comparison of C1F Stretching Force 

Constants (mdyn/A) and Bond Lengths 

(A) Within the Pseudo-tetrahedral 

Series FC1, FCIO, FCIO,» FC103 

Molecule 

FC1 

FCIO 

FC102 

FCIO, 

C1F 

4.56 

2.59 

2.5 

3.9 

C1F 

1.628 

1.697 

1.610 

References 

(122) (122) 

(5) 

(270) (220) 

(174) (72) 

» i 
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(cm -1) for the FC10 Species (5) 

Isotope Ass ignment Obsd Calcd 

F35C1160 vi 1038.0 1038.3 

"2 593.5 593.9 

Vi 
315.2 316.0 

F37C1160 vl 1029.0 1028.9 

v2 587.5 588.4 

v3 315.2 313.8 

F35C1180 Vl 999.2 999.5 

u2 593.5 592.6 

VS 307.0 308.3 

F37C1180 Vl 990.1 989.6 

v2 587.5 587.1 

V7 307.0 306.2 
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Table IV. Force Field of FC10 Assuming a Bond 

\ngle of 120° and All Interaction 

Constants to be Zero (5) 

fC10 = 6,8S •*fB,Ä 

fClF = 2.59 mdyn/X 

2 
f   = 0.92 mdyn Ä/rad 
a 
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Table V. Comparison of the CIO Stretching Force Constants (m:<; .i/A) 

and Bond Orders of FCIO with Those of Related Pseudo- 

tetrahedral Species Having a Comparable Oxidation State 

Oxidation 
Species State fC10 

Bond Order References 

cio2" + III 4.26 1.5 (266) 

FCIO • III 6.85 2 (5) 

cio2 + IV 7.02 2 (161) 
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Table VI. Vibrational Spectra of C1F.0 Gas 

and Liquid and Their Assignment 

In Point Group C (55) 

md fruumto. em'», and ratatWa iataavajtia 

Appro a 

Ir 
—Gu . 

Raman 
SoUd 

M.trii ir 
Liquid 
Raman ,   Aaaignmcnt 

atscnpaoa 
of mod« 

1228] 
1224 
1218 s 

1222(1 5) p 1223 s 1224 (1.0) p MA') ,(«C1=0) 

i213 1211 (0.5) p 1212 m MA') »("C1=0) 
71)11 694(2 6) p 686s 689 (2.7)p •     »i(A') r(»Cl—F') 
684 686 sh, p 678 m *(A') r(«Cl—F') 
676 vs 652 vs *»(A") *..(F»CIF) 
666 641 s 

499 m 
MA") 
MA") 

r„(F«ClF) 
3,O..(O»H:IF') 

801 500(1) 
498 sh 

497 sh 
*(A") «,oa(0«ClF') 

491 ras 489(1) 486 mw 
484 w 

!     MA') 
MA') 

*WO»H::F') 
•WO^CIF'J 

481 482 (10) p 478 mw 466 (10) MA')  , ,.FCIF 
l 

412 w 414 (0.2) dp 414 w 405 (05) sh >.(A"> 
«.FC1F out of 

3231 
313/m 

230 mw 

319(0 1) 323 mw 316 (03) p MA') 
FC1F plane 
•W>C1F' 

224 (0.4) p 227 (1.2) p? MA') «.FC1F in 
FC1F plane 

R-9662 
A-94 
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Table VII. Internal Force Constants o* ClF,Oa  (55) 

h 9 37 U U 26 

h 3.1« ft a 0.11 

h 2.34 /« 0.13 
fa 1.84 f* = -/* 0.25 

h 1.69 fßy » hv 0 22 

U 1 87 
" StntiliiiiK constants in indyn A, deformation constants in 

indyn A radian1, and stretch-ln-nd interaction constants in 
indyn radian. 

R-9662 
A-95 
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Property 

Melting point 

Boiling point 

AH, 
fusion 

AS 
fusion 

AH 
vap 

Trouton constant 

Density (1, 20p) 

AHf298  (g) 

^£298  (1) 

-1 

Table VIII.    Some Properties of C1F.0 

''alue 

-42 to -44.2° 

29 or 27° 

1.975 kcal »ol' 

8.63 e.u. 

7.7 or 7.57 kcal mol 

25.4 or 25.2 e.u. 

1.865 gjnl"1 

-36.5a or -35.3b kcal mol 

-1 

References 

(16,   39,   226) 

(39,  226) 

(16) 

(16) 

(39, 226) 

(39,  226) 

(226) 

(15,  16,   269) 

-44.1a,c,  -42.9b,c, or -38.7b kcal mol"1     (16,   152, 269) 

(a)   corrected for AHi.-,,. . * -65.14 kcal mol -1 (83) 

-1 
(b) corrected for AH* ^   f?5H Q. • -77.04 kcal mol" (151) 

(c) using the e&VL ?gg , . values of Barberi (16) and Sinke (269) for the 

gas and the above listed AH „ = 7.6 kcal mol" 
• vap 

R-9662 

R-96 
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-1 + Table IX. Vibrational Spectrum (cm ) of the C1F20 Cation 

Ra 

(HF solution) 

1333 (4)| 

1322 sh 
P 

Ir 

(solid) 

1334 si 

1323 
mi 

741 (10) p 734 m 

715 (1) 694 s 

512 (2) p 532 s 

404 (2) p 405 m 

383 (1) 383 m 

Assignment in 

Point Group C 

»!   (A ) 

v2 (A«) 

v5 (A») 

v3 (A') 

v
4 (A') 

v6 (A") 

Approximate Des- 

cription of Mode 

vCIO 

VsC1F2 

v      C1F„ as        2 

6S    0«F2 

6 sciss C1F, 

6 as    0C1F2 

R-9662 
A-97 
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Table X. Vibrational Force 

»+a 
Constants of C1F20 " (59) 

11.20 

3.44 

1.65 

1.78 

0.21 

0.39 

63 

rr 

(a) Stretching constants in mdyn/Ä an*l 

deformation constants in mdyn 

Ä/radian . 

R-9662 

A-98 
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Table XI.    Vibrational Spectra of Rb^QF^O" and Cs^ClF.O' 

and Their Assignment   (56) 

Observed frequencies, cm'1, mad relative taten»!tie» 
 Rb'ClF.O :s«ciF.o-  

Ir 
121« » 
462 w 
XM s 

283 vw 
«001 
55o/ " 
4151 
3l»4/S 

Kämet 
1211 (0 «) 
461 (10) 
poor 
:i50 (4 3) 

285 (0 4) 
5W (0 1) 
557 (0.4) 
410 (14) 
395 (0.1) 
213 (0.6) 

Ir 
1201 s 
457 w 
331) S 

280 vw 
6001 
560/ VS 

4151 
306 / 5 

Kaman 
1203 (0.6) 
456(10) 

13451« 
345 (4) 

283 (0 4) 
593 (0 2) 
564 (0 3) 
416(14) 
307(0.1) 
204(0-.-) 

Aseifn- 
ment 

lor XZF« 
in point 
group 

C«, 
At  n 

Bi   •, 

Hi  H 

Typt of vibration 

*XZ 
»••ym in phase XF« 
lnym out of-plane XF» 
»,,„, out-of-phase XF« 
ä»«yni out-of-plane XF« 
S.y,,, in-plane XF« 
"uym XF« 

„      JZXF 

»•     *wym in-plane XF« 

R-9662 
A-99 
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Table XII Force Constants of CIF^O -a 1561 

A 
/A 
/• 
/* 

9.13 
1.79 
1.33 
0 61 
0.25 
0.04 

/ da 

/* 
f",ß 

029 
0.08 
0.15 

-0.15 

• Stretching force constants in mdyn/A and deformation force 
constants in mdyn A /radian*. 

R-9662 
A-100 
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Table XIII. Fundamental Vibrational Frequencies 

F35C102 

(cm" ) of FC10o (270) 

F37C102 F35C11802 F37C11802  F 

A' v sym C102 1105.8 1098.4 1060.4 1052.6 

Stretch 

v2 C1F stretch 630.2 6V..6 624.7 616.0 

v3 C102 546.5 543.0 529.0 

scissor 

v. FC10 bend 
4 

401.6 

A" v- asym C102 1271.4 1258.6 1229.6 1215.0 

Stretch 

v- FC10 bend 367.0 

F35C1160180  F37C1160180 

1080.7 

628.6 

537.8 

1253.6 

1072.4 

618.6 

534.0 

R-9662 

A-101 
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Table XIV.    Some Properties of FC102 

Property 

Melting point 

Boiling point 

AH, fusion 

AS fusion 

Value 

-115 or -123.0 +0.4°C 

^ -6°C 

1.440 kcal mol 

9.60 e.u. 

-1 

AH vap 6.2 kcal mol -1 

Trouton constant   23.2 e.u. 

-8.1+2.5 kcal mol 

Dipole moment   (g)  1.722*0.03 D 

AHf298  (g) 
-la 

References 

(15,  16,  256) 

(256) 

(15,   16) 

(15,  16) 

(256) 

(256) 

(15,  16) 

(220) 

-1 (a)    corrected for AH* |fl?        = -65.14 kcal mol"    (83) 

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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Temp. Initial press. Average rate Half life 

(°C) of FC10. (mm) Constant 

(sec -1) 

250 52 6.8xl0"6 20h 

250 101 8.5xl0'6 22h 30m 

270 52 1.8xlö"5 10h 30m 

285 52 2.8xld~5 6h 40m 

R-9662 
A-104 
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Table XVII. Characteristic Frequenciesa and 

Internal Force Constants of C10o" 

obsd freq, cm" , int assignment in 

IT Ra point group C2v 

1296.4m 1296.4 (1) v3(B1) vas 
35ci02 

1282.6mw w vas 
37C102 

1043.7mw 1044.4 (10) W vs  
35C102 

1038.3w 1039.1 (4) W vs 
37C102 

521.0m 521.3 (3) Vjftp 
35 

6     O3C102 

517 sh v2(Ar) 
37 

6   C102 

f  = 8.96+ 0.06 

f „ = -0.45+0.13 
rr      — 

fra = 0.24+0.13 

f  = 0.82+0.03 
a 

(a) taken for C102
+AsF6" from (66) 

(b) in mdyn/Ä, calculated for 2£ 0C10 = 120' 

R-9662 
A-105 
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,.;.t1 

and Its Assignment   (54) 

Ota* fr«l. ca- ,M4I^*» 
amtgrnrntM 

MTXOIPIII 
Appro« 

description 
ll Raman potet group Cu of vibration 

1226] 
V, 1221 (08) n(B.) r-(XO,) 

1191] 
1076 (10) 

1070 s 1064 «(A.) ".(XO,) 
  1066 

6M tn 660(1 2) MA.) «.(XO») 
610 vt, br n(B.) r„(XF,) 

480(1). be n(A,)? r 
(303 (10) n(A,) *<XF.) 

380-370m 
[337 (8) 

*(B,), *(B.) ««I.JU. 
198(07) «(A,) «.(XF.) 

** 

R-9662 

A-106 
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'* / 

fR 8.3 f
ß 

  c—c 

1.2 

fRR 
0.1 fßß' 

0.57 

fr 
1.6 f66 

0.1 

f rr -0.1 V V 0.3 

f a 1.95 

(a)    Stretching force constants in mdyn/Ä, 

deformation constants in mdyn Ä/radian , 

and stretch-bend interactions in 

mdyn/radian 

R-9662 

A-107 
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Table XX. Some Properties of CIF.O^ (68) 

Value 

-81.2°C 

-21.58°C 

5.57 kcal mol 

22.13 eu 

Property 

Melting point 

Boiling point 

AH 
vap 

Trouton constant 

Vapor pressure 

-1 

l0* >m • 7-719 TTTT 

R-9662 

A-108 
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-1 Table XXI. Vibrational Spectrum (cm ) of 

C1F,0^ and its Assignment 

in Point Group C- (57) 

Auignmen 
for C1F,0, 

in point Approx description of 
If R group C,„ mode 

1093 s 1093(4)p A, v, Sym CK>, str 
683 m 683(10)p "a ClFeqsti 
519w 520 (8)p Kj CIO, scissor 
487 vw 487 (6) p "« Sym F^CIF^, str 
287 w 285(1) vi F^xClF^n scissor in 

C1F, plane 
(417)» 402(0+) Atv, Torsion 
695 vs B, y, Antisym FMC1FM str 
592 s 586(0+) "• GO, wag 

372 w »i Antisym F^CIF,« 
definCIF, plane 

1327  vs 1320(0+) B, »l0 Antisym CK), str 
531m 530(1) vu CIO,rock 

b 222(1) »u FUGFU scissor out of 
OF, plane 

( a)     Observed only for solid C1F,0,. 

( b)     Below frequency range of spectrometer used. 

R-9662 
A-109 
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Table XXII.     Internal Force Constants of CIF^8  (57) *•, f 

fp- 9.23 

Ä-J.70 
4-1-41 
A* 1.40 
A« 1.33 
4=1.30 
Zoo =-0.09 
/rr= -0.04 

to-0.09 

£--£'• ft» 
fpm'tol 
fa=-/«•= -0.16 
766 =-^fi'=-0.34 
A«" = -0.17 
/Cy=-0.30 

• StmcMaf ooMtntt to ndya/A, Jtforauttoa _ 
A/ndlM*. aad «Mtd»^Md ialMwdoa coMtutttli 

la.iT. 

R-9662 
A-110 
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Table XXIII.    C1F Stretching Force Constants   (mdyn/A) of 

CIF-O^ Compared to those of Pseudo-Trigonal- 

Bipyramidal C1F30, C1F3,  C1F2",  and CIF^O,," 

C1F, 

CIF3O 

C1F302 

C1F„~ 

C1F202- 

4.2 

3.2 

3.4 

~r 

2.7 

2.3 

2.7 

2.4 

1.6 

*rr 

0.36 

0.26 

-0.04 

0.17 

-0.1 

(fR-fr)/ 

AR 

0.36 

0.26 

0.19 

References 

(102) 

( 55) 

( 57) 

( 63) 

( 54) 

R-9662 
A-lll 

•——*MI««IM T-il ir — lM   I   wmM^mtm^tm I      I     Ulli 



MMHPH^MP 

Table XXIV.    Observed Frequencies  (CUTNU Approximate 

Description of Modes,  and Most Important 

Internal Force Constants  (indyn/A) Computed 

to Fit the Observed *5C1 and     Cl Isotopic 

Shifts and Assuming Two Different Bond 

Angles, of C102F:*  (69) 

A,       »,      1241      »W<*>»> 

"» 514 6Wm(aO,) 

B, 

"4 

"l 

390 

390 
1479 

530 
830 

514 

'ixm (OF,) 

«rock(CIO,) 

*P       (CIO) 
ADD 

7       (C1F 

124, M »<.10i 
12.» 12« 
-0.46 -0.66 
4.40 4.53 
-0.32 0-03 

R-9662 
A-112 
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-1 

its Assignment for Point-Group C, 

Infrared  (174) Raman  (71) 

Al Vl 
sym ClOj stretch 1061s 1062.8,   1060.9a vs 

v2 C1F stretch 717s,  707m 716.8,  706.6 s, p 

V3 sym CIO- deform. 549w 548.8 m,  p 

E V4 asym CIO, stretch 1315 vs 1314w 

V5 asym CIO- deform. 589m 573w 

v6 rocking 405w 41 <w 

35     37 (a) Splittings are due to  Cl and  Cl isotopes 

R-9662 

A-113 
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Table XXVI.    Ionization Data for Perchloryl Fluoride  (80) 

band adiabatic vertical vib rational vibrational orbital 
number i.p./eV i.p./eV apacing/om~* aaaignment assignment 

1 13.04(1) — 370(40) v,orv4 6b, 
1387(2) — 475(60) Vj 2a, 

2 14.85(1) 15.15*« (ü) 340(16) "i 6bt 
15.181(6) 15.307(0) 1025(30) Vi 11a, 

3 18.070(5) 16.070(5) 1135(16) 
805(30) 
610(20) 

6b, 

4 18.07(3) 18.31(2) — — 5bj 
5 19.175(7) 19.390(4) 850(30) 

485(40) 
4b, 

19.699(7) 19.807(7) 855(30) 
500(20) 

9al 

0 — 21.7(1) — — 4b, 
7 — 24.2(1) — — 8a, 

ground state 1269 
848 
544 
384 

Standard deviations are given in parentheses after each quantity.  Sh, inflexion point of 
dliouldcra observed. 

R-9662 
A-114 
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Table XXVII.    Calculated Eigenvalues and Percentage 

Character of Val ence Molecular Orbital S 

for FClOj. (80) 

cl.lc 

atomic character (%) 

»rimi orbital oxygen orbital fluorine orbital 
i.-i^mvfthtc 

»V 

A 

orbit ul 3d SM 3,» 2s 2p 29 2,, 
lu, -12.9 __. 10(1 — 
?« — 14.1 10.5 ._. 78.0 — 11.0 

Hin, -15.4 12.0 1.0 1.1 44.3 — 39-8 
o<- -10.0 10.5 — 53 74.0 — 3.9 
6c -18.0 9.2 — 1.8 1.3 18.7 -_ 68.9 
4r -21.5 4.3 _..- 24.8 19.1 38.0 — 13.3 
9rt, - 23.3 1.1 1.1 34.1 10.8 29.4 2.6 11.4 
8a, -20.2 — 18.2 10.0 34.2 12.3 7,0 17.2 
3e -40.0 2.9 -- 24.5 00.7 5.0 — — 
7«, -43.0 2.4 3.9 8.1 14.0 1.9 68.7 — 
6a, -47.0 •-- 44.7 — 29.2 0.5 17.5 1.0 

R-9662 
A-135 
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r Table iCXVIII.     Some  Physical  Proper ties of FC10, 

Property Value References 

Melting point -147.75°C (92,  160) 

Boiling point -46.67°C (31,   92,   160) 

crit 95.17°C (92,   100,   148) 

crit 53.0 atm (148) 

Crit.  density 0.537   , cm"3 (92..   100) 

Crit.  molar volume 161 cm3 (92) 

Vapor pressure log pCmm)= -1652.3/T(°K) (92,   148,   160) 

(for T= -109 tc -44 °C) -8.62625 log T 

+0.0046098T 

+28.44780 

Density of solid (- 190°C) 2.19 g cm"3 (281) 

Density of liquid p(F cm"3)= 2.266-1.603x10" 3T (92,   100,   148,  224) 

(for T= -142 to -39 °C) -4.ojjOxio"^r2(° K) 

(for T= 29.9 and 53 ,8°C) p(g cm"3)= 1,390 and 1.276 (268) 

Viscosity of liquid log n = 299T"1-1.755 (224,   268J 

(for T= -77 to 54°C) 

Surface tension 

(for T= -75.2 to -55.6°C) 

(centipoise) 

24.1 to 21.3 dyn cm -1 

AHr     - fusion 0.9163 kcal mol 

ASr    . fusion 7.12 e.u. 

AS         (-46.67°C) vap v              ' 4.61S kcal mol" 

Trouton constant 20.395 e.u. 

*t 298 (g) -5.7 kcal mol" 

4Gf 298  (*5 11.5 kcal mol'1 

O 

S298 66.65 t.u. 

R-9662 

A-116 

-1 

(268) 

(16,   17,   160) 

(16,   17) 

(31,  92,   148,  160) 

(31,  92,   160) 

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

(291) 

(147,   148,   172,  208,   291) 
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Cp 298  (g) 15.517 e.u. (147, 160,  204,  291) 

C    298  (1) 27.19 e.u. (150, 160) 

Specific heat ratio, 1.12 (174, 189) 

C *C ,  gas at 25°C 

(a)    reference from which the listed value is quoted is underlined. 

R-9662 

A-117 
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Table XXIX. Performance of Selected Storable Liquid 

Oxidizers for Rocket Propulsion (105) 

(Kidi/rr Fiwl 

<W I'DM 11" 
en, mvMii 
r.:.( ir,/r»( l<M-' lTl>Mll 
dO,K l.ill wliil' 
CII-, 1 .ill stititl 
KKC1I,/I2<'NU'' Lill MiNtl 

(IK, NU, 
N-O« N:H, 

" Hi fnrrc X M'f/ll' ins«*-*; shifting M|fülitirn$m; pressure ratio 100():M.7. 
' I'nsymnirtri« al tlitiieMtylhyilraziw. 
» Mr% Kill, I"»'; nrnanir hinder. 

Sju'iific 1 lPhtWl V 

hiir|M*il,*i»,* impilW, 
SIT K M'iV'i;« 

2«WI :t:i7 
-71» Us*.» 
•jss rjsfi 
'27.', ;t:*7 
2SH •T.O 

2VI1 4:»:? 

•J«.»'. StRK 

2«f2 AM 
2VI1 .wl 

R-9662 
A-118 
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APPENDIX 

TABLE XXX.     THERMODYNAMIC PROPERTIES 

FOR C1F30 GAS  (55) 

<v. !/• - //t°. 
-(F" - 
ih°)/r. Su, cal/ 

T, "K cal 'mol kcal, mol cal -'(mol deg) (mol deg) 

0 0 0 0 0 
KM) 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 
JOO 18.646 3.766 60237 72.790 
400 20.876 o 751 64.108 78.486 
500 22 260 7.913 67.478 83 305 
600 23160 10.187 70.470 87448 
700 23 771 12 536 73 159 91.067 
800 24.200 14.936 75.602 94.271 
900 24 512 17372 77.838 97.141 

1000 24.744 19 835 79.900 99.736 
1100 24 921 22 319 81.813 102.103 
1200 25059 24 818 83 595 104*277 
1300 25 168 27 330 85.265 106 288 
1400 25.256 29 851 86 834 108.156 
1500 25328 32.380 88.314 109 901 
1000 25.387 34.916 89.715 111 538 
1700 25.437 37.458 91.044 113 078 
1800 25.479 40.003 92.309 114 533 
1900 25.514 42.553 93516 115.912 
2000 25.545 45.106 94.668 117.221 

R-9662 
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TABI.H XXXI.     THI2RM0DYNAMTC  PROPERTIES 

FOR C1F^0? GAS  (57) 

-(FJ-H\)I 
C *, 

cal/mol 
H" -H\, r.cal/ 5°, cal/ 

r.'K kcal/mo! (mol deg) (mol deg) 

0 0 0 0 0 
100 10127 0/47 48.967 57.437 
20) 16.511 2.179 55.516 66411 
29fel5 21.256 4.049 60.375 73.956 
300 21.327 4089 60.459 74.088 
400 24.384 6.386 64.711 80.675 
500 26.362 8.930 68.484 86.344 
600 27.685 11.636 71.881 91.275 
700 28.599 14.453 74.968 95.615 
800 29.251 17.347 77.795 99.479 
900 29.727 20.298 80.400 102.953 

1000 30.085 23.289 82.8)6 106.105 
1100 30.360 2-3.312 85.066 108.985 
1200 30.574 29.359 87.171 111.637 
1300 30.745 32.425 89.148 114.091 
1400 i0.883 35 507 91012 1'6.375 
1500 30.995 38.601 92.775 118.509 
1600 31 089 41705 94.44'' 120513 
1700 31.167 44.818 96.036 122.400 
1800 3l.i33 47.938 9? .551 124.183 
1900 31.2Ä9 51 064 98.997 125.873 
2000 31.337 54 196 100.382 127.480 
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TABLE XXXII.    THERMODYNAMIC PROPERTIES FOR FC103 GAS   (147) 

T, *K. 
«••;. 

• «••I. motr   4f>g.~       '     -^ 

s*    -<r-irm)/T ir-iiW,     AH? AFJ l-o* K, 

0 
100 
200 
298 

3JO 
•400 
500 

6u0 
700 
800 
9d0 
1000 

1100 
1200 
1300 
14 10 
ISoo 

1600 
i/uu 
1800 
1900 
2000 

2100 
2200 
230 J 
<400 
25GO 

2600 
2700 
2H30 
2900 
3200 

3100 
3<:uo 
330J 
3-C0 
3 500 

3600 
3700 
ib^O 
3900 
4cor> 

42 U0 
43o^ 
4<.00 
45u0 

46^0 
«.700 
46-iU 
4V(JU 
5'J0v 

5 loo 
5 / o u 
53UO 
54w0 
55-JO 

56uü 

5U-H; 

6./>'' 

.000 
8, 462 

12.C73 
15.517 

15.573 
18, 15/ 
20. if «1 

21.11'» 
2/.271 
22.967 
/.»•*»* ' 
23,883 

2*.189 
24.430 
2<*.62" 
2»».78 •) 
24,9(i9 

25.016 
25,105 
25.1»! 
25.<:46 
25.301 

25.349 
25, 191 
25,'.28 
2 5. -.61 
25, 48') 

25.515 
25,538 
25.558 
25.577 
25.593 

2 5.608 
25.bit 
25.f35 
25.64(, 
25.657 

25.666 
25.675 
25,683 
25,691 
25.6>8 

/ 5 . /11 
25.716 
25.721 
25,726 

25.731 
25.»J» 
25, / 13 
25.743 
25. "• 7 

25.75j 
25. 7'. J 
25, 7^0 
25,75V 
2 5,76.! 

25, 765 
25.7», 7 

«. 5 . / fc J 
< '. , ? : 1 

,000 INF1NML 
54.278 78,032 
61.160 67.968 
66.65 3 66.65' 

6h, /49 
71.602 
75.863 

79,633 
P2.V94 
86,nib 
88,753 
91,2x9 

93.540 
95,655 
97,619 
99.*»** 

K'1,164 

»02.775 
104.294 
lu5,731 
107.0V«. 
108.391 

1C9.626 
11C.HJ7 
111.936 
II3,019 
114,059 

115.059 
116.023 
116.952 
117,849 
118,716 

119.556 
12 0.369 
121,158 
121,V23 
122.667 

123,390 
124.093 
12-.778 
12 5,445 
126,096 

l.'l , HO 
12 7,350 
1« 7,955 
128,546 
129,124 

129.690 
130.243 
I 10.785 
131.316 
131.«36 

1 »/. J<«6 
1 3/.d40 
133.336 
133.'118 
134.290 

I 1«,755 
135..11 
1 15.65 1 
I U . . '<» 
I *'. , . J 3 

66.65 3 
67.297 
68.593 

70.125 
71.728 
73.320 
74.89.3 
76.405 

77.860 
79,256 
60,594 
81.876 
8»,106 

B*.28 5 
85.418 
86,507 
87.555 
88,564 

89,538 
90.47»! 
91.387 
92.266 
93,117 

93,942 
94. /<./ 
95,518 
96.273 
97.007 

97,721 
98.416 
99.093 
99,75? 

100.*9H 

101.026 
101.640 
102.240 
10/.82 I 
10 3.40U 

1C3.VM 
104.511 
105.049 
105.577 
106.C93 

106.600 
107.097 
107.585 
108.064 
108.5 34 

106.996 
iC'.45U 
lu'.tivo 
110-.335 
110,76t 

111.190 
111.608 
I.V.UlV 
11 /.hit 
iii ,?2.i 

3.178 
2.375 
1.362 

.000 

.029 
1. 7/2 
3.635 

5.704 
7.8H6 

10.150 
12.4 74 
14. »343 

17.24« 
l°,6/9 
22.132 
24.602 
27,087 

29.584 
32.090 
34.604 
37.125 
39,65 3 

42.185 
«.«..7.3 
47.264 
49.1108 
52.356 

54,906 
5 7,4 58 
60,013 
62.5 70 
65.129 

6 7,687 
70.250 
72.(313 
75.37/ 
77.V42 

80,508 
83.075 
85.643 
88.212 
90.7112 

9 3.352 
95.922 
98.474 
101.066 
lu3.6)8 

106.211 
108.784 
111.358 
11 3.9 32 
116.507 

119.0Ü2 
1/1.657 
124./32 
l<;b.tluU 
129.3*4 

13l.v«.0 
134.5 3/ 
137.114 
139.6 91 
l«./.26h 

3.034 -     3.034 INFINITE 
3.996 1.097 - 2.397 
4.715 6.493 - 7.095 
5.120 12.090 - 8.861 

5.125 12.196 - 8.884 
5,298 18.002 - 9,835 
5.312 23,831 - 10,416 

5.226 29.653 - 10,801 
5.076 35.455 - 11,069 
4.884 41.231 - 11.263 
4.665 46.983 - 11.408 
4.426 52.710 - 11.519 

«•.175 58.410 - 11.604 
3.914 64.090 - 11.672 
3.649 69.746 - 11.725 
3.382 75.180 - 11.767 
3.112 80.998 - 11.801 

2.843 86,596 - 11.828 
2.574 92.179 - 11.850 
2.311 97.744 - 11.867 
2.051 103.297 - 11:681 
1.795 108.833 " 11.892 

I.-.44 114.359 . 11.901 
1.300 119.871 - 11.908 
1 .060 1-5.374 - 11.913 
.828 • 30.868 - 11.917 
.605 136,347 - 11.919 

.386 141.823 - 11.921 

.1 76 147.289 - 11.922 

.027 152,747 - 11.922 
• 223 1 58.199 - 11.922 
.411 163.641 *• 11.921 

.593 169.082 - 1 1.9/0 

.767 174.513 - 11.918 

.935 179,937 - 11.916 
1.095 185,360 - 11.914 
1.249 190.776 - 11.912 

1.396 196.192 - 11.-10 
1.537 201.600 - 11.907 
1.673 207.009 - 11.905 
1,033 212,404 - 11.902 
1.926 217,803 - 11.900 

2,043 223.203 - 11.897 
2,156 228,592 - 11.894 
2.264 233.986 - 11.892 
2.366 239.370 - 11.889 
2.464 244,755 - 11.886 

2,558 250.1<-3 - 11.864 
2.646 255,525 - 11.661 
2.731 260.904 - 11.679 
2.812 266.2 77 - 11.6/6 
.''.8 89 271.652 - 11.873 

2.961 277.029 - 11.8/1 
3.030 282.399 - 11.668 
3.097 287.779 - 11.666 
3.150 /93.i40 - 11.863 
3.220 2vM,518 - 11.861 

3.274 303.881 - 1 1.859 
3.32 7 309./48 - 11.657 
3.3/8 314.621 - 11.655 
3.425 319,982 - 11.652 
»,*.70 125,34? - 11.650 
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Diagram Captions 

Figure 1. (Geometries of the chlorine oxyfluoride molecules and their ions 

compared to those of the corresponding chlorine fluorides 

(a) Since the Cl cation would possess only an electron sextet it is 

stabilized by a C1F molecule to form the Cl-F cation. 

(b) double brackets indicate yet unknown ions. 

(c) see text for preference of eis model. 

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

exist. 

Figure 2. Structures of the yet unknown C1F-0*. C1F.0, and C1F-0" radicals 

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

of C1F30 and C1F4<T. 

Figure 3. The schematic bonding in C1F2" as explained by a semi-ionic 

3c-4e bond model. 

Figure 4.    C1F,0 Formed as a Function of Time and Oxygen Partial  Pressure 

(PC1F3
S lOTorr). 
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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 FC10 is written as 

C10F, an uninformed reader might be induced to think of the 

compound as a hypofluorite. 
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Abstract 

Exposure of NF4 AsPg" and NF4 SbP «0.8SbF to 6°Co y-rays at 77°K gave two 

paramagnetic centres, one of which is shown by esr spectroscopy to contain one 

nitrogen atom and three equivalent fluorine atoms. Baset on its magnetic proper- 
*  + 

ties it is identified as pyramidal NFQ , 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 

several other fluorine atoms.  It is tentatively assigned to the electron-loss 

species AsF , SbF*, or Sb^F,. with the unpaired electron largely confined to two 

fluorine ligands.  Irradiation of NF^. BF. did not result in well defined magnetic 
** + ^ _ 

centers. An improved synthesis of NF BF. is reported. 

Introduction 

Although carbon readily forms tetrahedral molecules with electronegative ligands, 

such as the halogens, the synthesis of the isoelectronic nitrogen compounds has 
1 * 

been achieved only recently.  Attempts to prepare NF ' salts had been dis- 
2 3 

couraged by theoretical computations ' showing that these salts should be thermo- 

dynamically unstable, and by the nonexistence of the parent compound NF-. Once 
1       + 

the principle was recognized that NF. salts can be prepared from NF0, Fn and 

a strong Lewis acid in the presence of a suitable activation energy source, 
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a «um>"r of synthetic methods became avail*.Me. These involve the use of 
4 5 

different activation energy sources such as glow discharge. ' elevated tem- 

perature and pressure, '  7-irradiation, and uv photolysis.' 

On exposure to high energy radiation, CF undergoes the dissociative electron- 

capture process 

CF + e"  -  CF3 + F" (1) 

• 10 10-12 
to give CF., radicals which have been detected both in the liquid  and solid 

phase. The fact that no evidence for the existence of the CF  radical anion 

was observed is not surprisir^ in view of the validity of the octet rule for 

first row elements of the periodic system. A study of the corresponding NF. 

system appeared interesting, particularly in view of the recent suggestion*^ 

that NF,, and the radicals derived from the Lewis acid-fluorine interaction, 
• + 

auch as AsF , are the key intermediates in the iormation mechanism of NF. 

salts. By analogy with CF-, ote might expect th'it RF0 might be prepared by 
+ 1 ö 

•y-irradiation of NF.    salts accord .ng to: 

NF4
+    +    e"    -   NF +    +    F~ (2) 

In this paper we report esr spectroscopic evidence for the existence of the novel 
• +    • +  - 

radicals NF  and MF« > in addition to an improved synthesis of NF BF. by 

metathesis in IIF solution. 

Experimental 

+ +   - 
Syntheses of NF.  Salts *  A sample of NF. SbF  "0.8SbF_ was prepared as proving«ly 

_       »I 'C'     'II' O 

described     by heating a 1:1.2:1 molar mixture of NF, , F0, anl SbF-  in a Monel 

cylinder to 120° for two days under an autogenous pressure of 200 atm.    The 

resulting white solid,  having the composition NF    SbFf.   *1.0SbFr,    was converted 

to NF. SbF    *0.oSbFr  by heating in a dynamic vacuum to 200° for three days.     The 
° 13 

compound was analyzed as previously described.        The only detectable  impurities 

wore small  ainoun' •  of Ni (0.000 weight*?)  and Cu  (0.03J&)   in  form of  their  --alts. 

The  sviilhesis  of NT, AsF,     lias  previouslv been desc It.1 

detecmlrle   impurities were Si(O.Uöffr)  arid Cu(0.27l). 

File  synches is  t*f NT. AsF,     lias  previously been described. A^ain.   th*-.   oni;. 
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Per the synthesis of W  *BF4 by metathesis, commercial HF was dried by shaking it 

overnight in a 1-liter M»nel cylinder with fluorine (10 l/0.7 Kg HF) after which 

oxygen and residual fluorine (ca 210 psi) were removed under vacuum at -78°. 

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

of four identical 1-liter vessels connected in series through valves and filters 

with a fitting carrying a vacuum line connection, a 60 psi pressure relief valve, 

and a compound pressure-vacuum gage (Kel-F coated diaphragm) between the last two 

vessels.  In 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 conducted °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. Into the second vessel were placed 400.5g (0.822 mole) 

NF.SbF,. *0.8SbFP and 148g HF. The AgHF» solution in the first vessel was 

pressurized to 30 psi with nitrogen and passed through a filter into the stirred 

NF. salt - HF solution ander autogeneous pressure in the second vessel. The 

resulting NF HFp solution was separated from the AgSbF.. precipitate by 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 liquid remained constant at 19-20 psi.  The 

NF.BF. solution was separated from the precipitated AgBF. by filtration into 

the evacuated fourth vessel. After removal of excess HF and solvent HF the 
d 

residual solid product  (101.9g)  was  isolated.    The composition of   the solid in 

mole $> was NF.BF    (89), NF4 Sb(>Fu  (7.9) and AgBF    (3.1). 

V-Irradiation and esr Spectra.    The NF.     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 molar solution of 

NF.  SbF ~*0.8SbFr  in anhydrous HF was heat sealed  in a Teflon FEP tube. 4 o 5 

The sample tubes were  ceded to 77°K prior to exposure to      Co  yrays   in a 

Vickrad  cell at a nominal dose rate of about 4 MKad   h    .     It was necessary to 

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

obtained. 
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The ear speet'a were obtained with a Varian E3 spectrometer at 77°K.  Samples 

were aiuiealed •• y gradual warming to above 77°K and re-cooling whenever sig- 

nificant changes were observed in the continuously monitored esr signals. 

Signals were independent of sample-tube orientation indicating the absence 

of sample graining effects. 

Results and Discussion 

Synthesis. For the preparation of NT SbF *xSbFr and NF. AsF ~ the previously 

reported elevated pressure-temperature method was chosen.  For that of NT BF. , 
.14 4  4 

a metathetical process similar to that of Tolberg et al.,'  was selected which 
14 

was significantly improved by substituting AgF for the originally used  CsF. 

The reaction sequence is best described by the following equations: 

Agf + 1£F £-> A/ «F. 

Ag HF0 + NT. SbF (i 
IIF > AgSbF0i + NFt

+HF0" 

NF4 IIF0 + RF3 
Iff 

NF:
4 BF  + HF 

(3) 

(4) 

W 

Since Ag HFr) was used in excess for the precipitation of the fluoroantimonate, 

the rather insoluble AgBF. precipitated from the NF HF_ solution upon BF.. 
^ 4   «2 «3 

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

(NF.Sb0Fn and AgBF.) in the final crude product is determined by the solubility 

products of AgSbF and AgBF in IIF. 

Since the NT. SbF.. #xSbF_ starting material can readily be prepared on a large 

scale.  this metathetical process is well suited for the synthesis of larger 

amounts of NT. BF. •  Its main drawback is the relatively low product purity. 

Using CsF the purity is quite low, but with AgF we have been able to obtain 

purities as high as 89 mole percent of NF, BF. .  The main impurities could 
14 

significantly be decreased by subsequent recrystallization  of the crude 
+  - 8 9 

NT. BF  from suitable solvents.  Whereas the Y-irradiation and uv-photolysis 

processes yield purer products, they are at present mucli less amenable to 

scale up. 
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Electron Spin Resonance Spectra. The best defined spectra were obtained from 

NF. SbFfi *0.8SbFr and typical spectra, obtained before and after annealing, are 

given in Figures 1 and 2, respectively. The NF AsF
H~ 

sa^* 6ave very similar 

results, but NF, BF. proved to be remarkably resistant to  Co y-rayS' Tw0 

4  4 
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) Uiplets characteristic of hyperfine 

coupling to  TJ[l( N) = 1] establish the presence of one strongly coupled N 
19       / 

nucleus.  If the outer sots of triplets are described as the MT( F) = ± 3/2 

"parallel" features for Ni"„  [l( F) « l/2] for the three equivalent fluorine . - 

atoms, then the ± 1/2 lines are predicted to fall close to the more intense set 

of six lines in the central region of the spectrum. However, the apparent A 

( w) coupling on these inner features has decreased by about 15 G relative to 

the outer 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 
19 

by the fact that the principle values for the three  F hyperfine tensors lie 
14 along three different axes, two of which always differ from those for the  N 

hyperfine coupling. Also, there should be a relatively large second-order 

splitting (5) of the M_( F) - ± l/2 lines which can be approximately estimated 

from ty*  3/2 A (J'F)    and 6. « 3/4 (A. + A#) 

From tli« initial approximate data, we fi"d ö^ * 3 G and 6. ~ 23 G. Thus the 

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

significant. This problem has been discussed in depth by Coope,  ' 

especially for the isoelectronic radical, CF„, and we have followed their 

procedure in arriving at the parameters listed in Table 1. The results for 

CF    10'   12 

3 are  included for comparison. 

19 •     + 12        • The results for      F of NFn    are  in good agreement with those      of CF„, but 
J • •    + indicate a small  increase in spin-density on fluorine on going from CF,.  to NF,.   . 
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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  N can be taken 

as principle values and hence we can deduce approximate spin densities in the is 

and 2p atomic orbitals that nitrogen contributes to the tcta* M.O. of the unpaired 

electron.  This we do by dividing the A and 2B values by the values for A°(550 G) 

and 2B° (331.) estimated from recent accurate atomic wave functions.   (A and 2B 

are the experimental Isotropie and traceless parts of the hyperfine tensor compo- 

nents, and A0 and H° are the corresponding computed values for unit population 

of the 2S and 2p A. Os.) The results (Table 2) indicate that the total spin- 

density on nitrogen is about 69%, and the 2p:2s ratio is about 2.8. Only the iso- 

tropic  C datum is known   for "CF-, and this gives about 24°6 spin-density in 

the 2s A.O. on carbon. The latter value might be somewhat high, since the aniso- 
19      + 

tropic components of  F in NF- and CF_ are quite similar (133 and 123G, respec- 

tively) implying that the spin-densities on F and hence also on the central atoms 

should be similar in both species.  An alternate, although less plausible, 

explanation might be that the atomic orbitals of the central atom in CF, have more 
2 

s-character (i.e., a stronger contribution from sp hybridization) than those in 

NF, .  This would imply that CF_ is less • ramidal than NF- . 

* + 
The imp! 1 cations fron the osr data that in NF.. the spin-density on F is some- 

what tii.glier than in CF.. and that the atomic orbitals of the central atom in 
" " •     + CF.,  have more  s-character  than those in NF      are  in accord with arguments based 

on consideration oi  the following resonance  structures. 

X XX 

»F| \Y\ |F| 

1 11 111 

•    + 
In NF       the  formal  positive  charge  and  the  higher  oxidation state  of  the  central 

atom should   increase   the effective  electronegativity of  the NF       group when 

compared   to   that  of CF, •     Therefore,   for NT       the   relative  contribution from 

structure   II  should  be  higher  than for CF    hereby   increasing  the  spin-density 
•     + J 

on F  in NF     .     Since with an increasing electronegativity difference between 
o 

X and F  the XF  bond  becomes more   ionic,   the   contribution from the  sp    hybridized 
* •        -4- 

model   lit   to  the  bonding should  be more significant in CF    than  in NF.    .     In 

addition,  model   HI   for NF       would   require an unfavorable double  positiv«*  charge 

on   the NF,,  part   of   the  molecule. 
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The failure to observe any evidence for the NF.  radical  is not surprising in 

view of the above mentioned strict validity of the octet rule for first row 

elements.    This  is in marked contrast with second row elements,  such as 

phosphorous for which the corresponding FF.  has been observed.     '        We have 

also studied the  irrad'^tion products from HF solutions of NF, SbF,.   '0.8 SbF„ 
4   0      r> 

since it is often found that dissociative reactions, such as the hypothetical 

process 

NF4 - NF3
+ + F" (0) 

are solvent dependent. Unfortunately, solutions in HF, the only suitable 

solvent, gave, after irradiation, only very broad uninformative features. 

Radical B. The other species (ß), lost during mild annealing, is tentatively 
•      •       • 

identified as SbF (or AsF ) or SbJF., for the following reasons: 

(1) NF,  is undoubtedly formed by electron capture, and the most reasonable 

initial electron-loss centre is SbF... 
o 

(2) The results indicate the presence of two (or less reasonably,  one)  strongly 
19 coupled      F nuclei with very weak coupling to magnetic  isotopes of antimony or 

19 - arsenic and possible further      F nuclei.    Electron loss from SbF«    is from one 

of the non-bonding orbitals on fluorine, and a suitable distortion could well 

tend to isolate  the unpaired electron on just two of the  ligands.    This model 

provides a reasonable explanation for the observed data. 

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

reqiiirvs a low spin-density on the central atom,  in accord with the model. 

(4) Lack of NF      radicals in the BF.     salt accord with the apparent inability 
• 18 to form BF.  radicals from such salts. 
4 

Based on the above arguments, we favor the spectral analysis  indicated  in Fig.   1 

rMher thftn the alternative  of treating the B feature*  as a doublet,   on the 

'«*'••.   •••    '*.ht   •.* i.<A*J.\ tvly   <inux'.   i^ix.j'ir,c<>iiy.     JIKT 4   | _.f,iirr.*i«   ti/M*&*l   *'. -.h    liti» 

aupiftLieiJ  electron do localized  between  two adjacent fluoride  Ji gauds.   I.he 
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apparent nnisotropy deduced from the powder spcc-trum must be greatly i-duced 

compared with the real uuisotropy, ur I hut to be expected from spin confined 

to just one li;rand. 

19 
The super-hvperfino coupling present on the M.( *F) = + 1 lines must then arise 

pi I      — 
from coupling to " Sb (I = 5/2; 57.25* abundance) and to a lesser extent from 

"*Sb (1 -   7/2; 42.7V» abundance).  This will not explain all the resolved 
1() 

features in Fig. 1 and hence extra  I-' coupling or interaction with the second 

antimony atom of Sb ,1  most also he present. 

It i^ interesting to compare these results with those for a species formed in 

irradiated sodium hexafluoroant intonate, original Iv thought to be SbF<- or 
2-20 . - 21 

SbF" , " '   but later assigned to an impurity species, 0-SbF. or OSbF"  . 

This centre had onlv verv weak coupling to "F (about 5C>) and a ncar-isotropic 
121 

coupling to "  Sb in the b0 - 70 G refioij. Our present results indicate a 
12] * 

coupling to " Sb of 30 or 60(1. A reduction of the coupling in SbF^ or Sb^F.,, 

when compared to that for 0-SbF , can be rationalized by electro-negativity 
21 22 

arguments." * 

Although we have been unable to obtain well resolved esi spectra for radical B, 

we conclude that this center is probably SbF" or Sb2F,,, with the unpaired elec 

tron largely confined to two adjacent fluoride ligands.  Other possible assign- 

ments that had occurred to us, have been rejected for various reasons.  For 

example, the assignment to F, , weakly interacting with neighbouring ions, can 

be ruled out since the observed hypcrfine coupling is too small. 

+ o Summary,  v-liradiation of NT.  salts at 77 K produces the novel pyramidal 
•  + 

cation NF'   in addition to a second less stuhle species which is tentatively 

assigned to the corresponding anion electron-loss species, SbF , Sb0F,,, and 

A.JI ., respectively.  The experimental observation of these species lends 

further credibility to the reaction mechanism previously suggested lor the 

formation and thermal decomposition of NF,  salts.  Ln this mechanism, the 

AsF radical was postulated to be the crucial intermediate capable of supply- 
u 

ing the energy (ionination potential of NF minus the energy released by the 

formation of the ion pair) required for the oxidation of NF according to: 

AsF.  + NF„  - NF.,+AsF ~ (7) 
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Table  1 

ESR Data for Radical  in y-Irradiated NF, 

Salts, Together with Those for CF 

Radical Hyperfine Tensor Components     (G)     ' g-Values 

%/i\r-i
sb      

I9F 

//       1   iso // X        is0 # 1    av* 

NF +1 115 90 98.3  300  100  107 2.003 2.009  2.007 

CF„ d 204   80  141.3 
3 

272 143 

SbF.* - 30 or ~ 00 
o 

(see text)    030f'B420f'g490 ~2.00 

+ - 30 (ih 

a.  G = 10~4 T. 

h.  Errors *"" ± 3 G. 

c. Data relate to the C„ axes and therefore are not principle values. 3v 

d. Reference   12. 

e. Reference   10. 

f. For  two equivalent fluorine atoms. 

g. Approximate  since number of  sub-components unknown. 

h.      Weak coupling to  other  fluoride  ligands. 

i.      The NF * signals derived from either NF4SbF5 or NF4AsF6 had experimen- 

tally undistinguishable parameters. 
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Table 2 

Estimated Spin-Densities  (%)  for NF.,    and CF»  on Central At 

a *" a Total 2i»/2s 

ÜF + 18 50.5 08.5 2.8 

CF„ 24 
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Diagram Captions 

Fig. 1 

+   — 
First derivative X-band esr spectrum for NF„ SbF„ *0.8SbFr 

60 4   o      5 
after exposure to  Co v-rays at 77 K, showing features 

assigned to species A and B. The intense central component steins 

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°K, showing features assigned to radical A. 
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The low-temperature infrared and Raman spectra of I(NO,), and the Raman spectra of liquid ClONO,, FONO,, I-NO,, 
and C1NO, have been recorded.   Comparison of the vibrational spectra within the series NO,, FNO,, ONO,, FONO,, and 
ClONO, allows unambiguous assignments for the halogen nitrate molecules.   Raman polarization measurements show that 
in halogen nitrates (he halogen atom is perpendicular to the ONO, plane contrary to previous assumptions and to the 
known planar structure of HONO, and CH,ONO,.  The vibrational spectrum of UNO,), is consistent with predominantly 
covalent nitrato ligands.   However, the complexity of the spectrum suggests a polymeric structure with bridging nitrato 
groups.   Experimental evidence was obtained for the formation of the new and thermally unstable compound CF,I(NO,), 
in the Cl- ,1-ClONO, system.   Attempts to convert this compound into CF,ONO, were unsuccessful. 

AIC40349 + 

Introduction 
Highly electronegative groups such as perchlorates, nitrates 

fluorosulfates, or trifluoroacetates can be considered as pseu- 
dohalides. As such they either can form stable anions in the 
presence ot suitable cations or can a;t as covalent ligands 

particularly when bonded to highly electronegative elements 
such as the halogens or oxygen.   Whereas the vibrational 
spectra of the free anions are relatively well understood, 
those of the corresponding covalent ligands have only recent- 
ly received more attention.   Reliable spectra a id assignments 
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arc now available tor covalent perchlorates,1"3 Irifluoroace- 
tates,4 and fluorosulfates.*"7   In spite of extensive infrared 
spectroscopic studies on halogen nitrates,8" a recent paper, 
reporting the vibrational spectrum of O;,00N02,demon- 
strates12 how poorly understood these spectra are at present. 

The question whether the halogen atom in XON02 is co- 
planar or perpendicular witli respect to the ON02 plane add- 
ed further interest to our study.  The consensus9"n appears 
to favor coplanarity based on analogy with the planar struc- 
tures established for the related molecules HON02

13 and 
. iljONOj.14   However, the assumption of a planar struc- 
ture for the halogen nitrates is against our intuition.   Simi- 
larly. 1'iuling and Brockway suggestedl$ for FON02 a non- 
planar structure based on low-precision elect an diffraction 
data, although a planar structure could not be ruled out. 
Raman polarization measurements should clearly distinguish 
between a planar and a nonplanar structure provided that 
unambiguous assignments are available.   For this purpose 
Raman ua,a »wrc also required for the closely related nitryl 
ha tides. 

Another objective of this study was to characterize I(N- 
03)3.   This interesting com;-rund was first prepared by 
Schmeisser and Braendle.16   !. is unstable above 0° and no 
data concerning its structure have been published.  Attempts 
were abo made to synthesize the novel covalent nitrate CF3- 
ON02 which led to the synthesis of the novel compound 
CF3i(N03)2. 

Experimental Section 
Caution'   Fluorine nitrate is shock sensitive. 
Material and Apparatus.   Volatile materials used in this work 

were manipulated in a well-passivated (with CH',) stainless steel vac- 
uum line equipped with Teflon I-'F.P V traps and 316 stainless steel 
bellows-seal valves (Hoke, Inc.. 4251 I-4Y).   Pressures were measured 
with a Heise Bourdon tube-type g: upe (0-1500 mm ± 0.1 %).   Nitryl 
chloride," CIONO.." and FN02'   were prepared by literature met* • 
ods.   Fluorine nitrate was prepared by direct lluorination of KNO, 
in a stainless steel cylinder."   The purity of volatile materials was 
determined by measurements of their vapor pressures and infrared 
spectra.   Solid products were handled in the dry nitrogen atmos- 
phere of a glove box. 
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10. 1589 (1971). 

(2) K. O. Christe and C. J. Schack, ,'norg. Chem.. 11, 1682 (1972). 
(3)C. 1  Schack and K. (). Christe. Inorit. Chem., |3. 2374(1974). 
(4) K. (). Christe and D. Naumann. Spectrochim. Acta. Part A, 

29, 2017 (1973), and references cited therein. 
(5) K. o.' hrisie. C. J. Schack, and E. C. Curtis, Spectrochim. 

Acta. Part A. 2b. 2Jt>7 (1970). 
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2485 (1970). 
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49.2544 (1971) 
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(1958). 
(9) K, Braendle. M. Schmeisser. an•'. W. l.uettke, Chem. Ber.. 93. 

2H>0 (1960). 
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lier , 96. 1187 (1963). 
(I l) K. H. Miller, D. I.. Dernitt, and t. C. Hisatsune, Spectrochim. 

ActJ.Pai    1.23.223(1967). 
(12) I . A. Hohorst and I). D. DesMarteau, Inorg. Chem.. 13,715 

(1974). 
(13) A. P. Cox and J. M. Riveros./. Chem. Phys.. 42, 3106(1965). 
(14) W  H. IWxon and E. B Wilson. Jr.. J Chem. Phys.. 35, 191 

(I9M) 
(15) |... Pauling and 1.. O. Hrockway,/. Amer. Chem. Soc, 59, 13 

(1937). 
(16) M. Schmeisser and K. Braendle. Angew. Chem., 73, 388 

(1961). 
(17) M. Schmeisser, /. Anorg Chem., 255. 33 (1948); C. Bra-jcr, 

"Handbook of Preparative Inorganic Chemistry," Vol. I. Acadimic 
Press. New York. N   Y.. 1963, p 513. 
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The infrared spectra were recorded on a Perkin-LTmer Model 457 
spectrophotometer in the range 4000-250 cm '.   The spectra of 
gases were obtained using 304 stainless «"'-el cells of 5-cm path length 
fitted with AgCI windows.   The low-temperature spectrum of KN03), 
was obtained as a dry powder between C'sl plates at - 196° usinj, j 
low-temperature transfer technique similar to one previously report- 
ed.;"   The instrument was calibrated by comparison with standard 
calibration points.;| 

The Raman spectra were recorded on a Cary Model 33 spectro- 
photometer usinf the 4880-A exciting line and a Chassen filter" for 
the elimination ot plasma lines.   Sealed quartz tubes (3-mm o.d.) 
were used as sample containers in the transverse-viewing, transverse- 
excitation technique.   The low-temperatute Raman spectra were 
recorded using a device similar to one previously described.21   Polar- 
ization measurements were carried out according to method VIII 
listed by Ciaassen, et al. " 

Preparation of |(NO,),.   Resublimed I, (1.005 mmol) was placed 
into a Teflon ITT* tube fitted wrh a stainless steel valve.   Freshly 
fractionated OONO, (8.20 mmol) was condensed into the lube at 

196°.   The mix.ure was kept at -45° for 1 week.   The materials, 
volatile at   45°, were removed in WHO and separated by fractional 
condensation.   They consisted of unreactcd CIONO, (2.20 mmol) 
and Cl, (3.01 mmo!) in excellent agreement with the values calculat- 
ed for a quantitative conversion of I, lo l(NO,),.   The nonvolatile 
residue was a fluffy light yellow solid which decomposed above 0° 
under dynamic vacuum yielding N,0, (2.05 mmol) and a tan solid 
rcsidu'v   This residue gradually decomposed further as evidenced by 
the buildup of N02-colored fumes above the solid.   An infrared spec- 
trum of the solid after several w<»*ks of storage at 25u did not show 
any absorptions characteristic f r N=0 double bonds. 

The ClONO.-CFjl System.   Chlorine nitrate (4.02 mmo!) and 
CF'jI (1.75 mmol) were combined at -196° in a 30-ml stainless steel 
cylinder,    lite reactor was slowly warmed to -45° and kept at this 
temperature for 6 days.   Recooling to - 196° did not show any non- 
condensable material.   Products volatile at -78° were removed in 
vacua and separated by fractional condensation.   They consisted of 
unreactcd CIONO, (0.40 mmol) and Cl, (1.79 mmol) in good agree- 
ment with the amounts expected for a quantitative conversion of 
CT',1 to Cl ,UNOj)2.   Warming of the solid residue to 25° yielded 
N,04 (1.14 mmol), COP, (1.07 mmol). and CF,I (0.65 mmol) in 
addition to 219 mgof a sticky solid residue of varied orange color. 

Results and L'scussinn 
Synthesis and Properties.   The interaction between l2 and 

excess ClONO? at -45° produced I(N03)3 in quantitat ve 
yield according to 

I. f 6CIONO, - 21,'NO,), + 3CI, 

Thus, this reaction offers an excellent route to high-purity 
I(N03)3, contrary to a previous statement16 that, although 
I(N03)3 is formed in this system, it is not of synthetic use- 
fulness. 

The properties and thermal instability observed for I(N- 
03)3 are in good agreement with those previously reported16 

fin the product obtained from the IC*I3 + CION02 reaction. 
The evolution of 1 mol of N205/mol of I(N03)3 in the ini- 
tial stage of tiie thermal decomposition indicates the possible 
formation of OiN03 as an intermediate of marginal stability 
at 0° 

UNO,), -OINO.+ N,0, 

The subsequent slow decomposition of this intermediate 
involves a r.dox reaction in which the +V nitrogen is reduced 
to the +IV state (N2O4) with simultaneous oxidation of the 
+111 iodine.   This observation is in excellent agreement with 
the thermal decomposition of I(OC103)3 which yields C120-.. 
lower chlorine oxides, and I205.

2 

,20) K. R. Loos, V. A. Campanile, and C. T. Goetschel, Spectro- 
1 'Urn. Acta. Part A, 26, 365 (1970). 

(21) E. K. Plyler. A. Danti, L. R. Blame, and E  I). Tidwell. J. 
Res. Nat. Bur. Stand., Sect A, 64, 841 (I960). 

(22) H. M. Claasscn, It. Selir and J. Shamir. Appl. Spectros< . 
23.8(1969). 

(23) E. A. Milier anu B. M. Harney. Appl. Spectrosc . 24. 291 
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In ihe CF3I-CIONO2 system, the observed material balance 
is in good agreement with the reaction 

CP,! + 2C10NO, - CF .KNO,), + Cl2 

Again the observation of such an intermediate is in excellent 
agreement with the closely related CIOCIO3 reaction chemis- 
try.   Thus, the interaction of Rfl with CIOCIO3 produced 
Rfl(C104)i.**   Wlien R( was (CF3)2CF or «-C7F,S, the R,I- 
(C104)2 intermediate was successfully isolated.   At 40°, the 
«-C7F,sl(C104)    ould be converted into RrOCI03 by vac- 
uum pyrolysis    i;oi Rf = (CF3)2CF, however, vacuum pyroiy- 
sisat 105° resulted exclusively in decomposition products. 
For R, = CF3, the CF31(CIQ4)2 intermediate was not isolat- 
ed; however, a quantitative yield of CF3OC103 was obtain- 
able at -450.24,25   Therefore, it appeared interesting to de- 
termine whether the novel compound CF3ON02 could be 
prepared by controlled decomposition of CF3!(N03)2.  No 
evidence for CF3ON02 could be obtained, but CF3I and 
about equimolar amounts of N205 and COF2 were formed. 

The observation of CF3I as a decomposition product is 
interesting.   A plausible explanation for its formation can 
be offered.   For RfI(C104)3. Raman spectra support24 the 
ionic structure [(Rf)2I]+(I(C104)4r.   If CF3I(N03)2 had 
the analogous ionic structure [(CF?)2I|*[I(N03)4]", as much 
as 50% of the originally used CFJ might be recovered in the 
thermal decomposition of such an intermediate.   The diffi- 
culty in obtaining CF3ON02 indicates that this compound 
might be relatively unstable toward decomposition into 
COF2.   This is in good agreement with previous studies12'26 

aimed at the synthesis of RfON02. 
Vibrational Spectra.   Figure 1 shows the Raman spectra 

of C1N02, FN02, C10N02, and FON02 and the infrared and 
the Raman spectrum of I(N03)3.   The observed frequencies 
are listed in Tables I and II. 

Before the assignment of the fundamentals of the halogen 
nitrate molecules can be discussed in more detail, it must be 
established whether XON02 lias structure I or II, i.e., wheth- 
er X is perpendicular to or coplanar with the ON02 plane. 

f 
N 

0—X 
I 

N 

0'   % 

Whereas in HONO, intramolecular hydrogen bridging should 
favor planarity, in HalON02 the expected mutual repulsion 
between the halogen and the two oxygen atoms should ' 
the perpendicular model. 

0—H 
I 
N 

/• 

cA 
Raman spectroscopy should readily distinguish between 

models I and II.   Both models possess symmetry C', and 
nine fun lamentals, but for mode! 1 three of the fundamen- 
tals are aiv.isymmetric with respect to the symmetry plane, 
whereas for model II only two mode» are antisymmetric. 

(24) C. J. Schack, I). Pilipovich. and K. O. Christ«, Inorg. CHem., 
in press. 

(25) C. J  Schack. I). Pilipovich. and K. O. Christ«, Inorg. Nuel 
Chem. Lett. 10. 449 (1974). 

(26) B Tittle and <;. U. Cady, !norg. CHem . 4. 259 (1965). 

1800   1600 1400  1200 1000   800   600    400    200 im"1 

FREQUENCY 

Figure I.   Raman spectra of liquid CINO, (recorded at -110c), FN- 
O, (-80°), FONO, (100°), and CIONO, (-80°) and of solid I(N- 
O,), (-90°) and infrared spectrum of solid KNO,), (196°).   Spec- 
tral slit width used for the recording of the Raman spectra was 3 
cm"'.   Traces A and B were recorded with parallel and perpendicular 
polarizations, respectively.   The inserts represent the weaker bands 
recorded at higher sensitivity and larger slit width.   Polarized and de- 
polarized bands are marked by p and dp, respectively. 

One mode which for model I belongs to species A' ami fur 
model II belongs to species A' is the antisymmetric NO, 
stretching vibration.   Since no question exists concerning 
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Table II.   Low-Temperature Infrared (-196°) and Raman ( 90°) 
Spectra (cm ') of Solid I'NO,), 

Ir Ha man Ir Raman 

1734 m 1734(6) 837 m 830(10) 
1715 m 1 '18 (7) 805 m 803(18) 
1649 m 1049(11) 793 m 791 (13) 
1587 w.sh 1>88 (3) 780 w 
1568 m 1^72 (18) 775 w 775 sh 
1550 m 1551 (6) 754 mw 752 (57) 
1485 sh 1489(5) 729 m 729 (50) 
1457 m 1459 (6) 720 sh 
1400sh.br 1402(4) 710w 
1313w 702 w 702(22) 
1300sh 1301 (10) 690 m 690 (4) 
1270 vs 1267(34) 629 ms 627(9) 
1250w 1249(5) 549 sh 
1024 mw 1021 (11) 525 mw 524(14) 
1010 w.sh 1008 sh 512 mw 
979 vw 493 (7) 
967 mw 966 (3) 490 w 
950 sh 950 s!i 478 w 
906 m 902(1) 370 mw 370(100) 
863 w 335 m 332 (60) 

310*93) 
280 m 282 (4) 
255 m 255(30) 

Ihe assignment of this mode, its Raman depolarization ratio 
should answer the planarity question. Figure 1 and Table I 
show that in FON02 the antisymmetric N02 stretch is clear- 
ly depolarized and, hence, the fluorine atom is not coplanar 
with the rest of the molecule. 

Additional support in favor of model I can be derived from 
polarization data on the XN02 deformational modes.   For 
mcHel I the 0N02 in-plane deformation should be depolar- 
ized, whereas for model II the depolarized band should be 
the ON02 outof-plane deformation.  Application of this 
criterion, however, requires reliable assignments for these 
modes which, as stated above, were not available owing to 
an almost complete lack of Raman data on these and related 
molecules.   As can be seen from Figure 1 and Table I. the 
combination of previously reported infrared data (including 
l4N-,5N isotopic shifts)",27,28 with the Raman spectra of 
this study allows unambiguous assignments for all fundamen- 
tals of FON02 and C10N02.   These results convincingly 
show that the ON02 in-plane deformation is depolarized 
and that the corresponding out-of-plane mode is polarized 
in agreement only with model I. 

Since the assignments for the halogen nitrates are self-evi- 
dent from the data given in Table 1, we can limit ourselves 
to a comparison with previously reported assignments and 
some specific comments.   For C1N02 only one previous ref- 
erence to a Raman study was found in which only one veiy 
wide diffuse line centered at about 360 cm"' was observed?9 

The observation of a depolarized line at 4', 1 cm"1 in the 
present study confirms the previous assignment of this fre- 
quency to ^s(Bi) based on microwave data."*0 

Similarly, our Raman data for FN02 arc in excellent agree- 
ment with the previous assignment27 which had been con- 
firmed by a microwave study.31   The observed relative 
Raman intensities and depolarization ratios of v2 and v,, 
when compared to the remaining molecules of Table I, sup- 
port the conclusion27 reached by Bernitt, et al., concerning 
the identity of P2 and Vi.   On the basis of the observed !4N- 

(27) I). L. lit-mitt. K. H. Miller, and I. C. Hisatsun.', Spectrochim. 
Acta, Pan A. 23. 237 (1967). 

(28) V.. T. Arakawa and A. H. Nielsen,./ Mot Spectrost:., 2, 41.) 
(1958). 

(29) R. Ryason   nd M. K. Wilson. J Chem. Phys.. 22. 2000 
(1954). 

(30) Y. Molina and T. Tanaka. / Mot. Spectrost., 16. 179 (1965). 
(31) T. Tanaka and Y. Morino. /. Mot Spectrosc, 32.430(1969). 
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,5N isotopic shifts, they chose from the two possible force 
fields27,32 the one which results in vz being mainly the N02 

scissoring and e3 being mainly the NF stretching mode.   A 
Raman spectrum of liquid FN02 has previously been report- 
ed33 and is in fair agreement with our data.  Two weak fea- 
tures at 470 and 710 cm"', respectively, in our Raman spec- 
trum of FN02 requite some comment.   Both were also ob- 
served previously,33 hut the 470-cm*1 line was subsequently 
ascribed,*'7 together with a line at 926 cm"1, to F0N02 im- 
purity.   Since our spectrum does not show any line at about 
930 cm"1, a different explanation for the 470 cm"' band is 
required.   It could possibly be due to the difference band 
vx - v2 w üch could have borrowed intensity from v3 through 
Fermi resonance.   The very we;:k potari/.ed feature at about 
710 cm'1 might similarly be explained by Fermi resonance 
between v2 and vt - v$. 

For CIÖNO; an incomplete Raman spectrum has previous- 
ly been reported."   The five frequencies listed are in good 
agieement with our result:.   However, no polarization data 
were given and the fundamentals were assigned on the basis 
o\ the incorrect planar model II.   Both of the two most re- 
cent assignments reported"'12 for C10N02 need revision. 
Hohorst and DesMarteau assigned three and Miller, ctal, 
two fundamentals incorrectly.   Both corrections involve the 
mode of greatest interest, the N-0 stretching mode.  The 
data of Table I (in p?rtieular the ,4N-15N isotopic slüftsand 
the polarization data) indicate that the similar frequencies 
of the N02 scissoring and the O-CI stretching modes cause 
a strong    : ;^g of the corresponding symmetry coordinates. 
The frc r 140 em"1 observed for the N-OCl torsion- 
al mode results««' a burner to internal rotation of 10.40 kcal 
mol"1 in good agreement with previous estimates and the 
value of 10.*n ku" mol'1 found for FON02." 

For FONO- no Raman data \v*ve been published except 
for the impurity bands33 in the spectrum of FN02 which 
were attributed by others" to FON02.   By analogy with 
C10N02 (see above), the previous assignments",12 need re- 
vision for three and two fundamentals, respectively. 

Several general aspects deserve emphasis.  (I) Whereas the 
XN02 out-of-plane deformation is of very low intensity in 
the Raman spectra and therefore difficult to detect, its first 
over,one was generally observed as a reasonably intense 
Raman banc!    This allows reliable identification of this fun- 
damental,   (ii) The symmetric N02 stretch and the NO: 

scissoring mode have very characteristic frequencies and oc- 
(32) A. M. Mtrri. (.. Ga//.o|i, and L. Kerretti, J Chem Phys.. 49. 

277S (1968). 
(33) K. K. Dodd, J. A. Rolfe, and I-. A. Woodward, Trans. Fara- 

day Hue, 52. 145 (1956). 

cur in the ranges 1285-1300 and 780-820 em"1, respective- 
ly.  Therefore, these two modes aie useful for identifying 
XN02 groups.   The XN02 outof-plane deformation is mod- 
erately dependent and 111*? corresponding in-plane deforma- 
tion is strongly dependent on the mass of X.   The large l4N- 
l5N isotopic shifts (17-20 cm"') observed for the XN()2 out- 
of-plane deformation indicates that in this mode mainly the 
N atom moves, i.e., swings through the X02 plane,   (iii) The 
NX stretching mode occurs for all compounds at a surprising- 
ly low frequency, i.e., 37C-570 cm"1.   This is in agreement 
with the known thermal instability of these compounds. 
Contrary to the N-0 stretelling modes, the O-Hal stretching 
modes occur in their usual trequency range.  They exhibit 
frequencies much higher than those of the N-O stretches 
indicating that the N-0 single bond is by far the weakest 
bond in ClONOj and FON02 • 

The low-temperature spectra of l(N03)3 (see Figure I and 
Table II) clearly show that the compound is not ionic    In 
the higher frequency range three clusters of bands centered 
at about 1570,1270, and 800 cm'1, respectively, occur, in- 
dicating the presence of covalent nitrato group.   However, 
the number of individual bands within these clusters s too 
high and they are distributed over too wide a frequency 
range to be comfortably accounted for by a simple in-phase, 
out-of-phase coupling of the motions of monodentate or 
bidet.tate ligands.3-34   It seems more reasonable to explain 
the complexity of the spectra by a polymeric structure in- 
volving bridging ligands as was previously suggested for the 
closely related compounds l(CI04)3

2 and l(S03F)3.6   We 
suggest tentative assignments of the clusters to the following 
types of vibrations:   1750-1450 cm-1, antisymmetric N02 

stretches; 1300-1200 cm"', symmetric N02 stretches; 830- 
780 cm"', N02 scissoring; 750-690 cm"1, IO stretches; 370- 
300 cm"1. N-0 stretches.   The significant decrease in the 
N-0 stretch frequencies, when compared to those in FON02 

(457 cm"1) and C10N02 (436 cm"1), indicates increasing 
polarity of the Hal-0 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. Grant 
for helpful discussions and to the Office of Naval Research, 
Power Branch, for financial support. 
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(34) C. C. Addison, D. W. Amos, and D. Sutlon. J Chem. Soi: A. 
808 (1967). 
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On the Existence of several new OtNyF-Compounds. 

A critical Comment on the Paper by Si ere and Schumacher. 

By Karl 0. Christe 

Abstract.  It is shown that the infrared spectra previously ittributed to 

the three novel compounds FONU, NU0F.., and an unknown are due to the known 

compounds H0NU„, F0N0o, and covalent No0r, respectively.  The observed 

chemical and physical properties agree well with this reinterpretation. 

ii 
Über die Existenz einiger neuer U,N,F-Verbinriungen. 

Ein kritischer Kommentar zur Veröffentlichung von Sicre und Schumacher. 

Inhaltsübersicht.  Es wird gezeigt, dass die Infrarot Spektren, die zuvor den 

drei neuen Verbindungen FONÖ, NO^F und einer aichtidentifizierten Substanz 

zugeschrieben wurden, vollständig den bekannten Verbindungen H0N09, F0N0o und 

kovalentes No0r zugeordnet werden können. Die beobachteten chemischen und 

physikalischen Eigenschaften stimmen mit der neuen Interpretation uberein. 

In the course of a spectroscopic study of halogen nitrates  » it became 
12) 

obvious that the infrared spectrum reported by Sicre and Schumacher '   for 

the new compound F0N0 was inconsistent with such a structure. In addition, 

these authors have given data for two nore new N,0,F-compounds and sug- 

gested for oiiö of these the composition NO F.. •  In view of ohis inconsistency, 

we have critically reviewed the given experimental data and succeeded in 

positively identifying all three compounds as knowi* substances.  Sicre and 
1>) 

Schumacher had chosen '   the assignations X., X0, and X,. for their new 

compounds which will be retained in the following discussion to facilitate 

comparison. 

Compound X..  This compound could be prepared from N0o and small amounts of 

F„ only in an aluminum cylinder, the walls of which were coated with a 

thick layer of aluminum oxyfluoride or corrosion products. 

1)  K. 0. Christe, C J. Schack, and R. D. Wilson, Inorg. Chem., in press. 

12)  J. E. Sicre and H. J. Schumacher, Z. anorg. allg. Chem., 385, 131(11171) 
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Based on its infrared spectrum, apparent molecular weight of t>4.5, and facile 

conversion to FNO(), it was identified "' as the FNO,, isomer FüNÜ.  However, 

a closer inspection of the infrared spectrum attributed to FONO indicated 

a structure containing an XNO€) group.  ' Comparison with known spectra 

revealed that the infrared hand shapes and frequencies (in cm ) and relative 

intensities of X. (lTl.'J vs, 1302 vs, 8H.r) s) are in excellent agreement 

with those reported '*' for ilONO,, (1712 vs, 1311 vs, average of 89.r, and 

H70 branches - 8N7 s). Further support for its identification as H0N0o 

can be derived from its chemical behavior.  Thus it could not be separated 

by fractionation from eompound X.. which was identified (see below) as 

w 
i^e following facts indicate that the original reaction product in the N0o + F 

reaction was FN0o which was subsequently converted by hydrolysis into 

H0N0o. (i)  The original product was volatile at -12'.°.  (ii)  Sometimes the 

infrared spectra showed FN0o which was attributed to an isomerization of FGNO 

to FN0o.  However, a plausible explanation for this behavior can be offered. 

For example, lack of hydrolysis of FN0(> or secondary reactions of H0N0o with 

passivated surfaces or strong fluorinating agents such as compound X, (=F0N0p) 

could easily generate FN0o. (iii) Clean reactors did not produce any X,. 

Only in the presence of substantial amounts of aluminum corrosion products 

was X. foi-raed.  The likelihood of such corrosion products containing hydroxyl- 

groups supports our interpretation that X. is formed by hydrolysis of FN09 

and is MONO,,, (iv) The mol« cular weighl determination would not be expected 

lo effectively discriminate between FN0(> (<i">) and IIONO,, (b\'j).  However, from 

the fact that the determination was carried oul at a pressure of 700mm, it 

can be concluded tliat the sample used al this point was still mainly FNO,, • 

The vapor pressure of 1I0N0(> at ambient temperature is considerably lower than 

700mm. 

") 
Compound %,,•     Thi.j compound is formed "'   when N0t> is reacted with an excess 

of F,,. As has previously been found,  ' some FONO,, is readily formed under 

\)    (i. K. McGraw, D. L« llernitt, and 1. C llisatsune, J. Chem. Phys., 
12, £17(11*15). 

1) D. L. Uernitt, Ii. II. Miller, and 1. C llisatsune, Spectrochim. Acta, 
23A, 2.J7(l<m7). 

R-9662 

D-2 

«•MMMMI 



these conditions.  Comparison between the infrared spectrum of X0 (1761 vs, 

1294 vs, 927 ni, 804 s) and that S' b' of F0N0o (1759 vs, 1301 vs, 928 m, 

804 s) reveals that Xf> is indeed FONO,,. The minor frequency discrepancy 

for the 1300 cm  band is caused by the difficulty in estimating the true 

band center for Xt> due to overlap with an intense X, band.  Again the ob- 

served band contours of X0 are identical to those of F0N0o and their chemical 

and physical properties agree. 

When Xl} was allowed to interact with an excess of N0o the following reaction 

was observed: 

X„ + excess N04)  - X;j + X1 

If we substitute F0N0,, for X0 and N.,0,» for X.» (see below), this observed 

reaction further confirms the identities of X0 and X,,: — o 

F0N0o + 2N0o  - FN0o + H^ 

The formation of X. (=H0N0o) can be explained by hydrolysis of FN0o according 

to: 

FN0o + H.,0  - H0N0o + Iff 

Compound X„ •  As discussed above, X.. was formed by interaction of X,, with an 
kl"- ti iL 

excess of N0o and, therefore, was suspected to be No0r .  Comparison of the 
» 2} 

infrared spectrum of X.. (1720 vs, 1240 s) -/ with that of covalent gaseous 

No0r (1728 vs, 1247 s) 
K*  confirmed our suspicion. The minor discrepancy 

in the listed frequency values is due to the relative broadness of these 

bands making estimation of Ehe exact band centers difficult. The observed 

low volatility of X,. and its tendency to associate with HGN0o agree with X„ 

being N,^. 

•r>)    A. J. Arvia, 1;. R. F. Cafferata, and II.  J.  Schumacher, Chem. Her., 
90,   1187 (19011). 

b)    R.  II. Miller,  D.  L*  Ik-rnitt,  and  I.  C  Ilisatsune,  Spectrochim.   Acta, 
23A,  223(1907). 

7)     1. C. Hisatsune, J. P. Devlin,  and Y. Wada, Spectrochim. Acta,   18, 
1041(1902). 
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Conclusion.    Without doubt,   compounds Xf> and X..  of Siere and  Schumacher art? 

FONO,, and  N()0r,   respectively,   since   their spectra,   physical and  chemical 

properties all agree w< th  those of the  latter ones.     There is also no doubt 

that  the   infrared  spectrum of X.   which was  the  only direct experimental 

proof  fur FONO,   is due   to HONO,,.     Therefore,   the existence  of FONO has not 

been established  since all   (he experimental data of Sicre and  Schumacher 

mi if lit be explained  by assuming FN0o which during transfer  to  or   in  the 

infrared  cell  hydrolyzed  to HONO,,. 

Recently, matrix  isolation data have been presented as evidence for the 

existence of FON and F0NÜ at cryogenic  temperatures. Although the 

infrared bands attributed     ' to matrix   isolated FONO are quite different 

from those  of X.,  their  frequencies are difficult to  reconcile with the 

proposed FONO structure. 

Acknowledgement.     1 am indebted  to  the  Office   of Naval Research,  Power Branch, 

for financial support and to Drs. C. J. Schack and L. It. Grant for helpful 

discussions. 
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The CF..0 Anioii: Vibrational Spectrum 

of aii Unusual CF„ Compound 1 '      o   
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Abstract 

The infrared and Raman spectra of solid CsOCF« and the Raman spectra of 

liquid and gaseous NFoO have been recorded. The vibrational spectrum of 

CF..0 closely resembles that of isoelectronic NFr.O. For CF„0~, six funda- 

mentals were observed and assigned consistent with a pseudo-tetrahedral 

structure of symmetry C„ . It is shown that the unusual bonding in NF„0 

is not unique but also occurs in CFQ0 . In both isoelectronic XFo0 species, 

the X0 bond possesses almost double bond character whereas the three XF 

bonds are highly polar implying very strong contributions from resonance 

structures such as 

II ll+ 
C . N 

/\ and /\ 
F I F F I   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. 
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INTRODUCTION 

When the NF.>0 molecule was discovered, "*  the observed high frequency 
-1  5 I» 

(lUDOcm )  * of the NO stretching mode was very surprising since it 

implied a NO bond order of approximately two.  This interpretation was 

confirmed by a subsequent electron diffraction study showing a short NO 

(1.15HA) and long NF (1.431Ä) bonds.   For the theoreticians this posed 

an interesting problem since it raised the question whether the strict 
u 

validity of the octet rule for first row elements also holds for NF..0. 

A systematic study  of the force constants and bond orders of a large 

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 maximum 

allowed by the octet rule. This is in agreement with the results from 
10 

recen+ Hartree-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 bonds coupled with highly polar XF bonds is limited to X being 

N (i.e., NFQ0 and the nitrosyl halides), or if it also extends to other 
11 

first row elements. Of the possible truly isoelectronic   species, only 

two CF,,0 and BFQ0  , have been reported to exist. However, the original 
-- 12 

reports on BF..0  salts by Ray and Mitra "" were subsequently refuted by 
J3 

Clark and Lynton. 

The existence of the trifluoromethoxides of Cs, Rb, and K was first reported 

by Redwood and Willis in 19(>f>. Ionic structures containing the CF.,0 anion 
14 

were postulated for these salts based on X-ray powder diffraction patterns- 

These patterns showed the tri t'luoromcthoxides to be isomorphous with the 
15 

corresponding betrafluoruborates.  In a subsequent paper,   the same authors 

reported incomplel j infrared spectra for these trifluoromethoxides.  However, 

these spectra showed more bands than expected for a simple CF 0 anion of 

symmetry C  . Furthermore, Dear and co-workers found   thai, the fluori- 
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nated higher alkoxidcs of Li and Na can be suolimed without decomposition 

and, therefore, must possess considerable covalent character. These con- 

flicting data added further interest to our study. 

There was also a question concerning the assignment of \L(A*) and vr(E) of 
5 b 

NF..0. The original assignment  ' for these modes has recently been ques- 
17 18 

tioned.  '   Since Raman polarization data should readily distinguish 

between these two modes, we have also recorded the Raman spectra of liquid 

and gaseous NF„0. After completion of our stvdy, the Raman spectrum of 
19 

gaseous NF^O has been published.    It is in excellent agreement with our 

measurements and resulted in a reassignment of v and V . 

EXPERIMENTAL 

Materials and Apparatus. Cesium trifluoromethoxide was prepared from CsF and 
14 

C0F2 in dry (J1LCN as previously described.    The conversion of GsF to 

CsOCF~ was 70 mole percent. Nitrogen trifluorideoxide (Allied Chemical) was 

purified by fractional condensation and showed no impurities detectable by 

infrared spectroscopy. Volatile materials used in this work were manipu- 

lated in a stainless steel-Teflon FEP vacuum line. Solid products were 

handled in the dry nitrogen atmosphere of a glove box. 

Vibrational Spectra. The infrared spectra of the solids were recorded on 

a Perkin-Elmer Model 457 spectrophotometer in the range 4000-250cnT as dry 

powders pressed between thin AgCl windows. The pressing operation was 

carried out using a Wilks mini pellet press. 

The Raman spectra were recorded on a Cary Model 83 spectrophotometer using 
o 20 

the 4880A exciting line of an Ar-ion laser and a Claassen filter   for 

the elimination of plasma lines. For the so! ids, glass melting point capil- 

laries were used as sample containers in the transverse-viewing-transverse- 

excitation technique. The spectrum of gaseous NF„0 was recorded at a pressure 

of 15 atm using a stainless steel cell with three sapphire windows in a 

double pass mode. Liquid NF„0 was contained in a 4mm o.d. quartz tube. The 

spectra were recorded at -120° using a device similar to one previously des- 
21 

cribed.     Polarization measurements were carried out according to method 

VIII listed by Claassen et al. 20 
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RESULTS AND DISCUSSION 

Observed Spectra. The infrared and Human spectrum of solid CsOCF,. and the Raman 

spectrum of liquid NF..0 arc shown in Figure 1.  The observed frequencies are 

listed in Table I. The Raman spectrum of gaseous NF..0 was identical to that 
10 

recently reported   and, hence, is not given.  In addition to the fundamentals 

listed in Table 1, two overtones were observed in the Raman spectra of NF„0. 
3 

Both of them are polarized and occur in the vicinity of A. fundamentals thus 

allowing an increase in their intensity by Fermi resonance. One of the bands 

is due to 2VL and occurs at 700 em  in the liquid and at 700 cm  in the gas. 
. -1 

The other overtone is ascribed to 2v, and was observed at 1735 cm  in the 
_1 * 

liquid and at 1775 cm  in the gas. The relatively large frequency shift of 

2v, between the gas and the liquid is caused by the corresponding shift of V 
4 4 

which in the liquid became relatively broad and had its maximum at about 

860 cm . The remaining fundamentals of NF,,0 show only minor frequency shifts 

when going from the gas phase to the liquid indicating little or no association 

in th  liquid. The fact that v0 and vu of NF.,0 appear more weakly polarized 

in the gas than in the liquid is due to the sample cell used for the gas. This 

type of cell allows only qualitative polarization measurements owing to internal 

reflection from the metal surfaces and owing to the optical activity of the 

cently 
o 

•qu]' 

sapphire windows.  Since the reassignment of v., and vr of NF,,0 has re< 
10 ° 

been discussed in detail   no furl her comment is required. 

For Cs0CF„, no Raman polarization measurements could be carried out owing to the 
14 

luv.k of a suitable solvent.  It hydrolyzes in water   and is insoluble in 

CH, CN.     In th** infrared «poctrum, a medium in weak absorption at 1230 cm 
y -1 

and a shoulder at 1450 cm  varied in relative intensity compared to the rest 

of the spectrum. These bands are due to CsJIF0 and represented the only detec- 

table impurity. 

Assignments. An XY,,Z species of symmetry C,, , such as possibly CF,,0 , has six 

fundamentals classified as 3A> + 3E. All six should be active in both the 

infrareu and Raman spectrum.  Inspection of Figure I and Table I reveals that 

indeed six bands, active in both the infrared and Raman spectrum, were observed 

for CsOCF.,. Their frequencies and relative infrared intensities are similar to 
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those of isoelectronie NF.,0.    This  similarity,   together with the fact that the 
14 strongly 

•3 

CF.,0    salts are isoniorphous with the corresponding BF.     salts, 

supports the assumption of a jJaeudo-tetrailedral structure of symmetry C„    for 

the CF 0    anion.    Assignments of  the six bands to the  individual modes 
J 

(see Table i) were made by analogy with those  of NF.,0 and are  supported by the 
o 

following arguments. 

Of the six fundamentals, three are stretching and three are deformation vibrations 

The three bands occurring above 800 cm  must be the stretches and those below 

600 cm  must be the deformations. The strong infrared band at 1560 cm  has too 

high a frequency and is too far away from the other two frequencies to be a CF„ 

mode. Consequently, it must be the CO stretch. The two remaining bands at 960 

and 812 cm , respectively, show about the right frequency separation expected 

for an antisymmetric and a symmetric CF. stretching vibration. Based on their 
-1 

relative band widths and Raman intensities, the 960 cm  band must be the anti- 

symmetric and the 812 cm  band the symmetric CF stretch. 
o 

Of the three deformation modes, the antisymmetric CF,. deformation should have 
o 

the lowest frequency and be relatively weak in the infrared and, therefore, is 

assigned to the 422 cm  band. The CF., rocking and CFa umbrella deformation 
-1 

modes were assigned to the 575 and the 596 cm  band, respectively, based on their 

relative intensities and by analogy with NF~0 for which these assignments are 

well established by polarization data. 

Conclusion.  In spite of the lack of reliable force fields for NF..0 and CFQ0~, 

some qualitative statements *«n be made about the nature of bonding in CF.,0 . 
7 

Since the exact bond distances in NF„0 are known from electron-difTraction data, 

it is well established that the NO bond possesses almost double bond character 

and that the NF bonds are unusually long. This implies very strong contributions 

from resonance structures such as: 

/ 

'o\ 
N 
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Inspection of Table 1 shows that the frequencies of CF..Ü are comparable to those 

of NF 0. Furthermore, when compared to conventional carbon oxyfluori les contain- 
J 

ing single bonded oxygen, the CO stretching frequency has increased by a^mt 

50O om  and the CF,. stretching frequencies have decreased by about 350 cm 

These enormous frequency shifts suggest that the bonding in NFr,0 is not unique, 

but also extends to isoelectronic CF„0 . Thus, one must invoke .Lso for CFo0~ 

strong contributions from resonance structures such as: 

c M 
//  F- 
F 

in addition to some contribution from: 

101 
I 

F ' \. 

(ID 

The predominance of I can be rationalized by the high electronegativity of 

fluorine favoring highly polar bonds and by the strict validity of the octet 

rule for first row elements. The latter is caused by the high energy required 

to promote electrons to the 3s level.  If these assumptions are valid, an 

increase in the bond order of the Xö bond must be accompanied by a simultaneous 

decrease ir\ the bond order of the X-F bonds, since the sum of the bond orders 

cannot surpass four. For higher row elements, the next higher unoccupied electron 

levels lie much closer and, therefore, the octet can readily be exceeded. 

Acknowledgement. This work was supported by the Office of Naval Research, Power 

Branch. We are indebted to Dr L. R. Grant for helpful discussions. 
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DIAGRAM CAPTION 

Figure 1. Trace A, infrared spectrum of solid CsOCFQ as AgCl 

disk; trace B, Raman spectrum of solid CsOCF.,; trace C, Raman 

spectrum of liquid NF„0 with parallel (upper curve) and perpendicular 

(lower curve) polarization; the inserts show the weaker bands re- 

corded with increased gain and slit width. 
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AN IMPROVED SYNTHESIS OF FC102 

K. 0. Christe*, R. D. Wilson, and C. J. Schack 
Rocketdyne, a Division of Rockwell Intel-national, 

Canoga Park, California 91304 

The literature methods reported (1) for the synthesis of FC10« are inconvenient, 

since they either involve the fluorination of shock sensitive chlorine oxides 

or, as in the case of the KCIO^ + BrF reaction (2), result in product mixtures 

which are difficult to separate.  In this note, we report an improved synthesis 

of FCIO- from NaCIO, and GIF, which, in our opinion, is more convenient than 

the literature methods.  It is based on the previous observations (3,4) that 

gaseous OF, reacts with KCIO3 to produce FC10? in high yield, but it reduces the 

GIF., requirement by 60 percent. 

In our method, dry NaCIO, is combined with approximately an equimolar amount of 

C1F- at -196° in a .-.tailless steel cylinder. The mixture is kept at room tem- 

perature for about one day.  Chloryl fluoride JS thiis obtained in high yield 

according to the idealized stoichicmetry: 

6NaC103 + 4C1I
:
3  - 6NaF + 2C12 + 302 + 6FC102 

Thf» products condensible at -196° can be separated either by fractional din 

tillation (bp: CI2~-33,S, FClO^-6, C1F^=11.75°) or by repeated fractional 

condensation through a scries of U-traps kept at -95, -112, and -126°.  The use 

of well passivated metal, Teflon, or KclF equipment is essential for handling 

1C102.  The use of larger than stoichiometric amounts of GIF- in the above 

reaction is recommended to avoid the possible formation of chlorine oxides. 

The substitution of the previously used (3, 4) KC10, by NaCIO. is significant 
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since KF forms a 1:1 atkluct with C1F_, whereas NaF does not. Therefore, the 

use of NaClO, reduces the C1F_ 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 C1F,, and (3) good product purity. 

We have also examined the synthesis of I CIO., according to Faust et al. (5). 

According to their claim, FCJ09 can be prepared in 50°ö yield by simply heating 

a mixture of C1F and 07 for about one day to 80 - 90°. This process would be 

superior to any of the previously reported syntheses. However, duplication 

of the experiments of Faust et al. (5) in our laboratory failed to produce 

significant amounts of FC10.,.  For example, heating mixtures of C1F and 0 

in a well passivated (with Cll") Monel cylinder to 80 - 90° for one day under 

an autogenous pressure of 1000 psi produced only a trace of FC10- (less than 

0.1"&). We believe that the observation of a trace of FC102 in the products 

is not due to FCT0-, formation from OF and d~ b«it due to the following well 

known (6) hydrolysis of C1F during the handling >f the starting materials 

and products: 

S C1F + 2!L0  4IIF + FCICL + 2C12 

Ihe failure to obtain FC10, from C1F and 09 by simple 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 ('IF and 0-, as was also demonstrated by kinetic studies 

of the thermal decomposition of FC10- (7, 8). 

Acknowledgement:  We are indebted to the Office of Naval Research, Power Branch 

for financial support of *'ns work and to Or. I.. Grant for helpful discussions. 
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Electron Spin Resonance Study of 02+ Salts. 
Influence of Crystal Field Effects and Relaxation 

IRA B. GOLDBERG,* KARL 0. CHRISTL, and RICHARD ID WILSON 

Received June 14, IV74 AIC40379C 

hlectron spin resonance spectra of polycrystalline Oj*BI;4 , Ö2*AsF* . 0?*Sbl;i» , and Oj+SbjFii were recorded over 
the temperature range 190 to +20° at u35 (ill/. The # tensors calculated from simulated .spectra of 0;*B'14 , 02+Aslh , 
and 0:*Sb:l n at 196° indicated the ions are in sites ol orthoihombic or lower symmetry. Iwoof the components of 
the g tensor were between 1.96 and 2.00 The third component was between I 73 and I 76 in agreement with crystal field 
theory. The line shapes were lorenl/ian indicating that dipolar broadening is at least partially averaged by thermal moli' :i 
Above 196°, the line widths of the spectra increased rapidly indicating a relaxation process v. inch ha.s a small activation 
barrier. The spectrum of 0>*Sbl'(. was very broad at 196° and exhibited additional lines ol magnetic fields in the region 
ol 1000-1500 G. This may be due tostrotij exchange between nearest Or* ions An improved synthesis ol (>:*BI:4 was 
described involving low-temperalure uv photolysis of a Bl i I : O.' mixture. 

Introduction 

The preparation of a variety of dioxygenyl sails has been 
reported.1'2 Althougn electron spin resonance (esr) has been 
used to confirm the paramagnetic character of dioxygenyl 
tetrafluoroburale-1'4 and hexafluoroarsenate,5 no interpretations 
of these spectra have been reported. An esr spectrum was 
reported for 0;+BF4 at 196° consisting of one asymmetric 
line with a peak to peak line width (A//pp) between 400 and 
500 G and a g factor between 1.94 and 1.97.3 4 1 he spectrum 
reported for Q?+AsFf> was characterized by a g factor of 
1.9880 ± 0.0002 and a temperature-dependent line width of 
24 G at -50° and 66 G at 23V Roth the Bl 4 and the Ash, 
anions are large such that both materials would be expected 
to exhibit similar • pectra. Recently, esr spectra of Öif SbF<, , 
02+AsFö,and' .fSb:l'n at temperatures near liquid helium 
were studied. These spectra were interpreted in terms of 
near-axial symmetry.'' Values of g± were about 1.97 and those 
of g;t were 1.73. In addition, the magnetic susceptibility of 
these salts and the |l'F nmr of Oj+Asl 6   were reported.'- 

F.sr spectra of concentrated paramagnetic samples generally 
exhibit a variety of relaxation processes. Dipolar broadening 
results from the various magnetic fields generated by the close 
magnetic dipoles acting on the central ion. Fxchange processes, 
cro3s relaxation, or motion of the magnetic ion can also cause 
a modulation of the magnetic energy levels and therefore relax 
the spin states. The O2* ion has the additional possibility of 
Jahn-Teller relaxation since it is in a nearly degenerate state. 
In a crystal field which is symmetric with respect to the in- 
tcrnuclear axis, two stales are separated only by the spin-orbit 
coupling energy (about 200 cm '). These effects have not been 
considered in the interpretation oi the esr spectra of compounds 
ofO.+. 

Esr spectra have been observed fot 02+ and the isoclectronie 
species N2 and NO in single crystals and adsorbed on surfaces. 
Detailed studies of OV on rattle ..urfaces,7 N2 in single 
crystals of irradiated a/ides,8 and nitric oxide adsorbed on 
various surfaces'' " and generated by irradiation in a/ides'- 
have been repor'.ed. Nitric oxide in single crystals and on some 
surfaces exhibits spectra characteristic of a three-component 
g tensor when the line widths are sufficiently narrow so that 
all components can he resolved On some surfaces NO exhibit 
;. srvvtri.n vi,I,;. rroad-lnvc character! :iiic ol nimnient axial 
yiiMD,". ••   t'.vvv..-   tin tutu unit it; amiint a;.i;i . ••'miu,.:i-' m 
M/I   iwvii :ii.')    '.inualii...     1.;    pt:'..'.[.i. 

V. fiilt\.tic ,i>tiy,'> .I*ICI in -tier iite.-csi u tns .tuitv nVumt 
-wiiiiiiuiiuaiiun> - luiicutc .IK.I ;lie ,)Jcviou.slv reported 
photo\hen 1 ical synthesis d OVSbF'. results in a puluct which 
contains appreciable amounts ol the dimcnc anion Sb;F|, 

|.   »limn k.i»»rc>i|Hitldc:live th.>i.l>l tx ::<A1; 

In addition, no convenient synthesis has been reported for the 
preparation of Ü2fBF-i . 

In view of the discrepancies in '.he esr spectra of 02+ and 
for the purpose of understanding the behavior of 02+ in a 
crystalline environment, we have investigated the esr spectra 
of this ion in the presence of several counterio:,s. In addition, 
an improved synthesis is reported for O2BF4. 

Fxpcrimental Section 
Preparation of O:' Sails. 'I lie Oi'As.1 «> and Oi+SbF* samples 

were prepared at 200° from O:, I':, and Asl > or Sbl's, respectively, 
in Monel cylinders according to the method <ii Beal, er a! lS Material 
balances, vibratumal spectra."' and elemental analyses (oxygen content 
was determined by displacemeent reaction with excess f NO at 7S° 
and As or Sb were detei mined by conventional techniques) showed 
thai die solid products had the compositions O:\-\sl t, and Ol* • 
Sbl i, •O.tHiSbl •>, respectively. A sample having the composition 
0.''Sbl 6 •<) 7\Sbi'"i vvas prepared by the above method but by heating 
the starling materials to ISO0 lor 12 for. A sample ol O^Sb.'t 11 
was prepared by u» photolysis of a l:'/z:2 mole ratio mixture of 
O: |r2 Sbl:s in a manner similar to that described bs MeKee and 
Bartlell " 

lor the synthesis of 0:*BI:4 . a 1-1. Pyrex bulb containing 
equimolai amounts of O;, I•;. and Bl") at a total pressure of 800 mm. 
w;is exposed for 7 days to uv radiation from a high-pressure mercury 
lamp (llanovia 6I6A, 100 W) equipped with a water filter. I he 
condensing tip of the reactor was kept at 7h° The solid O2+ÜI •» 
accumulated in the cold setion of üie reactor .out was periodically 
removed at 0° from the walls to the bottom ol the reactor by means 
of an ultrasonic cleaning bath. After completion of the photolysis, 
pioduels volatile at 7h° were removed in vacua The white solid 
residue was transferred, while cold, from the I'yrex container lu a 
Tefii'B ! LP affifiwrie in :>n in.-rt-iomosplw-re ^lnv« ho« Vihrational 
spc.iroNCopy17 and elemental analysis (see above) showed the product 
to be Oz+Bf* .  The yield was 51%. 

Esr Spectra. Fsr spectra weie obtained on a modified Varian 
V-4502 dual-cavity esr spectrometer.1» The magnetic field was 
monitored using a sample of M11-* in forsterite.1'' I ach of the six 
lines from the Mn1' were narrower than 1.5 (i, and the splittings mid 
the if factor were determined against DPPH (>; = 2.003651 using a 
proton resonance probe 10 calibrate the magnetic field I he esr 
parameters for Mn-'* were g = 2 0O095 ± 0 00006 and o = »6.7* 
± 0 05 (1 \\) calibrate i'-c field difference Iron» the field corre- 
sponding to g\u>-' lor each mangaiious line, the liv|)ertiiie Hamiltoiiun 
w.is expanded to s-.-coud oukt 

I in lelcicnu 
Olli     111'     .i.llllllf 

v ,ir. '.i aivi .ni. 
111 11 ltd . •' In 
•1   he  k. k-Mi-p.;, 

..HV,|cf    |hMI.|  A. 

V\ .ire, and Ur.iv-'1 

.UP 

..M.    1) 

o|<ti.ited at iOY •».! 1/ I,.:A'. h.wOul..:.... 
W)... .!...!• .1 • v.u. o. . ,.. ,1 
vi .•••,  ,/• .1   ...^..1 1 ,l|,,.,),. 

1..-    .„Vl.il-.li...,    ,„  ;,|;i.„l,.   ...   ..   ;..,), 

he ,fi••" 'liiiii     -.r• r: 1:1 iltoc of .1 . 
iiTred -M* 111 ihr iin.-iln-l of lirr.tntn   ?.i\im 
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I able I.   IM I'.oamcuis of l>i*>.\\ (.rcuy i Compounds al    |*tb" 

X. lii (, III! 

O.AsI, 21*110 1.97J 1742 Kl) 148(1 I lid 
U;HI4 2 (Ml 198 1.78 ?(.0 Him 2(1 
(>'Sbl\ 175 iM'üopie 22(H) 
ol.SbT,, 1970 1 **58 1729 ] 20 |9»,o | id 

u l.oiem/ian line width used in sinml.iie lite povwlci vpoiliinü 
I'araiiicii'is den v cd liom s i.ui.irs j ..iiuiiiij.' ,\     I'is em  ' 

(g:) was al considerably higher I'ickt>. llic dependence ol m.it'.nctic 
field on the intensity was treated by (lie relationship 

/ (^ *)'!£)' f  i 

where / is (tie inlensiiv am! g is die apparent g lacioi five» by hr/iHI. 
This is analogous ID the relationship derived l>> Hlc.oiev •'-' 

Samples ol the dio\\gci))i salt were place J in 4-imn lcflon III' 
or quart/ tube» and heal scaled I he I eflon I II' lubes exhibited 
a weak spectrum of two lines each aboul I (i wide, at poinis ver> cUue 
to g = 2. Under the nigh powers and hi^h modulation amplitudes 
used, these lines were broadened and weakened even further. Al lii|uiii 
nitrogen temperatures where large signals were observed, low gains 
and small modulation amplitudes were used and (he Teflon I IT* 
spectrum was loo weak lo be delected Samples prepared in Monel 
vessels exhibited a weak line about 20 (» wide ul l%*. This is 
probably due to a copper or nickel ion impurity I his signal is similar 
Jo that previously reported for (.)_•* Asl 0 

5 The samples of antinion.iies 
and the arscnatcs were stored lor several weeks ai room leuipeialuie 
with no noticeable decrease of signal intensity The lelralluoroborale 
»alls were stored at    ?0° and weie also stable for several weeks. 

Results and Discussion 
Syntheses of Oi* Salts. I he previous reports on the 

photochemical s>nthesir>5 of Oj+Asl(> and the thermal 
synthesis15 of 0>+Sbl 6 were confirnted. I or the thermal 
synthesis ol 0:+SoFu it was futnul important to keep the 
reaction temperature sufficiently high, i.e., at about 200°, in 
order to suppress the formation of O^SbjF'n . A reasonable 
explanation for this temperature requirement is the melting 
point of Q.J+Sb»Fii which was recently reported12 to be 
18Q 185°, Below lX0°,O;+Sb>l u can solidify i' us escaping 
further interaction with Oi and \"l. 

The uv photolysis of Ü2 Fj SnF-s mixtures yields mainly 
Oj"*Sb2ln and not ()2+Sbl;6 as originally reported.5 This 
finding is in excellent agreement with a recent study by McKce 
and Bartlett.14 Since the esr spectra of Ch'Sbl•„ ,.nd OJ

1
- 

Sb;l:n (see below) strongly differ, they arc useful for dis- 
tinguishing t!,c two compounds. 

The pi'CViOUaly  icpulicd syntheses1 of C*'BJ:4    lequilCil 
oxygen fluorides, su'h as 0:1 •'> or Oi':. a-, tatting materials. 
Since these oxygen fluorides are dillici.lt to prepare (low- 
temperature glow discharge, -> irradiation, or photolysis) and, 
owing to their thermal instability, inconvenient lo handle, a 
direct synthesis from Oj, V?.. and BF'j appeared desirable. We 
have fnmd that Oj+BI 4 can easily be prepared by uv 
photolysis01 0> F2 BF1 mixtures. During this photolysis part 
of the reactor must be kept al 78° to avoid thermal de- 
composition of the product which is ol only marginal thermal 
stability at ambient rempeniturc. Our yield ("-50%) of 
Ü2*Bf 4 and coin''..»urn rales could probably be significantly 
improved by choosing a reaclor geometiy more favorable than 
the cold-finger I'yrcx bulb used in 0111 experiment. 

Observed Spectra, f'aruinctcis determined Irnm the esr 
spectra of <>>* compounds are given in 'I able I. Although 
the spectra ol Ch^Sb/l 11 and 0>'Ash. at I%° appear 
characteristic of radicals with axial symmetry, the spectra 
cannot be accurately simulated unless three independent y 
factors arc used, flic experimental and computed spectra of 
O.' Ash,  aie shown in I igure 1.    I he sptcliuiii of O.'Mtl 1 

Injure I.   I sr spectrum of dioxygcityl liesulluoroai.scnaic ai    190 
(solid line) and computer jiiliul.11 ion using (ho pjrameteis,s\     2 »00, 

Ky - 1.973,.^     1.742, and A//,,,,    8011 (broken line) 

Figure 2,   hsi spectra ol dioxygenyl lluoroauliniotules at    19(»' 
(frequency 9JI7<ill/).   (at sample ol eomposition O/Sbl , 
0.06Sbl ,; (b) sample ol eomposition U/Sbl•„" ().73jbl\. 

is similar to that described in the literature.'•' We observe 
an asymmetric line with a pcak-to-peak width of 430 G. 
Parameters shown in Table I were determined assuming 
orlhorhombic symmetry. Due to the low resolution of this 
spectrum, those parameters are not particularly accurate. The 
spectrum of Q*+SbFti at 196° appears isotropic with a g 
factor of about 1.75 and a line width of 2200 G. This spectrum 
and the spectrum of 02+SbFe •0,73SbFs are shown in figure 
2. Lines due to gaseous molecular oxygen are identified by 
an asterisk.. The spectrum o( 02+SbFo -0.73Sbl s exhibits two 
components: one component is very broad, and lite second 
component is similar to the spectra ol 0:+Sb:f ti and ():'- 
Ash, . The broad component in the spectrum of ():f- 
SbFh •0.73SbFs is considerably different from the spectrum 
of 02+SbF(. . These samples were prepared in Monel which 
exhibits magnetic behavior. Esr spectra ol scrapings from 
different pans of the bomb were recorded and the spectra 
showed considerable Variation. The line widths varied between 
700 and 1100 (J and the field corresponding to the mean 
amplitude between maximum and minimum peaks of the 
derivative varied between 2100 and 2500 (i. It is I here fore 
likely that the low-field component in figure 2b is due 10 
Monel. Apparently the Monel contributes lillle lo the spectrum 
shown in figure 2a. 

the line widths of the spectra ol ().'*Bf4 , O.'+AvFi, . and 
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Figure 3.   Iempenluie Jipe.uleiK.. ul it 
trum ol ilK>vygcii>l ln.\j)liK)[i>jtbi'H.itc 

line MUIill ol llie t'u s)>ei 

Figure 4.   ('iiiiipausuii ul ' csr »peetrj iceorded at    !%' ihrwken 
liiiiejjiid    2D   linliil line) oi'O/Sb,!,,   prepared in qii.nl/    Sifn.il 
ut g    2 is Juc to an undetermined impurity. 

0:+Sb:Fn and the narrow component of the spectrum of 
Ch'SbFt, •0.73SbF5 increase rapidly at temperatures greater 
than 170°. The line width of Oj'AsFt, exhibits an expo- 
nential dependence on I AT between - 16(1 and 70° ;>s shown 
in Figure 3. The spectrum of 0;+HF-t appears to behave in 
a similar way, however within a few degrees of 130° the 
spectrum disappears when warmed and reappears, when cooled, 
""his suggests that a crystal modification occurs at this 
tempera lure. 

The compounds 02+Sb:Fu . ()>+SbFf , and O:\Sb F(, • 
0.73SbF,i exhibit different temperature dependences At 165° 
the spectrum of ()2+Sb:Fn is broadened and a low-field 
shoulder begins to appear. As the temperature is increased, 
the original component broadens out, and an asymmetric line 
with an apparent g factor of 2.3 emerges from the shoulder. 
Above 100°, only the "g s 23" line can be detected as shown 
in figure 4.    This sample was not prepared in Monel. 

The spectrum of 0:*SbFf> 
about 23<V> * i and a e factor • 
thN.)tv.v\-:iorx'-!'> jo !•.?::•. 
etViCMi.%     I "»>» jS.':\v« 
ittMitfr: <   i»t '•> i f l f^ i id 

it   l%° is very broad with .}.//;.[ 
•'. 1 r<    At higher temperatures 

.'r'.e w\,\;'CC j'.    pi'"  w.;-. 
'or the iv«-field absorptions 

and jppaw; mutely iH u,r the high-field absorption The 
high-iield absorption en be ascribed to the (.>:'• in which the 
angular momentum is virtually unquenched The absorption 
at g - 2.83 is probably due to Monel.  The absorption of g 

ipo*. 

2 pro 

2 pit; 

2po- 

#4 

i 
;^»A')'' 

44 44 

44 4-1 H 
(b) (c) 

I-ig tire 5.    Inergy level diu^rjni ol llie diosygetiyl ION Stowing tlie 
(i- JIKI IT liuiklinc 2p (illiil.ilv    (ji eiifiey levels in the jbsenee ul 
spm-orbil t«ni|)|{iig and crysul field elteets; (bi energy levels will! 
spm-ofbii splillint-', (c) energy levels with spni-orbii sind ortliorliuin- 
bie field splittings. 

= 4.69 broadens with temperature. The spectrum of 0.,+- 
Sb'Fc, '().73Sbls (figure 2b) exhibits two components. At 
temperatures above 196° the sharper component is again 
broadened. At 20°, only an 800 G wide absorption at g - 2.80 
can be seen which is probably due to Monel. All spectra 
described here are reversible as the temperature is increased 
or decreased 

g Tensor. In the absence of spin orbit coupling and crystal 
field effects, the dioxygenyl ion would be in a degenerate state, 
and the energy level diagram would be given by Figure 5a. 
Spin orbit coupling splits the energy levels of the 2p» and 2px* 
states (Figure 5b). The application of an orthorhombie crystal 
field further separates the energy levels and quenches the 
angular momentum (Figure 5c)). Crystal field calculations 
were carried out in a manner similar to that described by 
Mcrgerian and Marshall.12 The matrix elements o( the crystal 
field potential operator Kl are given by eo, 1 where Dirac 

<M/, M/^'ci.«,*/,)- .itVu,w, 1>M,± ..A»/ (I) 

notation is used, Ml and Ms are the a/imuthal quantum 
numbers for the angular momentum and spin, 6 is the Dirac 
b function, and ^ is the magnitude of the crystal field energy. 
The 7T and jr* levels consist of values of Mi which are equal 
to +1 or I. The spin orbit coupling operator only has di- 
agonal elements equal to KMtM\. 

• he solution of the secular determinant gives the energies 
of either the 2pir or 2pn-* states relative to the energy of the 
unsold levels, bach of the two states which result are de- 
generate in spin, and the energies are given in eq 2 

The wave functions which correspond to these energies are 

-iV. II,V 

- A"- 

(2a I 

IJbl 

I 3a | 

t 

+*/-*.(< [OH 
i    it.* 

J?. H 3d I 

where N\ and IS': are normalization constants given by 
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The 02' ion behaves in a similar way and exhibits the same 
crystal field Splittings. The difference between (): and 0:+ 
is that the unpaired electron ol'02 is considered to be in the 
stale corresponding to energy Ai, while the unpaired electron 
of 02"* is considered to be in the .stale corresponding to energy 
k':. 

The g tensor lor the dioxygcnsl ion may be calculated by 
the method ol Kan/ig, ct a/.'' An additional term which 
contributes to the 2pir* levels arises Imni interaction with the 
2p<> levels. This results in a small admixture of '/- ^pi" l0 

wave functions which aie predominantly of +'/.; spin, and a 
small admixture ol + '/- spin to the wave functions which arc 
predominantly '/• spin. The additional term added to eq 3c 
is of the form (A./£}((>, -'/:}, and the term added to eq 3d 
Is of the form (X/rY)|0, '/:). Using second-order perturbation 
theory, the adilition.il terms added to the basis wave functions 
are shown in eq 5 

1   ! 

**/ = ** &HW 
]!•: RT — - 10.  -'/:> (5a) 

* y **" 
_„  . _ u 

The g factors can now be calculated using the magnetic 
Hamiltonian. Fields are independeiiil> assumed along the v, 
y, or z axes of the dioxygcnyl ion. 

In the absence of the Ml = 0 functions, only the wave 
functions are coupled through S+ and S . 11 he addition <•!* the 
Mi - Ü functions allows coupling through /.+ and /. . The g 
factors are obtained by diagonali/iiig the 2x2 matrices formal 
by application of Haut. This procedure is outlined in more 
detail by Wert/ and Bolton.24 

The results of these calculations are given in eq 6 which 

Sz -&, "W * A2 

\2 l'2 

b) 
gy ~~8x\ Y2~.    I J 

+ A' 

A* 

xri "A2 

A2 

A2 f A2 

(„y-i] 
shows that the jj tensor should be comprised of three different 
principal values provided that /.' is sullicicntly sin.ill 

Crystal lield Kffccts. The esr parameters determined from 
the simulations, which arc given in fable I, can be used lo 
calculate the parameters A and E shown in i igure 5. The g 
factors of 02*AiF« and 0.:+Sb.T n arc believed accurate 
to ±0 002, and that ol O.MJf i is believed accurate lo ±002 
There is some doubl of the spin orbit coupling constant X of 
().** in a crystal lattice I he values ol X are l'>> cm ' for the 
free ion"" and 15.1 cm ' tut atomic oxygen. Since the try vial 
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field probably reduces the value of X from the free ion, the 
(4<) correct value is probably between 151 and 195 cm '. In 

principle, the value of X can also be determined from the 
solutions of the simultaneous equations (6a) (oc), but the 
precision of the g factors is not sufficiently accurate for this 
purpose. Arbitrarily, the free-ion value of X was used. The 
values of A and H which arc given in Table I must therefore 
be considered as upper limits of these energies. 

'These values can be compared with those determined from 
spectra of O2 and the isoelectronic NO. The comparison of 
the crystal field parameters of 0>+ and O? is valid since a 
similar mixing of orbit a Is takes place to give shifts of the g 
factor from gc. In Nal where large negative ions and small 
positive ions surround the (>2 ion, the angular momentum is 
unquenched.'' However, in other Itjiidcs-* values of A range 
from 650 to 1200 cm ' and values of E range from «> X I(H 
to 15 x |04 cm '. The precise values depended upon the sizes 
of the ions and the symmetry ol the lattice sites. I lie asym- 
metry was attributed to covalcnt interaction between the O: 
and the alkali metal ions since the site of the O2 ion aligns 
in the 110 direction sue'.: that the crystal ion» are axially 
symmetric with respect i» he O2 inter nuclear axes In other 
studies, alkali metal 02 compounds were trapped in an argon 
matrix at 4°K,2,>J7 so that the principal interaction is with one 
alkali metal ion In these cases A for Oj was considerably 
larger than in alkali metal halides, 

Values of A and E obtained for NO adsorbed on various 
zeolites agree more closely with the values obtained here for 
O2* Values of A range from 1050 to 1700 cm ', and values 
of /:' range between 1.2 x I04 and 3 7 x 10' and are consistent 
with a small interaction with the surface.9 NO adsorbed on 
MgOand generated in various crystals exhibits larger values 
of A and E, and ,ltus the elements of the j» tensor are much 
closer to#clu Similarly, the N> generated in KNJ

8
 is also 

in sites with greater asymmetry and exhibits g factors do .er 
to ge. 

The data of Table I suggest that in 02+BI-4 , Oi* AsF., , 
and 02+Sb:fii , the Oi+ cation is in the site of a small or- 
thorhombic field. The origin of the field can be due either 
to covalcnt interaction with the fluorine in the complex an ion, 
as suggested from neutron diffraction studies on 0>4Ptl (J * 
01 to an asymmetric arrangement of anions around 0.,H. 
Values ol A were also estimated from magnetic susceptibility 
measurements.'' If a value for X of 195 cm ' is assui'^d, then 
A would be about 1400 cm '. 

Measurements of the spectium of 0:+SbF<> al 250°'' 
indicate that the spectrum is sharpened considerably when the 
lemperatuie is below -195°, and the ()if ion may also be in 
an orthorhombic environment. 

Temperature Dependence. The spectra of each of the O2' 
compounds exhibit a strong temperature dependence. In all 
samples studied, as 'he temperature is increased, the lines 
broaden. Only 02+Asft, exhibited a spectrum with a single 
component over a sufficiently large temperature range so tli.it 
the line width can be investigated as a function of temperature. 
0.,+ Bp4 was assumed to be linear over a narrow range of 
temperature. If the slopes of In (A//,^ A//u) vs 1/7 for 
0:"*AsF6 and O^BFM arc considered to be related to ac- 
tivation energies in an Arrhenius plot, the energy for the 
relaxation of the spectrum of 02*AsFb is I 31 kcal (IM) cm ') 
;.indthatof()?+Bl4 is 1.3 kcal (470 cm '). These values are 
considerably smaller than the crystal field energies calculated 
I rum the g factors and suggest that there may be several mules 
operating to cause relaxation. 

Since cross relaxation and exchange interactions are |H)ssible 
nodes of relaxations in concentrated paramagnetic sampks, 
ilteinpls were made to form dilute O.*1 salts in an NO* AsJ't. 
laiiice.     I he simultaneous formation   of NO* Ash,   v..is 

(5b) 

«u 

(ob) 

OK) 
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unsuccessful since the reaction of NO + 12 -i- Asl"> is much 
faster than that of O2 f F2 + Asls. The displacement of O^ 
by NO+ by exposing Ü2*Asl 0 to I NO at 77° did not 
produce the desired cation distribution. 

The mechanism of the relaxation process cannot be de- 
termined from line width measurements alone since the 
components of spin lattice and spin spin relaxation times 
cannot be separated. At line widths in the order of 100 (» an 
incident microwave power far in excess of the Klystron output 
would be required in order to use progressive saturation 
techniques. Based on other measurements we can speculate 
on the relaxation mechanism. 

Calculations of the dipolar broadening based on the pub- 
lished crystal structure of the dioxygenyl compounds14•-"' Ul 

were carried out according to the model of Van Vleck.l| In 
all rases the second moment was about 1Ö4 G-\ If this is the 
dominant broadening mechanism, the pi/.'der spectrum should 
be simulated by convoluting the powder spectrum onto a 
gaussian line shape with a width of more than 100 G 
peak-to-peak. However, for ChAsF 6 and 02+Sb;Fn lor- 
entzian lines were required. This result indicates that at least 
some of the dipolar interactions are partially averaged in the 
lattice even at   196°, 

Recent '*F nmr studies of Oi+ Ash. indicate substantial 
cation motion in the lattice at temperatures above 240°.6 A 
similar conclusion was derived from electron diffraction studies 
of 02+Ptl 0 \28 These results suggest that modulation of the 
crystal field energy'- i.s indeed one reasonable mechanism for 
relaxation of the electron spin. Although the spectrum of 
02+SbFo is extremely broad at l%°, cooling further 
sharpens the line.6 This further suggests that in this lattice 
there is' more room for motion of the üV ion. O:4 Bl -i is also 
somewhat broader than O:' As! 1. and 0_- 'SbJ-'i1 although 
the crystal field is stronger. In the Ol+HF* lattice, the Ö;4 

ions are closer, and it is more like!) that exchange processes 
are more significant than in the other materials as a means 
of relaxation. This would also explain the apparent!) smaller 
activation energy. 

In the three dioxygenyl-antimonate compounds studied, 
different low-field absorptions appear at temperatures greater 
than -130°. This may be the result of strong exchange in- 
teractions between neighboring Oj+ ions I his exchange 
process may also account for part of the more rapid relaxation 
of C)2+ at •• l%°. One mechanism which may account for the 
enhanced exchange in the antinionates would be one wherein 
the Sbl;6 ion acts as a bridge between 0>+ ions. This is more 
likely .a antimoiiates than in any of the other materials studied 
since the antinionates are more polari/able. Figure 4 shows 
the spectrum of 0:*Sb:F11 at 20°. An asymmetric line with 
an apparent g factor of 2.J can be seen. 

Although thcj»e processes are not completely understood, the 
different spectra of O^SbiFji and C>2*Sbf >, at l%° appear 
to be a simple, nondestructive qualitative method to detect the 
presence of Sb.Tu formed in 0> + Sbh, during synthesis 
Figure 2a demonstrates that amounts o( Sb2F.1i as low as 
about 5% can be readily delected by iv,f. 

Conclusions 

1. g factors of Ch+Ash, , Oi+SbiFii , and Oif BFa in- 
dicate strong orthorhontbic symmetry around the O + ion in 
the lattice. 

2, Values for the orthorhombic crystal field and for the 
energy separation between 0 and ir* states are in agreement 
with values of O2 and .NO in single crystals ard NOmisorbcd 
on zeolites 

J. Several different relaxation processes to account for the 
temperature dependence ol the line width of the csr spectra 
weie proposed,  Modulation of the crystal field by ion motion 
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The spectrum of 
196° than each of 

appears to be a dominant mechanism. 
Oj*Sbh, undergo "s faster relaxation at 
the other salts. 

4. Anomalous spectra for dioxygenyl antinionates above 
140° were obsei vd   Absorptions where g > 2 may indicate 

coupling between dioxygenyl ions. 
5. Because of the difference between spectra of 0:+Sbh, 

and 0:+Sb*Fi 1  or Oj'Sbft, -0.73SbFs at   1%°, or can be 
used U) demonstrate the absence of excess SbF.s in 0>*Sbl* . 
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Introduction 

+   -       +    — 
The syntheses of BrF . AsF  and BrF Sb0F,, from BrF,. and the corresponding 

Kr* 'Lewis acid adducts have recently been reported by uillespie and 
12 + 19 

Schrobilgen. *  These BrF(.  salts were characterized by  F nmr and Raman 

spectroscopy." Since complete vibr^tional spectra and modified valence 

force fields are known for ClFß ' and IFß , ~ similar information on 

BrF,. was desirable to obtain more quantitative data on the bonding in these 
0 

unusual high oxidation state cations. 

R-9662 

Il-l 

mimamm 



Experimental Section 

Appttr aius and Matcria 1s. The materials used in this work were manipulated in 

a well-passivated (with ClF and BrF_) 304 stainless steel vacuum line equipped 

with Teflon FEP U traps and 310 stainless steel bellows-seal valves (lloke, Inc., 

425] FlY). Pressures were measured with a Heise Bourdon tube type gage (0-1500mm 

+ 0.1$). Because of the rapid hydrolytic interaction with moisture, all materials 

were handled outside of the vacuum system in the dry nitrogen atmosphere of a 

glove box. 

The infrared spectra were recorded on a Perkin-Elmer Model 457 spectrophotometer. 

The spectra 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 placed between the platelets before starting the 

pressing operation. The low-temperature spectra were recorded at -190° using 
7 

a cell and transfer tec.r.ique similar to one previously described.  The inner 

windows of the cell were AgCl, the outer ones Csl disks. The instrument was 

calibrated by comparison with standard calibration points. 

The Raman spectra were recorded on a Gary Model 83 spectrophotometer using the 
o 9 

4880A exciting line and a Claassen filter for the elimination of plasma lines. 

For low-temperature work a Miller Barney device  was used. Passivated quartz, 

Teflon FEP, or Kel-F capillaries were used as sample tubes in the transverse- 

viewing-transverse-excit; vion technique. 

Debye-Scherrer powder patterns were taken using a G.E. Model XRD -6 diffractometer 

with copper Ka radiation and a nickel filter. Samples were sealed in quartz 

capillaries (~ 0.5mm 0 d.). 

The purification of BrFr and AsFr and the preparation of BrFr*2SbFr have pre- o,, o 0 o 
viously been described.   ~"    Krypton difluoride was prepared from Kr  (Matheson, 

12 
99.995J&) and FfJ using glow-discharge at -1$3°.     Our method was similar to that 

of Schreiner et al.,  except for the elimination of the gas  Circulation system. 

Thf  KrFr,  w?i.s   co I Urteil at 1 he  end  of a  run   in a  tared Teflon KEP 1   trap uiuini-uLued 
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at -78°. The only detectable impurity in the KrF_ was a small amount of No0r 
\L   D 

which could be  removed by treatment of the crude KrF,, with BF    at -78° and -10°, 
+      —    13~ which converted the NrtG_ to nonvolatile N0„ BF.   •   " J    Pure KrFrt was obtained 

2 5 2  4 2 
by pumping off the volatile material and trapping the KrF0 at -78°. 

Preparation of BrF,. Salts. The BrF AsF,. salt was prepared by the method of 

Gillespie and Schrobilgen*" using a KrF0:AsFr mole ratio of 2:1 and a large excess 

of BrFP. Complete material balances were obtained for the experiments. The 

yields of BrF^. AsF,. were found to range from 5.3 to 7.0 mol$ based on KrF9 and 

the correct amounts of Kr and F0 were evolved. 

For the synthesis of the I.   salt, weighed amounts of BrF. Sb^F," were dis- 

solved in BrFr and KrF,, was .led at -196°. The mixture was kept at 25° until 

no further gas evolution was observed. Volatile materials wer? removed at room 

temperature. The Raman spectrum of the solid residue was identical to that 
o 

previously reported. ^ Since in a separate experiment we had demonstrated that 
+       _ 

BrF. Sb0F..  can be removed in a dynamic vacuum at 50°, this residue was warmed 

to 50° for one week in a dynamic vacuum. Starting originally with 1.02 mmol 
+     - 

of BrF Sb0F|j and 7.03 mmol of KrF0, 23.2 tag of a white solid residue was 

obtained which according to its infrared and Raman spectra was   nly 

BrF,. SbF ~*xSbFr with x being less than 1. (>   0     5 

Results and Discussion 

Synthesis and Properties« The synthesis data are in excellent agreement with 

the reports "  of Gillespie and Schrobilgen. The following observations 
2 

deserve some comment.  In the previous study  no material balances were 

obtained.  In our study the yield of BrF.. AsF.. was found to be about (> mol$ 

based on the assumption that 1 mol of KrF() could produce 1 mol of BrF..  salt. 

In addition, it was established that BrF.. SbF.. *xSbFr can be separated from O (> 5 
BrF. Sb0F..     by vacuum sublimation.    However,  the resulting product was not 
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of sufficient quantity and purity to allow further characterization and to 

determine whether the anion was mainly SbF. or Sb0Fj, . When samples of 

BrF. salts were placed in passivated quartz capillaries and flame sealed, 
+ 

Raman spectroscopy showed that at ambient temperature the BrF.. salts 

attacked the quartz with formation of the corresponding 0„ salts» Similar- 
+ 

ly, the BrF  salts interacted at ambient temperature with AgCl. The attack 

of AgCl by BrF,. AsF.. was much faster than that by the corresponding SbFr ü   u . o 
salt and preempted the recording of BrF AsF,. infrared spectra at room 

temperature.  In Teflon FEP containers the BrF.. salts were stored at room- 

temperature for prolonged periods without noticeable decomposition. 

X-Ray Powder Data. The observed and calculated X-ray powder diffraction data 
+ 14 

for BrF. AsF,. are listed in Table 1. The pattern was corrected for lines  due 
+6  - 13 

to N0? AsF, resulting from the interaction  between AsF5 and some N?0_ 

which was present as an impurity in the KrF« starting material. The powder 

pattern of BrF,, AsF„ very closely resembles that *  of IF« AsFf indi- 

cating that the two compounds are isomorpuous. By analogy with IF,. AsFr~, 

it was indexed in the face-centered cubic system with a = 9.394A. As 

expected, the unit cell of BrFr AsF,." is slightly smaller than that of 

IF,. AsF., (9.49A).  '   This relatively snu.il change in the unit cell 

dimensions is not surprising because the small radii of the +VII halogen 

ions allow them to occupy interstices in the fluoride packing. Assuming four 

molecules per unit cell and neglecting contributions to the volume from the 

highly charged central atoms, a plausible average volume  '  of 17.27A 

per F and a calculated density of 3.008 g/cm are obtained. 

Weaker lines were observed having mixed, even and odd Miller indices. These 
4 If) 

are not expected for a simple NaCl structure, but can readily be explained  ' 

by scattering from the fluorine atoms grouped around the Br and As atoms with 

these central atoms occupying the positions of Na and Cl in the NaCl lattice. 
+ —        lb + — By analogy with IFR AsF^ , the space group of BrF(i AsFA    is Pa3. 

+        - +        - 
Vibrational Spectra.    The  infrared  spectra of BrF6 AsFf    and of BrF^ SbF,. xSbFr 

after the removal of BrF    Sb^F,.     are  shown in Figure  1.    The Human spectra of 

BrFA AsF ~ and of the SbFr adduct before  tht   removal of BrF. Sb„F,,     were o        0 r> 4      12  11 
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Tabl e   I 

X^lay Powder Data for BrF, 

d d Intens 

(obsd) (calcd) 
0 

A 
0 

A 

4.C9 4.69 vs 

3.32 3.32 s 

2.712 2.712 ms 

2.509 2.511 w 

2.102 2.100 m 

2.002 2.003 w 

1.916 1.918 ms 

1.661 1.661 m 

«^ 

1.565 

1.486 

1.417 

1.356 

1.302 

1.278 

1.256 

1.193 

1.174 

1.140 

1.107 

1.077 

1.051 
1.025 

.940 

.922 

1.566 

1.279 

1.255 

1.193 

1.174 

1.141 

1.107 

uis 

1.486 mw 

1.416 mw 

1.356 w 

1.303 m 

vw 

III 

w 

mw 

mw 

1.078 w 

1.050 w 

1.025 w 

.939 w 

.921 w 
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hkl 

2 0 0 

2 2 0 

2 L 2 

3 2  1 

4 2 0 

3 3 2 

4 2 2 

4 4 0 

f 4 4 2 

\ 6 0 0 

6 2 0 

6 2 2 

4 4 4 

6 4 0 

f 7 2 1 

6 3 3 

5 5 2 

G 4 2 

{732 

6 5 1 

8 0 0 

f 8 2 0 

[6 4 4 

f 8 2 2 

1  6 6 ° 
6 6 2 

8 4 0 

8 4 2 
f   860 

10 0 0 

10 2 0 



o 
identical to those previously reported. *  The Raman spectrum of the SbFr 

+ & 

adduct after the removal of BrF. SbrtF,,  had its most intense band at 
-1 -        4  2 11 

bbO cm  (v of SbF.. ) with two pronounced shoulders on its high frequency 

side. In addition to weak hands attributable to Sb9F..  stretching modes 

and to the SbF deformational modes in the 300-220 cm  frequency range, the 

BrF.. deformation V_ (Fn ) was observed at 1°'» cm . 
b 5 x 2g' 

2 
In addition to the three previously reported  Raman active modes, octahedral 

BrF.. is expected to exhibit two infrared active fundamentals. These are the 

antisymmetric stretch, V^F, ), and the antisymmetric deformation, v (F, ). 
d      1U 4  xU 

3y comparison with the known frequencies of the closely related ClFfi
+, 

+ + 
IFf , SFf, SeFfi, and TcF„ species, V and v of BrF,. are expected to 

occur between 760-800 and 400-450 cm" , respectively.  Inspection of 

Figure 1 reveals that in both the AsF- and the SbFc adduct bands were 

observed at 775 and 430 cm . Furthermore, these bands disappeared when 
+   — 

the BrFft AsFfi IR sample was allowed to warm to ambient temperature or when 

the IR sample Ox  the SbF- adduct was kept at ambient temperature for several 

hours. The remaining bands in the infrared spectra changed only little, thus 

supporting the assignment of the 775 and 430 cm  bands to v„ and v., respec- 

tively, of the powerful oxidizing species Brffi . The ready interaction between 

BrF  and the silver halide window material can also account for the weakening 

of the intensity of the BrF« infrared bands in the room temperature spectrum 

of the SbFr adduct. 5 

In B.'F AsFf , the 430 cm  band shows a splitting of 6 cm . Since the two 
79   81 

components are of similar intensity, splitting due to the   Br   Br isotopes 

must be considered* The following arguments augur against the splitting being 

caused by the bromine isotopes and favors its attribution to crystal field or 

site symmetry effects.  (i) The SbFr adduct does not show a comparable 

splitting*  (ii) The observed splitting of 6 cm  is much larger than that 

(~ 2 cm" ) predicted for the Br isotopes,  (iü) The NO,, deformation in the 

3ame spectrum shows a comparable splitting,  (iv) The site syumetry of BrF„ 
0 

in space group Pa3 is only C«. 
d 1 

Force Constants. Since both the infrared and the Raman active fundamentals 

are now known, it was interesting to compute a force field for BrF.. . This 
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allows a more quantitative comparison of the relative bond strength of BrF., 

with those of r.elatcd species« 

Except for the F. block, all the symmetry force constants of 11 rF^ are unique 

The F. block is underdoterminod since only two frequency values are available 

for the determination of three force constants« Consequently, the usefulness 

of mathematical constraints, such as mi:iimi'/.irg or maximizing the value of one 
18 

of the symmetry force constants  » was tested for the isoolectronic series 

Sy , Sei'.» t*wtl TeF , for which general valence force fields have been 
19-31 

reported. "  "'  As can be seen from Table II, the condition F.. = niiniinuin 

very closely duplicates the GVFF values for the two heavier molecules ScP. 
C 

and TeF . Therefore, it is also expected to be a very good approximation for 
+ + 

the force field of BrF.. . The values so obtaincc1 for BrF,. are listed in 

Table II and correlate well with the remaining species of Table II. The 

modified valence force fields, listed for the lightest isoelectronic scries, 

i.e., PF~, SF(., ClFf , are less reliable since the lighter central atoms 

cause stronger coupling of the stretching and bending mode. 

The force constant of greatest interest is the stretching force constant f • 

For 13rF„ its value of 4.9 mdyn/A is the highest found to date for any BrF 

bond»   ~  This is not surprising since the covalency and therefore also the 

force constant of such a bond tends to increase wixta increasing oxidation 

state of the central atom and a formal positive charge 
22 

Since the Br-F 

bonds in BrF, are stronger than those in other bromine fluorides, the re- 

activity of these salts must be due to the high oxidi/.ing power of BrF. . 

Acknowledgement. We are indebted to Drs» C J. SchacK and I.. It. Grant for 

helpful discussions.  This work was supported by the Office of Naval Jtescarch, 
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Diagrum Caption 

Figure  1.     Infrared spectra of DrF.. AsF..    recorded as a dry powder between 

AgCl plates at -100° and of BrF    SbF ~*xSbFr  recorded as a AgHr disk at 

2f>°.    The   increase   in background at the low frequency end of the spectra is 

due to absorption by  the windows« 
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Abstract 

The novel oxonium salts OH, SbF, and 0H_ AsF, were isolated as well defined 
3D        5 D 

crystalline solids.from the H20-HF-SbF. and the H20-HF-AsF system, respectively. 

These salts are the most stable oxonium salts presently known.  It was shown by 

DSC studies that OH *SbF " and 0H_ AsF." decompose at about 357 and 193°, respec- 

tively. Their ionic nature in both the solid state and polar solvents was 
19     l 

established by vibrational and  F and XH nmr spectroscopy. The infrared spectra 

of these adducts closely resemble those recently attributed to H.F salts, 

suggesting that the latter may have been incorrectly identified. Furthermore, 

the frequencies of the 0H_ fundamentals in these salts are very similar to those 

of isoelectronic NH-, but significantly different from those previously observed 

for OH. in mineral acid monohydrates. This indicates that in the MF3 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 OH. were examined by force field computations. Based 
+ ° 

on its x-ray powder diffraction pattern, OH. AsF, is cubic with a=8.015A, Z=4. 

From the H-0-HF-BF system a solid adduct was isolated at lo> temperature, but 

was not further characterized owing to its thermal instability. A new method for 

drying HF based on oxonium salts is proposed. 

INTRODUCTION 

During a study of the controlled hydrolysis of BrF^ Sb-Fj^" 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 by Couzi et al. for H-F . However, 
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attempts to prepare a stable product from HF and SbF. alone failed. This 
2 5 

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- mixtures produced the same stable solid which, as shown in this paper, 
+ 

was identified as OH, SbF. . 

A literature search did not reveal any reports on the isolation of OH, MF, salts, 

in spite of many papers dealing with the relatively unstable mineral acid mono- 

hydrates and Commeyras and Olah's proton nmr (singlet at 5= 10.25) evidence 

for the existence of the oxonium ion in SbF - H0S0.F solution. Recently, Bonnet 
4 5     z 

and coworkers studied solutions of SbF,. in HO and HF by DTA and identified the 

crystalline phases SbF$-2H20, 4SbF5'5H20, SbF^O, 3SbF5*2H20, and SbFg-HF^O. 

Surprisingly, no evidence for OH, SbF " was reported, although the infrared 

spectra attributed to SbF »H-0 and 4SbF5*5H.O  closely resemble thos obtained 

by us for OH.+SbF ". 

5,6 
The general interest in oxonium salts and super acid systems,   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 H-S, HCÄ,, Xe, HNF , 

NF,, etc. Details on nov**l salts contain. .& the SH- and the NH2^2 
cat^on w^^ 

be reported elsewhere. 

Experimental 

Materials and Apparatus. Volatile materials used in this work were manipulated 

in a well passivated (with CdF_ and HF) Monel Teflon-FEP vacuum system. Nonvolatile 

materials were handled in the dry nitrogen atmosphere of a glove box, Hydrogen 
g 

fluoride (The Matheson Co.) was first electrolytically dried followed by treat- 

ment with either fluorine or SbF-, In the latter case, the HF was added to a 

Teflon-FEP ampoule containing SbF-. Any water present formed nonvolatile OH_ 

SbF." and the anhydrous HF was pumped off at -40°. Antimony pentafluoride and 

AsFc (Ozark Mahoning Co.) and BF„ (The Matheson Co.) were purified by distillation 

and fractional condensation, respectively, prior to their use. 
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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 nunol of OH3
+SbF6" = 2.115g). Anal. Calcd for 

0H3SbF6:H20, 7.07; Sb, 47.8. Found: H20, 6.93; Sb, 48.0. 

Preparation of OH.AsF "  In a typical experiment, H.O (5.421 mmdl) and 

anhydrous HF (8ml liquid) were combined at -196? in a Teflon-FEP ampoule, 

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 calcd. for 5.421 mmol of OH, AsF " = 
3    6 

1.127g). Anai. Calcd for OH AsF6: HO, 8.66; As, 36.0. Found: HO, 8.26; As, 35.7 

The H^O-HF-BF System. To a mixture of H20 (3.t>6 mmol) and anhydrous HF 

(10 ml liquid), prepared as described above, BF. (7.4 mmol) was added at -196? 

This mixture was kept at -78° for 10 minutes, then slowly 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 376 mg (calcd for 3.66 mmol 

0H3B
c
4 

s 387 mg). 

Results and Discussion 

Syntheses. Addition of water to mixtures of HF with the strong Lewis acids 

SbF_ and AsF_ produces stable 1:1:1 adducts in quantitative yield according to: 

HF     + 
HF + H«0 + MFC —lil—H 0 MF/ 

«i D 3D 

The formation of these adducts is not surprising in view of the previous evidence 

showing that in HF solution the following equilibrium exists 

u-i4» 

SbF5 + 2HF; H2F
+SbF^ 

and that the stronger base R,0 can displace  ' ' H.F with formation of the OH. 

cation 

H2F + SbF6" + H20 OH. SbF. + HF 
3     ~~* 6 

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 previously 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 HJP salts. 

Although not impossible, it is highly unlikely that OH, amd HJP   would show 

such similar vibrational spectra. Furthermore, comparison of the observed 

frequencies and computed force constants of "HuF " with those of isolectronic 

H,0 show poor agreement (HJ)=f -8.45, f, »0.76; "H-F+": f =5.71, f\. -  1.36 

mdyn/A) . 

+ 4 
The failure of Bonnet et al. to isolate OH» SbF  from the SbF_-H 0-HF system 

may be explained by their unfortunate choice of reaction conditions. They 

combined H.O with SbF in the absence of a solvent. This can result in partial 

hydrolysis of SbF. with HF formation, thus making ic very difficult to obtain 

well defined products. 

We have established the 1:1:1 composition of the HF'.H 0;SbF. and the HF:H 0* 

AsF_ adduct by the observed material balances, elemental analyses, and vibrational 

and nrnr spectroscopy. With the weaker Lewis acid BF,, an unstable 1:1:1 adduct 

is formed at lower temperature. It melts at about 0° to a colorless liquid 

having a dissociation pressure of about 4 mm at 22°. 

The quantitative formation of a stable nonvolatile OH, salt is an effective 

way to remove small amounts of water from HF by treating 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. 

Thus, its use would permit the removal of the dry HF from OH, BiF ~ and the 

excess of BiF- at ambient temperature. This method appears more convenient 
16 

than previously reported methods, such as pyrolysis of dried NaHF_ , electro- 
8 17 + lytic drying, or fluorine treatment.   Furthermore, the stable solid 0H_ MF, 

salts could find applications in systems requiring catalytic amounts of strong 

acids. Owing to their physical properties (see below), these solids should be 

easier to store, ship, and handle then highly corrosive liquids. 

Properties. The OH- SbF " and OH. AsF " salts are white crystalline solids. 

They are higiily soluble in HF and moderately soluble in polar solvents, such 

as CLSO-CH,. l.ith stronger bases such as pyridine or acetonitrile, water is 

evolved and the nitrogen atom is protonated. The quantitative displacement of 
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The infrared spectra were recorded in the range 4000-250 cm" on a Perkin- 

Elmer Model 457 infrared spectrophotometer. The spectra of gases were obtained 

using Monel cells of 5-cm path length fitted with AgGt windows. Spectra of 

dry powders at loom temperature were recorded as pressed (Wilks minipellet 

press) disks between AgC£ windows. Low-temperature spectra were obtained as 

dry powders between Csl plates using a technique similar to one previously 
9 reported. 

The Raman spectra were recorded on a Cary Model 83 spectrophotometer using 

the 4880Ä exciting line and a Claassen filter x for the elimination of plasma 

lines. Sealed quartz or Teflon-FEP tubes were used as sample containers in the 

-ransverse-viewing transverse-excitation technique. The low-temperature spectra 

were recorded using a previously described ** device. Polarization measurements 

were carried out according to method VIII listed by Claassen et al. 

Debye-Scherrer powder patterns were taken using a GE Model XRD-6 diffractometer. 

Samples were sealed in quartz capillaries(y 0.5 mm o.d.) 

19    1 
The  F and H nmr spectra were recorded at 56.4 and 60MHz, respectively, on a 

Varian Model DA60 spectrometer equipped with a variable temperature probe. Chemical 

shifts were determined by the side-band technique relative to external CFGfc* and 

TMS, respectively. 

A Perkin-Elmer differential scanning calorimeter, Model DSC-IB, was used for the 

determination of the thermal stability of the compounds. The samples were sealed 

in aluminum pans, and heating rates of 2.5 and 10°/min in N« were used. 

The HO content in the OH_ salts was determined by dissolving a known amount of 

sample in pyridineand titrating the evolved H.O with Karl Fischer reagent using 

a Labindustries Aquametry apparatus. Antimony and arsenic were determined by X-ray 

fluorescence spectroscopy of basic aqueous solutions. 

Preparation of OH- SbF *  Ir   pical experiment, SbF^ (8.305 mmol) was placed 

in a Teflon-FEP ampoule and e *a& 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 
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OH, by pyridine was successfully used for the determination of the H.O 

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 compatibility 

with the SbF ~ and AsF, ions in HF solution, it does not hydrolyze to a 

significant extent BrF , BrF* salts, and NF * salts. 

The thermal stability of OH. SbF," and OH, AsF ~ was determined by DSC. The 

SbF  salt exhibited reversible 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^ 

AsF " salt exhibited no endo-or exotherms prior to the onset of its strongly 

endothermic decomposition at 193° indicating the absence of any phase change 

between 25 and 193°. 

The thermal stability of OH. SbF  and OH, AsF. is unusually high, when compared 

to the previously reported OH. salts. Most of these salts are stable only at 

low temperature, and the more stable OH +CF SO ~ OH CÄ0 ~, and OH CH.CH SO ~ 

melt at 35, 50, and 105°, respectively. 

X-Ray Powder Diffraction Data. The powder diffraction patterns of OH. AsF " 

and OH+SbF, are listed in Tables I and II, respectively. The OH. AsF," salt 
J O o ~~   O O 

is cubic with a =8.015 A and Z=4. As previously pointed out, it is very difficult 

to distinguish from the powder pattern alone for this type of compound v.hether 

it has the face centered cubic NaSbF, or the primitive cubic GsPF, structure. 
+  6- 6 

The intensities observed for OH, AsF, seem to agree somewhat better with the 
36 +23 

primitive cubic CsPF, type. Since the size of the OH, cation is roughly 

comparable to that of K , Ag , or NH. , it is not surprising that OH- AsF 

should be isotypic with Ag AsF, (a=7.74 A) and NH4 PF  (a=7.90 A). 

R-9662 
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The 0H_ SbF, pattern was indexed for a tetragonal cell with a*11.48, c = 
22 24 

8.78A, and Z«8. By comparison with the known  * structures of similar 

MXF, compounds, it might be considered as a tetragonally distorted cubic 
6 25 KSbF,structure. Tetragonal unit cells with Z=8 have previously been reported 

for KReF,, KWF,, and KMoF,, although their deviation from a cubic cell is much 
666 • 23 

smaller. This might be explained by the fact that OH» is not spherical.   In 

addition to the cubic phase (Z=8), a high-temperature tetragonal phase (Z-2) 

has been repo 

superlattice. 

22 24 has been reported *  for AgSbF ana KSbF containing one fourth of tho cubic 

In summary, the structures observed for the OH- MF, salt: 
22 24 - ° 

reported *  for related MF, salts. This comparison al: 

:s agree well with those 

reported**"'^** for related MF," salts. This comparison also suggests the possibi- 
+ . 

lity of different phases as was indicated for OH- SbF, by the DSC data (see above) 

Contrary to OH, SbF~ cubic OH, AsF," did not exhibit a phase change between room 

temperature and its decomposition point. This is not surprising since QH_ AsF " 

appears to be isotypic with KPF, which has a rhombohedral low-temperature and a 
26 

cubic high-temperature phase. 

Nuclear Magnetic Resonance Spectra. The nmr spectra of OH, SbF, and OH AsF, 

were recorded in CD- SO CD-, CH CN, and CD-CN solutions. The  F nmr spectra 

of OH AsF." in CD-SO-CD. and CH.CN solution showed a quartet of equal inten- 

sity at <|>=60.9 and 65.4 with J. P=91S and 930 Hz, respectively, in good agreement 
27 - • 

with the values previously reported , for octahedral AsF, . Similarly, the 0H_ 

SbF/ samples showed a sextet ( J121c. c=1946 Hz) and octet ( Tl23_. U053 Hz) of 
o oDr     27 io i>DJ* 

equal intensities at <J>=120.1, characteristic ' of octahedral SbF ".  In agree- 

ment with the vibrational spectra (see below), no evidence was found for the 

presence of MF_«OH-  or MF • NCCH_ ' molecular adducts in these systems. 

The proton nmr spectra of OH. SbF," and OH- AsF," in CD.SO CD solution showed 

only a singlet at 6= -9.49 and -10.58, respectively. These values agree well 

with that of -10.2 previously attributed to Oil. in super acid solutions.  In 

CH CN or CD,CN solutions, however, the spectra were more complex. The strongest 

resonance for the SbF," and AsF ~ salts were observed at 6= -10.92 and -11.34, 
D O 

respectively. In addition, a very broad resonance at 6= -3.8 and a triplet of 

equal intensity ( ^^=53.5 Hz) at 6= -6.3 were observed. The latter is charac- 
• 32 * 

teristic for NH. .   The observation of NH. together with the fact that the 

proton resonance in CH-CN solutions is significantly shifted to lower field, when 
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compared to CD SO CD solutions, indicate that this rcronance is due to 

a —Nil type species and not to OIL . The CH_ resonance consisted of a single 

peak at 6"= «2.21 indicating rapid exchange between CH.CN and 'ts protonated 

form. The ready protonation of CH,CN in HSO F-SbF -SO solution has previously 
33 33 

been established.   The difference between the reported and our spectrum can 

be explained by the fact that in one case small amounts of CH-CN were dissolved 

in large amounts of acid, whereas in our case small amounts of OH, SbF, were 
+ 

added to large amounts of CH.CN. Since the nmr spectrum of OIL in super acids 
3 

has previously been reported and agrees with our data for the CD S02CD_ solution 

we have not studied super acid or HF solutions. 

Vibrational Spectra. Figures 1 and 2 show the vibrational spectra of 0H_ SbF, 

and OH, AsF ~ respectively. The observed frequencies are listed in Table III. 
3    6" 

Whereas no difficulty was encountered in obtaining reproducible infrared spectra 

of OH *SbF " as an AgCfc disk at room temperature, for OH. AsF " low-temperature 

conditions were required. At room temperature, the band centered ht  -ibout 900 cm 

would rapdly become broad and shift to higher frequency (.- 1020cm" ). Similarly, 

the broad band cent-red at about 3200 cm" became less symmetric, with its maximum 

being shifted to ^3500 cm" , and the 1630 cm" band was shifted to about 1680 cm" 

In the Raman spectra, except for that of OIL SbF ~ in HF solution, the bands due 
+ 3    6 

tc 0H_ were not observed owing to their very low intensity and broadness. 

The anion bands, both in HF and CD«SO CD. solution, were in excellent agreement 

with those previously observed for octahedral AsF " ~ and SbF ".   In the 

roor.. temperature spectra of the solids, v (E )  showed a splitting into two bands 
-   *        35 37-40      + 

which is not uncommon for octahedral MF, ions in solids.  '     For OH, SbF-. 
O .       3   o 

the intensities of the infrared bands at about 490 and 570 cm" varied from sample 

to sample (see Traces A and B of Figure 1). Although one might be tempted to 
-1 -       35 41-43 

attribute the 490 cm  band to the presence of some Sb-F.. polyanion ' 

to an OH. libration mode (see below), we prefer to assign it to SbF for the 

following reasons. The OIL AsF " spectra show similar bands and AsF. is unlikely 

to i\»rm stable poly.inions. the observed material balances and elemental analyst' 

y:.t\i* i».' inJuMtioK of tvlyanion formation, and an OH, libration should b« ',? very 

low Raman intensity. Khereas in the room temperature spectra of the solids, >_ 

(Fju) and v (A ) appear as single bands, these bands become doublets in the low- 

temperature spectra. Furthermore, four relatively sharp bands were observed in 

or 
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the low-temperature infrared spectrum of 0H_ AsF "(Trace B, Figure 2) in the 

region of v0 (E ) of AsF ". 

The most plausible explanation for these additional low-temperature splittings 

is the assumption that at low tempcratiu? 0H_ and the lattice become rigid. 
36 

This should result in site symmetry splittings and in a large distortion of 

the MF  octahedrons owing to cation-anion interaction (H...F bridging), 

particularly, since the MF ~ ions are in a field of forces of nonoctahedral 

symmetry. Similar effects were observed for OH. CW) ~ by broad line proton nmr *5>*Ä 
Al OH 

and vibrational spectroscopy. However, some of the bands observed in the region 
— Al 

of the MF  fundamentals could be of different origin, as was shown  by Savoie 

and Giguere for OH +NO.J OH*CÄ.O " and OH.+HSO ". They established that libration 

and translation modes of polar OH. are of relatively high frequency and infrared 

intensity. Since the OH, modes are only of very low intensity in the Raman 

spectrum, the observed Raman bands are very likely due to the anion. However, 

some of the infrared bands, which have no Raman counterpart, could be due to OH. 

libration or translation modes. Spectra of the deuterated species would be 

helpful to distinguish between thsse possibilities.  In 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 beyond the scope of the present study. 

Assignments for the fundamentals of the OH. cation were made by comparison with 

isoelectronic NH. (see Table III). Pyramidal XY of symmetry C, has four 

fundamentals which are classified as 2A^ • 2E, all being active in both the in- 

frared and Raman spectxum. Of these, each symmetry species contains one stretching 

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 Vj (Aj) is obviously represented by the polarized Raman band 

at 3300 cm" observed for 0H*SbF " 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 Vj on going from the solution spectrum 

to that of th* solid, the second intense infrared bend in this region (-3150 cm" ) 

should be due to the antisymmetric stretch v (E). These assignments are supported 

by the low-temperature infrared spectrum of OH. AsF  which shows a strong band at 

R-9662 

1-9 



•fan». |i Ji > . iiuiKJitMi. •iii|i|i«i ii.i .mum m iiiw.ii.i»ij,.i.ii.i.;ii..»>.«iww».w»«:*»i 

 „ „_, ...,-• • ••-•• wnv,-«»i>^r»"<»V|f*' »'I"*** 

j 

about 3080 cm  with a strong shoulder at about 3250 cm" in agreement with 

the higher ir intensity expected for v_ in an ideal, rather oblique Xy 
• 

pyramid. The agreement between the frequencies of isoelectronic NH_ and OH 

is excellent. The only difference in their assignments results from a reversal 

of v_ and v. for 0H„ , 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 , 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 that the HF*H0*MF- 

adduets are ionic in both the solid state and solution, and contain octahedral 

MF " anions and pyramidal OH  cations, although some of the details of the spectra 
+ 

are still poorly understood. The fundamentals of OH in its MF  salts signifi- 
• 21        + 

cantly differ from those found for 0H_ in mineral acid monohydrates, such as 0H_ 

CHO«, and resemble more closely those of isoelectronic NH_. The fact that in 

OH MF  the OH stretches have higher and the deformations have lower frequencies 

than in the mineral acid hydrates, strongly indicates that the hydrogen bridging 

in OH MF ~ is significantly weaker, i.e., that these compounds are more ionic. 

Force Constants. To support the above assignments, force fields were computed 

for 0»!  (see Table IV) using the vibrational frequency values from this study and 
v     a o 23 • 

the geometry ( ^-  110 , r = 1.01 A) previously established for the OIL CH C H SO 

salt. The force constants were 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 vibratiunally weakly coupled species, such 

as 0H3 , in which the central atom is much heavier than the liquids.  To demonstrate 

the small variation in the force constant values,Join decimals arc listed in Table 

IV, in spite ol'  the rather large uncertainties «.. the y.iven ton«' constant values. 
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These are caused by the broadness of the bands and the unknown bond angle 

of 0H_ in its MF " salts. Two of the three force fields used, the diagonal 

force field and the force field requiring the deformation symmetry force 
49 

constants to have minimal values, were selected owing to their established 

usefulness for weakly coupled systems.  For the third force field, the off- 

diagonal symmetry force constants were borrowed from the known general valence 

force field of isoelectronic NH-. Since the antisymmetric OH. stretch has a 

significantly lower frequency than the symmetric one and since their frequency 

separation is a function of the bond angle, this might be taken as some evidence 

for the OH. bond angle being smaller than that in isoelectronic NH_. Consequently, 

we have also computed the three force fields for 0H_ assuming a bond angle of 

100°. Whereas the stretching force constants show little angle dependence, F_? 

becomes unreasonably small for * -100°, thus arguing against such a small bond 

angle for OH- . As expected for a weakly coupled species containing only one 

stretching and one deformation vibration of very different frequency in each 

symmetry block, the potential energy distribution showed all fundamentals to be 

highly characteristic. The two high frequency fundamentals were in all cases pure 

stretches and the two low frequency fundamentals were 95-100% deformation modes 

depending upon the values of the chosen off-diagonal symmetry force constants. 

Comparison of the OH» force fields with that of isolectronic NH. shows good 

agreement. The only major divergence is found for the stretch-stretch inter- 

action constant f which is caused by v (E) of OH, having a lower frequency 

value than v.(A.). This discrepancy could be eliminated either by reversing their 

assignaent (see Table IV) or by assuming very similar frequency values for them 

and explaining the observed splitting of the broad band at ^3300 cm  in the in- 

frared spectrum of 0H_ SbF " by Fermi resonance between 2v4(A. • E + F.) and 

v.(A.) or v (E). Clearly, the force field computations for 0H_ and comparison 
50    50      "»-7 

with those for NH,, *" PH., '  and SH   favor v«>vi« However, the experimental 

data (see above) seem to suggest V,>V3. Obviously, additional experimental data 

are required to resolve this remaining ambiguity. 

•- - •*•—j—'— •<• 
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°0 ^l 52 53 
Several papers" *" '  ' have previously been published dealing with 

force fields of OH . Owing to the great variance of the frequencies used, 
3 o 

the values reported, for example, for f range froir ".93 to 6.31 mdyn/A. The 

variance of the frequencies is due partially to the different degree of hydrogen 

bridging in the different OH  salts studied and partially to the broadness 

of the bands rendering their assignments extremely difficult and uncertain. 

+   -      +   - 
Conclusion. The novel oxonium salts 0H_ SbF, and OH- AsF, were synthesized 

and partially characterized. They possess unusual thermal stability, are easy 

to prepare, are well defined, appear to be highly ionic and, therefore, should 

be ideally suited for the study of the oxonium cation. 
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Table  I.    X-Ray Powder Data for OH,+AsF/  _3—-—^> 

d obsd d calcd Int 

4.64 4.62 vs 1 1 1 

4.01 4.00 vs 2 0 0 

2.82 2.83 s 2 2 G 

2.420 2.414 w 3 1 1 

2.315 2.312 w 2 2 2 

1.999 2.002 w 4 0 0 

1.833 1.837 w 3 3 1 

1.785 1.791 mw 4 1 0 

1.636 1.634 m 4 2 2 

1.542 1.541 mw 5 
3 

1 
3 

1 
3 

1.414 1.416 vw 4 4 0 

1.355 1.353 w 5 3 1 

1.336 1.335 w 6 
4 

0 
4 

0 
2 

1.267 1.266 vw 

(a)     cubic,     a^S.015 A,    V=514.9 A  ,     2=4, 

d    = 2.890 g cm    , Cu K. radiation Ni filter, c cC 
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Table II. X-Ray Powder Data for OH,+SbF 

d obsd 

8.75 

4.78 

4.38 

3.47 

3.32 

2.868 

2.785 

2.241 

2.199 

2.053 

2.021 

1.901 

1.877 

1.779 

1.760 

1.680 

1.663 

1.595 

1.578 

1.515 

1.505 

1.401 

1.392 

1.347 

1.341 

1.258 

1.220 

1.187 

1.155 

1.100 

1.075 

1.052 

1.030 

d calcd 

8.77 

4.80 

4.39 

3.49 

3.34 

2.869 

2.784 

2.251 

2.194 

2.049 

2.017 

1.903 

1.877 

1.777 

1.756 

1.679 
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Table II.    X-Ray Powder Data for H?0*SMy~  (Conti 

d obsd d calcd Int. 

nued) 

1.010 

0.990 

0.972 

0.963 

0.937 

0.922 

0.9072 

0.8925 

0.8793 

0.8663 

0.8538 

0.8365 

0.8306 

0.8251 

0.8195 

0.8144 

0.8091 

0.8037 

0.7988 

0.7890 

0.7880 

0.7794 

0.7786 
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°3 
(a)    tetragonal,  a-11.48, c«8.78 A, 

V=1157.1 A,' Z=8, d =2.93 g cm~3j  Cu K    radiation,  Ni  filter. 
c "* c • *   ""   "oC 
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Diagram Captions 

Figure 1.  Vibrational spectrum of 0H_ SbF ~  Traces A and B: 

Infrared spectra of two different samples as dry powder between 

AgC£ disks. Traces C and D: Raman spectra of the solid contained 

in a quartz tube at 25 and -120°, respectively. Trace E: Raman 

spectrum of a CD„SO CD solution; the broken lines indicate regions 
V*      £m O 

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 depolarized bands, respec- 

tively, and S indicates the spectral slit width. 

Figure 2.  Vibrational spectrum of OH, AsF, . Trace A:  Infrared 

spectrum of the solid as a dry powder between AgCÄ disks at 25°. 

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 CD-SO-CD- solution; S indicates the spectral slit width. 
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Abstract 

The synthesis and properties of SH- SbF ~, the first known example 

of a stable salt containing the sulfonium cation, are reported. The 

SH- cation was characterized by vibrational spectroscopy and a 

normal coordinate analysis was carried out. Attempts to prepare 

SH- AsF ~ resulted in the formation of As-Sr. Protonation of HC1 

in HF-SbFr solution yields an unstable white solid, but no 

evidence was obtained for adduct formation in the HF-SbF_-Xe system 

at temperatures as low as -78 . 
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INTRODUCTION 

Recent studies in our laboratory showed that the protonation of 

H-0 in HF-MF- (M=Sb and As) solutions pr. 'uces the surprisingly 

stable oxonium salts 0H_ MF, . This prompted us to investigate 

the synthesis of other onium salts.  In this paper we report on 

the protonation of H-S, HC1, and Xe. Results on the protonation 
2 

of HKF, and NF, will be given elsewhere. 

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 SH, cation, although Olah 

and coworkers had observed the SH. cation at low temperature in 

HS0,F-SbF_-S0- solution by proton nmr spectroscopy (singlet at 6 
• 5-7 

=-6.60). In addition, the formation of gaseous SH. was studied 

in mass spectrometers (ion-molecule and electron impact studies). 

Similarly, the protonation of HCl has been studied only in HSO-F-SbF. 

solution at low temperature by nmr spectroscopy, but no direct 
+ 8 

evidence for the formation of a C1H- cation was reported. 
9 

For xenon, protonation in HF-SbFe solution was postulated based 

on its ability to suppress isotopic hydrogen-deuterium exchange; 

protonation in ion-molecule reactions has been also reported.  ' 

EXPERIMENTAL 

The experimental techniques used in this study were essentially 

the same as those previously described. 
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Preparation of SH_ SbF ".  In a typical experiment, SbF. (5.38 mmol) 

and anhydrous HF (10 ml liquid) were combined at -196 in a 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 -78 , 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 SH *SbF "=1 457g). Anal. Calcd for SHjSbF^ 

Sb, 44.95; S, 11.84. Found: Sb 44.8; S 11.9. The SH3
+SbF product 

can be stored at 25 without noticeable decomposition in Teflon or 

Kel-F containers, but it attacks quartz. 

The HF-AsF^-H^S System. Anhydrous HF (10 ml liquid) and AsF$ 

(3.54 mmol) were combined at -196 in a Teflon FEP ampoule. The 

mixture was warmed to 25 , 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 solid formed. The ampoule 

was recooled to -78 and volatile material was pumped off during 

warr. up to 25 leaving behind 221 mg of a stable yellow solid 

^weight calcd for 0.708 mmol As2S,.=:220 mg). Vibrational spectroscopy 

showed that the solid did rot contain bands characteristic for 

either SH,  (see below) or AsF,~.  It was insoluble in water, but slowly 

dissolved in boiling cone. HN0-. Anal. Calcd for As-S,: As, 48.3; 

S, 51.7.  Found: As, 48.5; S, 51.6. 
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The HF-SbFr-HCl System. To a homogenized mixture (see above) of 

SbK- (2.57 mmol) and anhydrous HF (5 ml liquid) in a Teflon FEP 

ampoule, HC1 (6.81 mmol) was added at -196 . The mixture was warmed 

to -78 , 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 -45 , resulting in 711 mg of an unstable, 

white solid melting below room temperature to a pale yellow, clear 

liquid (weight calcd for 2.57 mmol C1H- SbF "=702 mg). The vapor 

phase above the liquid at 26 was shown by infrared spectroscopy 

to consist essentially of HF and HC1. The Raman spectrum of the HF 

solution showed the bands characteristic of SbF," (see below). 

The HF-SbFr-Xe System. To a homogenized (see above) mixture of 

SbF5 (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-SbFr at -78 was detected, and 

the xenon starting material was quantitatively recovered from the 

reaction mixture at -78 . 

RESULTS AND DISCUSSION 

Synthesis and Properties of S1L Salts. Protonation of H.S in 

HF-SbF. solution produces the white, stable solid SH«. SbF," in 
5       r 3   o 

quantitative yield according to: 

H-S • HF + SbFc—- SIl/sbF/ 

To our knowledge this is the first reported example of a stable salt 

containing the sulfonium cation. 
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According to the DSC data, SH *SbF " starts to decompose at 90° 

with the onset of an exotherm which rapidly changes into a large 

endothem. The salt is moderately soluble in ar'iydrous HF. 

Attempts were unsuccessful to dissolve it in organic solvents, such 

as CH-SO-CH,, which were found suitable for 0H-+SbF/. When the 
J   Z   .3 J D 

solvent was added, gas evolution and the formation of a cinnabar 

solid (probably Sb^S^) and a yellow solution were observed. 

Attempts to dissolve the sulfonium salt in SbF_ caused oxidation 
+ b 

of SH- as indicated by gas evolution and the appearance of a strong 
12 

blue color, similar to that previously reported  for polysulfur 

radical cations. When exposed to atmospheric moisture, the solid 

turns yellow first, then cinnabar accompanied by the evolution of 

H2S. Obviously, hLS is displaced from its salt by the more basic 

water. This displacement reaction might be used as a convenient 

way to generate gaseous H-S from the storable solid, SH- SbF, , 

by the simple addition of water. Vibrational spectroscopy (see 

below) showed that some samples contained some sulfur in the form 

of SQ, as was also indicated by their faint yellow color. 

The x-ray powder pattern of SH. SbF,  is listed in Table I.  The 

tetragonal unit cell with a=11.89, C=10.51A, and Z=8 is in good 

agreement with those found for OH- SbF,  and the related M XF, 
13-15 •  3-  6 6 

salts.     As expected, SH- SbF, has a larger unit cell and a 

lower density than OH- SbF, owing to SH_ having a significantly 

larger radius than 0H_ . 
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Attempts to synthesize SH AsF ~ from the HF-AsF.-FLS system were 

unsuccessful and resulted in the quantitative conversion of AsF5 

to As,Sr according to: 

2AsF5 + 5H2S —As2S5i + 10 HF 

This difference in behavior between SbF_ and AsF_ is rot surprising 
16 

since it is well known  that in the presence of fluoride ions 

R,S will precipitate onA, .  »nate, but not antimonate, as the 

corresponding pentasulfide. 

Protonation of HC1 and Xe. Since the protonation of H20 and of 

the more acidic HS had resulted in the formation of novel stable 

MF ~ salts, we decided to examine the protonation of the even 
8 9 

more acidic species HO and of Xe. For both, previous studies ' 

had indicated protonation in solution. 

The protonation of HC1 in HF-SbF. solution produced a white solid 

product stable at -45 , but melting below room temperature with 

decomposition. From the observed material balance, the composition 

of the adduct was found to be approximately 1:J:1 and the more 

volatile decomposition products were shown to be HC1 and HF. By 

analogy with the OH- and SH. salts, and based on the Raman 

spectrum of an HF solution showing the presence of SbF ~, this 

adduct is likely to be C1H. SbF6 . For xenon, no evidence for the 

formation of a stable adduct was found at temperatures as low as -78 
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Our studies indicate that compounds less acidic than HC1 stand 

a good chance of forming a reasonably stable protonated SbFfi salt. 

Nmr evidence for the existence of such protonated species in 

super acid solutions at low temperature has already been reported 

for several species, and the isolation of these and other novel 

simple protonated cations in form of their stable MF. salts can 

be predicted. Obviously, the parent species are not limited to 

nonmetal hydrides, but can include many other moieties. 

Vibrational Spectrum of SH, SbF ~  Since SH- SbF, decomposes in 

organic solvents, such as CH.SCLCH7, and its proton nmr spectrum 

in HSO.F-SbF5-S02 solution (singlet at6 = 6.60) yields little 

structural information, we have used vibrational spectroscopy to 

characterize the SH- cation. The vibrational spectrum of solid 

SH- SbF  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 4880Ä 

line of an Ar ion laser, the sample tended to rapidly decompose even 

at -120 . However, this problem could be overcome by defocusing 

the laser beam.  In general, the Raman spectra showed bands  *  due 

to varying amounts of sulfur (Sg) as was also indicated by the 

yellowish color of these samples.  In addition, the spectra showed 

a band at 760 cm"  (marked in Figure 1 by an asterisk) which 
18 19 

based on the literature data •  does not belong to S-. Decompo- 

sition studies showed that, contrary to the SH- SbF," bands, this 

band was stable towards decomposition in the focused laser beam and, 

therefore, cannot belong to SH- SbF," (see trace D, Figure 1). 
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The Raman spectrum contains also a weak band at about 500 cm" 

(marked by a diamond) which is definitely due to a decomposition 

product. This band becomes the most intense band in the spectrum, 

when most of the SH_ SbF-" has decomposed. The remainder of the 

spectrum (see Table II) is in excellent agreement with our 

expectations for ionic SH SbF, and is discussed below. 

The general appearance of the vibrational spectrum of SH- SbF ~ 
1     + •   -   ö 

(see Figure 1) strongly deviates from that of OH- SbF, recorded 
+   _     3   6 

at room temperature. Contrary to OH, SbF. , the bands due to 
• 3   6 

SH- SbF, are sharp and narrow and show little or no splittings 

indicating for SbF. and SH- no appreciable deviation from 

symmetry 0, and C- , respectively.  In particular, the Raman bands 

due to SbF, are very narrow and exhibit the frequencies and 
20-22 

relative intensities expected  "" for octahedral SbF, . This 
+   . 6 

indicates that, contrary to OH- SbF, , the cation-anion coupling 

in SH,+SbF ~ is relatively weak. Since OH *SbF ~ and SH,+SbF ~ 
3    o 3    o        o    o 

have similar tetragonal unit cells with Z=8 (see above), it is 

unlikely that crystal effects are the main reason for this pro- 

nounced difference. A better explanation 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 and 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 C  were 

made by comparison with those   of isoelectronic PH. (see Table II), 

Pyramidal XY_ of symmetry C, has four fundamentals which are 

classified as 2A + 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 PH_, the 

two stretching modes of SH, 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 v (A.). This band shows a shoulder at 2490 cm , which might 

represent the antisymmetric stretch v_(E). However, we prefer to 

assume a complete coincidence of v. and v_, since v- should be more 
24 

intense in the infrared spectrum  and the infrared band has its 

maximum at about 2520 cm" . The weak shoulder observed at 2360 cm" 

in the infrared spectrum is due to the overtone 2v.(A. + E + F?) 

in Fermi resonance with v and v . 

Of the two deformation modes of SH- , one obviously is represented 
-1 

by the 1028 cm  infrared b«*nd. For the other deformation, we had 

originally considered the 760 cm  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», the deformation 

constant was significantly lower. This is not plausible since any 

H' • *F bridging possible in such a solid should decrease the value 

of the stretching and increase the value of the deformation forct 

constant. A careful reexamination of the spectra established that 

the 760 cm  band is not part of the SH SbF " spectrum and that the 
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Raman spectrum exhibits a band of moderate intensity at 1180 cm , 

a frequency value quite reasonable for the missing SH  defor.nation. 

The assignment of this band to v.(E) of SH- is further supported 

by the observation of its overtone in the infrared spectrum (see 

above) and the results from a normal coordmat analysis (see 

below). Direct observation of v in the infrared spectrum is 

complicated by its relatively low infrared intensity and interference 

by SbF, combination bands. This leaves the 1028 cm  infrared 

band for assignment to v?(A ), in excellent agreement with "he 
^3 - 1 

frequencies'" of PH.. 

Normal Coordinate Analysis. To support the above assignments for 

SH , a normal coordinate analysis was carried out, the results 

of which are given in Table III. Since the geometry of SH  is 

unknown, we have computed force fields for different bond angles 

ranging from 90 to 110 (the bond angle in isoelectronic PH, is 

93.345 ) . For the bond length in SH  an estimated value of 

1.33& was used. The force constant: were 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 used to show that for a vibrationally weakly coupled (heavy 

tw-r**»! atom, light ligancs) species, such as SH- , the choice of 

a particular force field is less important than ot.ier variables, such 

as the bond angle. To demonstrate the small variation in the computed 

force fields, insignificant decimals are carried in Table III. Of 

the three different force fields used, the diagonal force field (DFF) 

and the force field requiring the deformation symmetry force 

constants to have minimal values, were selected for their established 

usefulness for vibrationally weakly coupled species. The third 

26 
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forcefield (PIL tr) was computed by using the general valence 

force field (GVFF) off-diagonal symmetry force constants of iso- 

electronic PH- for SI! . As can be 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 1L0, CH- , 

MI, HS, and PH , u bond angle of about 95 appears to be most 

likely for SH , 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 vibrationally weakly coupled species containing 

only one stretching and one deformation vibration of very different 

frequency in each symmetry block, the potential energy distribution 

showed all fundamentals to be highly characteristic. Thus,, v. and 

v were 100% pure stretching modes and v9 and v. were 97-99% pure 

deformations. Comparison of the force constants of SH  with 
23 

those   of PIL shows excellent agreement thus supporting the above 
• 

given assignments for S1L . 
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TABIH  I  - X-RAY  POWbfiR DATA FOR H-S+SbF/a 
 5_ 5— 

d obsd. 

5.9b 

5.2b 

3.94 

3.5b 

3.1b 

2.619 

2.456 

2.257 

2.176 

2.069 

1.963 

1.839 

1.769 

1.750 

1.720 

1,616 

1.572 

1.535 

:. 184 

1,461 

1.401 

1.308 

1.251 

1.239 

1.212 

d    caicd 

5.94 

5.26 

3.94 

3.54 

3.16 

2.623 

2.471 

2.265 

2.165 

2.068 

1.966 

1.833 

1.771 

1.750 

Int. »kl 

vw 200 

vs 002 

vs 202,300 

vs 311 

m 302 

mw 303,004 

w 332 

m 403 

ms 502 

w 105 

w 503,404 

w 315 

w 630 

w 006 

w 

mw 

w 

w 

mw 

mw 

w 

w 

w 

w 

w 

(a)    tetragonal  a  = 11-89,  C=10.51A\ V=1484.oX3, 

2=8,d =2.43 v cm -3 CuK    radiation,   N;.   filter, 
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DIAGRAM CAPTION 

Figure 1: Vibrational Spectrum of SH_ SbF, . For clarity» bands due to 

sulfur (S ) were deleted. Trace A: Infrared spectra of the solid as 
o 

dry powders between AgBr disks at two different concentrations. Part 

of the intensity of the 270 cm" 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: Raman 

spectra of solid SH_ SbF ~  recorded at two different recorder volatges 

and a spectral slit widths of 4 (lower) and 8 cm  (upper traces). 

Sample container was a quartz tube. Trace D: Background spectrum 

recorded after complete decomposition of SH. SbF  had occurred. 
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Pifluroammonium Cation, NH^F^ 
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Abstract 

The syntheses and properties of NH-l^ s^Fft" anc* ^2F? AsF6~» tne ^irst ^n0WT1 

examples of difluoroammonium salts, are reported. The NH0F^ cation was 
19    1 ** 

characterized by  F and H nmr and vibrational spectroscopy. At room 
+ 

temperature the NH„F., salts are metastable and undergo spontaneous exothermic 

decomposition by FF elimination. Attempts were unsuccessful to prepare either 

NHF. salts by protonation of NF_ at temperatures as low as -78° or fluorine 

substituted ammonium salts by direct fluorination of NH. AsF ~ in HF 
4    6 

solution in the temperature range -78 to 25°. 
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INTRODUCTION 

Recent studies in our laboratory demonstrated that several novel onium salts 

can be prepared by protonation of less acidic compounds in HF-MF- (M = Sb and 
1 2 

As) solutions. Thus, protonation of FLO and H-S produced ' the surprisingly 

stable OH MF, and SH- SbF  salts, respectively. In this paper, we report 

on the protonation of HNF^ and NF . 

Whereas salts containing the NH4 ion have been described already in the early 

part of the fourteenth century , fluorine substituted salts were unknown until 
4 5        *• 

1965. Disproving earlier theoretical computations ' that NF4 salts shou3d 

be thermodynamically unstable, these salts were synthesized^  in 1965 and 

shown to be of high thermal stability. Since then, numerous papers dealing 
•     8-18 • 17 

with NF. salts "  and the thermally unstable NF_ radical cation  have 

appeared. Of the mixed NH F.   cations, the NH_F cation has previously 
19 20     n 

been described '  , but no data on the regaining two members in this series, 

i.e., NH-F^ and NHF- , have been published. This is not surprising, since 

from comparison with the highly shock sensitive HNF molecule and its 
21 

CsF adduct , 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 BF3, BC1 , PF , and SO- has been studied  at 

-196° by infrared spectroscopy, but no evidence was found for ion formation. 

Tue chermal stability of these adducts was rather low with (in some cases 

irreversible) decomposition occurring at about -80°. 

EXPERIMENTAL 

21 
Caution*.    Difluoramine is highly explosive  and protective shielding should 

be used during handling operations. The compound was always condensed at 

-142° and the use of a -196° bath should be avoided . In the course of the 

present study five explosions of both NH2F 
+AsF " and NH-F +SbF " in HF 

solution occurred, when these solutions were kept between -50 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 N2 formation and by the small ullage above the liquid phase) 

rather than rapid explosive decomposition. The rate of decomposition of these 

NH^F7 salt solutions varied strongly from sample to sample, indicating catalysis 

by trace impurities. The exothermic irreversible decomposition of solid NH^F- 

salts appeared to proceed without explosion on a mmol scale, provided the 

volume of the container was large enough to avoid overpressurization. When 

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 described . 
24 

Difluoramine was prepared from difluorourea . Nitrogen trifluoride (99.9%, 

Rocketdyne) and NH. HF^~ (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 NH^F^ AsF ".  In a typical experiment, dry HF (50 mmol) and 

AsFg (1.74 mmol) were combined at -196° in a passivated (with C1F_) 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 

which was completely soluble in the HF solvent at 20°. Unreacted NHF? and HF 

solvent were removed 5n 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) expected fcr 1.74 mmol of i\'II2
r*AsF6"\ 

For the preparation of the nmr samples, an excess of AsF_ was used and rot 

pumped off to suppress exchange between the cation and the HF solvent. 

Decomposition of NH^F^ AsF, . A sample of solid NH.F2 AsF ~ 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 decomposed 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 N_, in addition to 

some NF and trans-N^F,,. 

Preparation of NH^F SbF ~.  In a typical experiment, SbF. (1.70 mmol) and dry 

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 

NHF0 and the HF solvent were pumped off between -45° and 0° leaving behind a 

white solid residue (499 mg). This weight agrees well with that (493 mg) 

expected for 1.70 mmol of NH.F*SbF " 
2 2   o 

Decomposition of NH F *SbF "  A sample of NH2F,*SbF ~ (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 N» (0.56 mmol) and NF containing a small amount of trans-N.F. 

(0.58 mmol total). The residue (-410 mg; weight calcd. for 1.70 mmol of 

HF»SbF_ = 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 N-F. SbF,". 

The NF -HF-SbF^. System. To a homogenized (see above) mixture of SbF (1.93 mmol) 

and HF (150 mmol) in a Teflon-FEP ampoule, NF (3.52 mmol) was added at -196°. 

Tne mixture was kept at -78° for 16 hours. No evidence for adduct formation 

between NF. and HF-SbF at -786 was detected, and the NF. starting material 

was recovered from the mixture at -78°. 

The NH AsF. -HF-F,, System. Ammonium bifluoride (2.79 mmol) was placed in a 

Teflon-FEP ampoule and 20 ml of liquid anhydrous HF was added at -78°. To 

the clear solution, AsF (3.0 mmol) was added resulting in the formation of 

while solid NH. AsF. . This solid was only sparingly soluble in HF, 
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even at 25p. The ampoule was pressurized with one atmosphere of F- at -78° 

and the contents of the ampoule were agitated for one hour at -78°. No 

pressure decrease (expected for F_ consumption with HF formation) was 

observed. The ampoule was kept at each of the following 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 NHF? in HF-MF- (M = As or Sb) solutions proceeds according to: 

NHF- + HF + MFr •+  NH.F/MF/ 
i. b 1   I       o 

The resulting difluoroammonium salts are white crystalline solids. They are 

stable at -50°, but at room temperature tend to undergo spontaneous exothermic 

decomposition with melting and gas evolution. In our study, the longest time 

period during which a solid NH0F2 salt could be kept at room temperature 

without decomposition was about half an hour. The HF solutions of these 

salts appear to be reasonably 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 

these compounds are given in the first paragraph of the experimental section. 

The main products in the decomposition of these MLF. MF ~ salts are N_, 
2 2   6 2 

NF , and some trans-N'F-, in addition to the expected HF and MF«. The fact 

that trans-NnF„ shows little tendency to complex with MF- under the given 
A c 25 

reaction conditions, agrees with previous  studies. The observation of only 

small amounts of trans-N^F, l»»t approximately equimolar amounts of N* and 

NF- as main products, indicates the following principal decomposition mode: 

3NH,F *MF/ +  3MF_ • 6HF + |L + NF, 
l   2   0      5 2     3 

The formation of small amounts of trans-N2F. might indicate that K F_  is an 

intermediate in the above decomposition mode; however, previous decomposition 
21 

studies  on N-F^ gave no evidence for a disproportionate according to: 
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3N2F2 - 2N2 + 2NF3 

This difference in the decomposition products might be due to the 

exothermicity of the NH_F«  MF ~ decomposition causing the formation 

of excited intermediates. The observed instability of NH.F   salts towards 

Iff elimination is not surprising. Thus, NHF- and its CsF adduct are known^l 

to decompose explosively. 

The stability of the mixed NH F   fluoroammonium cations decreases with 
+  n 19 20     + 

decreasing n. Thus, NH_F  is relatively stable  ' , NH2F0  is of very 

marginal stability, and no evidence was found in this study for the existence 

of a NHFj SbF6  salt at temperatures as low as -78p. Since the NH,F and 

Nli-F^ cations are reasonably stable, particularly in HF solution at low 

temperatures, the direct fluorination of NH. AsFfi~ by F- in HF solution was 

studied over the temperature range -78 to 25°. However, no fluorination of 

NH. AsF, was observed under these conditions indicating a significant activation 

energy for this rea-..cion. 

19    1 + 
Nuclear Magnetic Resonance Spectra. The V  and H nmr spectra of NH2F? AsF, 

were recorded for HF solutions acidified by AsF to suppress exchange between 

the cation and the HF solvent. The results are summarized in Table 1 and 

compared to the data previously reported for the related species NH  ' NH.F 
+10 12     27 4    3 

NF   ' and NHF2«  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- 
1        19 

plicities (1:2:1 triplets) in both the H and the  F spectrum confirm that 

the species contains two hydrogen and two fluorine atoms. The components of 

the triplets were relatively broad and their line width did not significantly 

decrease with decreasing temperature in the range -30 to -60°. This indicates 
14 

that the line broadening is due to  N quadrupole relaxation and not to an 

exchange process. In addition to the NI-LF  signal, the proton spectrum showed 

a singlet at 6=-8.6 due to HF and the fluorine spectrum exhibited a singlet at 

$ -  173 for rapidly exchanging HF, AsF,", und AsF.. For a sample of NH2F2 SbF " 

in unacidified HF, separate signals were observed for the SbF." anion*' ° and 
o 

HF at <fr = 126 and 194.5, respectively. 
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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 

NH*Fn AsF. and NH?F0 SbF. . The observed spectra are shown in Figures 1 and 

2, and the observed frequencies and their assignment are listed in Table II. 
29 

The assignments were made by comparison with those** of isoelectronic CH0F7. 

As can be seen from the Raman spectra of the HF solutions, the NHF *MF_ 

adducts are ionic and exhibit the bands characteristic for octahedral 
30-32        31-33 

AsF "      ' and SbF "       .  In the solid state, site symmetry and crystal 

field effects, in addition to distortion due to anion-cation interactions , 

cause a splitting of many bands *' '    '. In the absence of crystal 

structural data, no attempt will be made in the following discussion to 

thoroughly analyze these solid state effects. An NIUF« cation of symmetry 

C7^(see below) already possesses 9 fundamentals, the maximum number expected 

for a five atomic species. Consequently, the cation bands should be affected 

only by crystal field effects, but not by symmetry lowering. Since the 

assignment of the anion bands fsee Table II) is straightforward, we will 

discuss only that of the cation bands. 

An XILF species of symmetry C, possesses 9 fundamentals classified as 

4A + A., + 2B + 2B^. 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 NH^F- AsF " in HF solution (Figure 1, traces C,D,F.) 

readily permits the assignment of the three fundamentals involving mainly 

motions of the NF0 group, since the relative Raman intensities of the NH- 

modes are very low. After subtraction of the three anion bands, we are left 

with three reasonably intense bands at 1064, 1039, and 534 cm" . Of these, 

the ones at 1064 and 534 cm  are polarized and, therefore, represent the 

symmetric NF stretch and the NF_ scissoring mode of species A, respectively. 

The remaining depolarized Raman band at 1039 cm  must then be due to the 

antisymmetric NF? stretch, v (B-). 

Identification of the NH_ modes is possible from the infrared spectra where 

these modes are expected to be appreciably intense. In the frequency region 

of the NH2 stretching modes (2500-3500 cm" ), NH-F,,+SbF ~ exhibits two medium 
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strong bands at 2790 and 2637 cm  which are assigned, by analogy with CH2F. , 

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 v,-.  In the infrared spectrum of NH^F. AsF ", the splitting of these 

bands is even more pronounced. Similar splittings have previously been 
29 observed  for the CH. stretching modes of isoelectronic QUF*. ^e assignment 

of these infrared bands to the NFL stretching modes is confirmed by the obser- 

vat ion of a broad Raman band of very low intensity at about 2800 cm  for the 

HF solution of NH-F *AsF ' 
-  i        o 

In the region of the NH~ deformation modes (1700-1100 cm ) two intense sharp 

infrared bands were observed at about 1550 and 1480 cm , respectively. 

Based on a comparison of their absolute and relative frequencies with those 

of CH2F9 , SiH2Hal0 , and GeH Hal. , they should represent the scissoring 

and the wagging deformation, respectively, of the NH. group. Comparison of 

their relative intensities with those of the above dihalohydrides is ambiguous. 

Whereas in the infrared spectrum of CHJF^  the CH. scissoring mode is of very 

low intensity, in the remaining molecules its intensity is similar to that 

of the wagging mode and very high. Assignment of the 1550 and 1480 cm 
+ 

bands of NH?F. to the NH. wagging and the rocking mode, respectively, and 

of a weak infrared feature at 1655 cm" to the NH. 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 by NH...FM 

bridging between the cations and the anions. Adopting the above assignment 

of 1550 and 1480 cm  to the scissoring and wagging mode, respectively, we 

still have to locate the NH_ rocking mode. By comparison with the other 
90 %f\    ^7 

XH-F. molecules "' ' , we would expect this mode to have a frequency of 
2       -1 + 

about 1200 cm . The infrared spectra of the NR.F  salts show indeed a 
-1 weak band at about 1180 cm  which is tentatively assigned to the NH. 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 cm" band system to it. However, this alternative 

seems to us less satisfactory for the following reasons. The Raman spectra 

of the solids show the same splittings. Since the NFL modes are of very low 

intensity in the Raman spectrum (see above), these bands should belong to an 

NF., mode. Furthermore, by comparison with the frequencies of the scissoring 

and the wagging mode, a frequency of 1070 to 1020 cm  for the NJL rocking 

mode appears unreasonably low. 

The torsion mode, v,. (A?), should only be Raman active and be of low intensity. 

This explains our failure to detect this mode for NFLF- . 

The spectra of the solid salts show, in addition to the splittings frequently 

observed '  ' "for MF," salts, bands in the region 100-300 cm'1. These 

band* were not observed for the Raman spectrum of N1LF ^AsF " in HF solution, 

and are rather broad. Therefore, they are attributed tc lattice modes or 

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 

of these effects has previously been given for OH_ salts . 

The unknown frequency of v^ (A2)» the tentative assignment for the NHL 

deformation modes, the uncertainty in the frequencies of vfi (B.) and v, (A.), 

and the importance of the off-diagonal terms in the F matrix of the CH-F 
29 general valence force field , do not justify a normal coordinate analysis 

for NH2
F2 at t^ie Present time. 

Summary. The existence of 1:1:1 rdducts between NIIF-, HF, and SbF,. or AsF- 

was established by the observed material balances. The ionic structures, 
r* + 1 19 

NHy^ MF6 > were established for these adducts by H and  F nmr and vibra- 

tional spectroscopy. Seven or eight of the nine fundamentals, expected for a 

NH-F  cation of symmetry C- , were observed. The nature of the products, 

resulting from the decomposition of these adducts, was briefly studied. 

With the exception of NHF , all of the fluoroammonium ions are now known. 
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DIAGRAM CAPTIONS 

Figure 1. Vibrational spectrum of NH2
F2 ASFA~' Trace A:  Infrared spectrum 

of the solid as a dry powder between Csl 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 NH„F ^SbF "  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 tiiS sample during 

the recording of the spectrum. 
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